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Abstract 18 

 19 

Compared with traditional bulk foraminiferal analysis methods, in situ analysis of 20 

individual foraminiferal tests (individual foraminiferal analysis or IFA) offers several 21 

advantages over traditional bulk methods, including enhanced temporal resolution 22 

where fossiliferous sample material is limited as well as potentially resolving seasonal-23 

scale climate variability in deep time. Despite these advantages, applications of 24 

element-to-calcium (El/Ca) ratios and δ11B in benthic foraminifera using IFA remain 25 

limited, and the biogeochemical drivers of intra-test and inter-test geochemical 26 

variability are poorly constrained. In this study, we systematically evaluate El/Ca ratios 27 

and δ11B in individual benthic foraminifera. By analysing Holocene epifaunal benthic 28 

foraminiferal species Cibicidoides wuellerstorfi from a deep ocean core site (ODP Site 29 

999), we conclude that intra- and inter-test variabilities are regulated by ontogenetic 30 

effects resulting in inter-test variabilities of ± 0.14 mmol/mol Mg/Ca, ± 14 μmol/mol 31 

B/Ca, and ± 0.18 ‰ δ11B. Application of the IFA method to epifaunal benthic 32 

foraminifera species Cibicides lobatulus from a box core in the English Channel, UK 33 

reveals ~0.1 pH units acidification and ~1 °C warming since the mid-19th century. By 34 

demonstrating that individual-level variability in reconstructed temperature and pH 35 

tracks seasonal trends in the available contemporaneous water-column instrumental 36 

measurements at the same site, we provide a ground-truthing to our multi-proxy IFA 37 

methodology, and also demonstrate the potential for benthic IFA to provide seasonal-38 

scale reconstructions of ocean climate over hundreds to millions of years. 39 
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1. Introduction 43 

Benthic foraminifera are widely used in paleoceanographic reconstructions because the 44 

trace elements and isotopic composition of their calcite tests serve as important 45 

geochemical proxies for numerous aspects of Earth’s past climate. Most notably, 46 

oxygen isotopes (δ18O) are used for global stratigraphy and deep ocean temperature 47 

reconstruction (e.g., Westerhold et al., 2020; Lisiecki and Raymo, 2005). Boron to 48 

Calcium (B/Ca) ratios and boron isotopic composition (expressed as δ11B) are applied 49 

to reconstruct the ocean carbonate system (e.g., Rae et al., 2011; Yu et al., 2010),  50 

while Magnesium to Calcium (Mg/Ca) ratios are used to estimate bottom water 51 

temperature (e.g., Lear et al., 2000). However, near-ubiquitous sediment mixing by 52 

benthic macrofauna (a process known as bioturbation), together with sampling artefacts 53 

arising from bulk sampling of discrete sediment depths, can smooth paleoclimate 54 

records and dampen the magnitude of climate signals, potentially biasing paleoclimate 55 

reconstructions, particularly during abrupt and transient climate events (e.g., Hull et al., 56 

2011; Kirtland Turner et al., 2017; Liu et al., 2021). For example, the abrupt ocean 57 

warming and acidification during Paleogene hyperthermals, such as the Paleocene-58 

Eocene Thermal Maximum (PETM), present a particular challenge since they were 59 

geologically rapid, and often characterized by severe chemical erosion, limiting 60 

temporal resolution by insufficient calcareous microfossils for bulk analysis in most 61 

marine sedimentary sections (e.g., Babila et al., 2022; Tripati and Elderfield, 2005). In 62 

situ single-test analysis of individual foraminifera (individual foraminiferal analysis; 63 

IFA) can overcome limitations associated with traditional bulk sampling methods, not 64 



 
 

only because it requires smaller amounts of material compared to traditional solution-65 

based analyses, but also because the variability among individual tests originating from 66 

different time intervals within a bioturbated sediment layer can be preserved. When 67 

interpreted together with sediment mixing models, IFA records can therefore provide 68 

additional constraints on true onset times and amplitudes of the underlying original 69 

climate signals (e.g., Dolman and Laepple, 2018; Hülse et al., 2022; Kirtland Turner et 70 

al., 2017). Moreover, monthly- to seasonal-scale snapshots of environmental conditions 71 

recorded by individual foraminiferal tests provide the opportunity to reconstruct 72 

seasonal climate amplitudes hundreds to millions of years ago. Such reconstructions 73 

are essential for constraining and validating climate model simulations, particularly for 74 

deep-time intervals where seasonal cycles in climate variables remain poorly 75 

understood (e.g., Huber and Caballero, 2011; Tierney et al., 2025; Tindall et al., 2022). 76 

Measurements of δ13C, δ18O, and Mg/Ca of individual planktic foraminifera have 77 

already been used either independently or in combination, to reconstruct decadal to 78 

centennial climate variability, and reveal climate variability occurring at timescales 79 

shorter than those averaged by typical multi-specimen foraminiferal samples (i.e. ~1–5 80 

kyr; Inglis et al., 2023; Kozdon and Kelly, 2024; Thirumalai et al., 2013; Zachos et al., 81 

2007). While most studies to date have focused on established proxy systems (see 82 

Fehrenbacher et al., 2024 for review), recent analytical advances (Fietzke and 83 

Anagnostou, 2023; Sadekov et al., 2019; Standish et al., 2019, 2025) have enabled 84 

measurement of δ11B in individual foraminifera using laser ablation multi-collector 85 

inductively coupled plasma mass spectrometry (LA-MC-ICPMS; Babila et al., 2022; 86 



 
 

Coenen et al., 2024; Mayk et al., 2020; Raitzsch et al., 2020; Standish et al., 2019). 87 

 88 

An emergent factor highlighted by a recent compilation of IFA studies is the 89 

consistently greater variability observed in geochemical measurements of individual 90 

foraminiferal tests compared to traditional bulk multi-specimen analyses (Fehrenbacher 91 

et al., 2024). Although the exact causes remain uncertain, this geochemical variability 92 

likely reflects a combination of environmental variability experienced during the life 93 

cycle of the foraminifera and/or individual-level “vital effects” — geochemical offsets 94 

from equilibrium driven by physiological processes related to biomineralisation and life 95 

function. While the mechanistic basis of vital effects are poorly understood (e.g., 96 

Branson and de Nooĳer, 2025; de Nooijer et al., 2014; Erez, 1978), non-equilibrium 97 

elemental and isotopic behavior is well documented for oxygen, carbon and boron 98 

isotopes, as well as trace element incorporation into the calcite tests of foraminifera (e.g. 99 

Zeebe et al., 2008). For example, δ11B in foraminifera has been widely applied as a 100 

proxy for seawater pH because foraminiferal δ11B approximates the δ11B of seawater 101 

borate, which is largely a function of ambient ocean pH (see Foster and Rae, 2016 for 102 

review). However, in benthic foraminifera, microhabitat environmental conditions in 103 

addition to bottom water ocean pH can influence test δ11B values (e.g. Rae et al., 2011). 104 

Boron isotopes of infaunal benthic foraminifera species do not simply reflect bottom 105 

water chemistry but vary relative to porewater pH and δ11B porewater composition that 106 

may differ from overlying seawater values (e.g. Rae et al., 2011). Beyond habitat-107 

related complications, foraminiferal vital effects in δ11B are thought to arise from 108 



 
 

photosynthesis of symbiotic algae, respiration, and calcification processes, all of which 109 

modify microenvironmental pH around a living foraminifer and can introduce isotopic 110 

offsets between calcite δ11B and seawater borate δ11B (e.g., Coenen et al., 2024; Rae et 111 

al., 2011; Rollion-Bard and Erez, 2010). To fully interpret IFA data, the degree of 112 

geochemical variability caused by vital effects must be quantified. 113 

 114 

Although habitat-related and life processes can cause disequilibrium effects in δ11B of 115 

infaunal benthic foraminifera (e.g., Rae et al., 2011) and symbiont bearing species (e.g., 116 

Rollion-Bard and Erez, 2010), the influence of such vital effects is likely minimised in 117 

individual analysis of non-symbiont bearing epifaunal benthic foraminifera. Indeed, 118 

Rae et al. (2011) using traditional multi-specimen δ11B solution analysis showed that 119 

epifaunal foraminiferal δ11B closely tracks seawater borate δ11B. Nevertheless, IFA 120 

studies have reported substantial intra-test variability in the epibenthic species 121 

Cibicidoides wuellerstorfi. Raitzsch et al. (2020), using IFA via LA-MC-ICPMS 122 

reported an averaged intra-test δ11B variability of 1.3 ‰ for the epibenthic C. 123 

wuellerstorfi, and a decreasing trend of more than 0.5 ‰ from the final chamber to the 124 

f-6 chamber (the seventh chamber from the aperture) in the final whorl, based on two 125 

individuals, and Sadekov et al. (2019) noted a ∼2 ‰ decrease along the last whorl in 126 

the one individual analysed. Similarly, Raitzsch et al. (2011) using IFA via laser ablation 127 

ICPMS reported substantial intra-test variability of B/Ca and Mg/Ca in C. wuellerstorfi, 128 

reporting higher B/Ca and lower Mg/Ca ratios in the final chamber, with intra-test 129 

heterogeneities of ± 43% and ± 51% respectively. If these intra-test variations in δ11B, 130 



 
 

B/Ca and Mg/Ca in C. wuellerstorfi, a deep-sea species (Holbourn et al., 2013), were 131 

solely attributable to environmental conditions experienced during the life cycle, they 132 

would equate to changes in seawater pH, ΔCO3
2- and temperature of ~0.05–0.2 pH units, 133 

~54 μmol/kg and ~2 °C respectively (calibration methods in section 2.5). These 134 

variations exceed typical deep-sea oceanographic environmental variability, 135 

underscoring the need to constrain the potential impact of vital effects on intra-test 136 

foraminiferal geochemical composition. In addition to this intra-test variability, 137 

Raitzsch et al. (2020) also observed ± 1.6 ‰ (2SD, n = 18) δ11B variability between 138 

individuals of C. wuellerstorfi. In contrast, Standish et al. (2019) found that eight C. 139 

wuellerstorfi tests were indistinguishable and within analytical uncertainty (± 0.48 ‰, 140 

2SD, n = 9), implying that differences in analytical techniques and instrumentation may 141 

contribute to the currently observed inter- and intra-test variability in δ11B of modern 142 

C. wuellerstorfi. 143 

 144 

Here we utilize recent advances in mass spectrometry and present the first IFA δ11B 145 

analysis of benthic foraminifera collected by LA-MC-ICPMS/MS through the use of a 146 

Thermo Scientific Neoma MS/MS mass spectrometer (hereafter LA-Neoma). Key 147 

benefits of this approach over previous analytical set-ups are increased sensitivity (e.g. 148 

~1.4x more sensitive compared to a Neptune MC-ICPMS; Standish et al., 2025), and 149 

removal of a spectral interference from scattered ions seen on pre-existing models of 150 

MC-ICPMS when ion detection employs Faraday cup detectors rather than ion counters 151 

(Fietzke and Anagnostou, 2023; Sadekov et al., 2019; Standish et al., 2019), thus 152 



 
 

permitting accurate measurement of higher and more stable signals (Standish et al., 153 

2025). First, cleaning protocols for IFA benthic foraminifera are optimized to maximise 154 

cleaning efficiency while minimizing sample loss for paired analyses of δ11B, Mg/Ca 155 

and B/Ca. Vital effects in individual benthic foraminifera are then evaluated by 156 

characterization of intra- and inter-test geochemical variability in a modern deep-sea 157 

site. Finally, the updated cleaning protocol and analytical method is applied to 158 

downcore sediments from a continental shelf environment in the English Channel to 159 

ground-truth the reliability of the approach by comparing contemporaneous 160 

hydrographic observations to geochemical reconstructions, revealing the overall trends 161 

and seasonal variations in seawater temperature and pH over the last 150 years in the 162 

coastal UK. 163 

 164 

2. Material and methods 165 

2.1. Sediment material and benthic foraminifera species 166 

The sediment material analysed here comes from two different oceanic locations. An 167 

early Holocene sample is used from ODP Site 999, located in the Colombian Basin, 168 

Caribbean Sea (12°44.639'N, 78°44.360'W) with a water depth of 2828 m. The age of 169 

the studied sediment layer is dated at 9.28 ka based on oxygen isotope stratigraphy 170 

(Schmidt et al., 2004). In addition, sediment samples were recovered from two Western 171 

Channel Observatory (WCO; https://www.westernchannelobservatory.org.uk/) sites 172 

located in the English Western Channel managed by Plymouth Marine Laboratory (Fig. 173 

S1). Site L4 (50°15.00′N, 4°13.02′W) has a water depth of 50 m, while the Cawsand 174 

https://www.westernchannelobservatory.org.uk/


 
 

site (CS; 50°19.81′N, 4°11.45′W) is shallower, at approximately 10 m. A surface 175 

sediment sample was collected from CS, and a sediment core was collected from L4 176 

(three depth intervals: 0–2 cm, 12–15 cm and 25–30 cm) in June 2016. 177 

 178 

All sediment samples were washed through a 63 μm sieve, and benthic foraminifera 179 

were picked from the >212 μm coarse fraction. Glassy tests of C. wuellerstorfi were 180 

picked from ODP Site 999, and C. lobatulus from the WCO sites, under a binocular 181 

microscope. At WCO sites CS and L4, Ammonia spp., Elphidium crispum and C. 182 

lobatulus are the most abundant calcareous species (Hart et al., 2016). C. lobatulus was 183 

selected for this study because it is genetically related to the cosmopolitan and 184 

commonly used paleoceanographic benthic foraminifera species C. wuellerstorfi 185 

(Schweizer et al., 2009) and it calcifies throughout the year in all seasons (Manley, 1997; 186 

Wisshak and Rüggeberg, 2006). As an epiphytic ‘type B’ species defined by Langer 187 

(1993), C. lobatulus has a lifespan of approximately 2–5 months, enabling each test to 188 

record sub-seasonal to multi-seasonal variability that may span up to three adjacent 189 

seasons. These characteristics make C. lobatulus well suited for reconstructing past 190 

seasonal variations in water properties in the English Western Channel. 191 

 192 

All specimens analysed by LA-ICPMS were assigned to an individual identifier and 193 

weighed by microbalance (Sartorius ME-5; d = 0.001 mg). Specimens were 194 

photographed using Leica M205C stereo microscope with IC90HD camera illuminated 195 

from above. Images were analysed by Image Pro Premier to calculate the 2D surface 196 



 
 

area for each individual. 197 

 198 

2.2. Sample preparation 199 

2.2.1 IFA specimens 200 

It is desirable for in situ IFA to preserve the foraminiferal test whole, however, 201 

ultrasonication, the preferred method to remove clay contamination (Barker et al., 202 

2003), frequently led to unacceptable amounts of test breakage. We therefore sought to 203 

develop a suitable approach to physical cleaning that minimises test breakage and yet 204 

maximises contaminant removal. To achieve this, we carried out a series of cleaning 205 

tests on C. wuellerstorfi from ODP 999 and C. lobatulus from WCO CS, by analysing 206 

in situ El/Ca ratios (including contamination indicators, Al/Ca, Mn/Ca, and Fe/Ca) and 207 

δ11B of specimens cleaned using different protocols. The details of these cleaning tests 208 

can be found in Supplementary Information 2 or SI2. The results of the cleaning tests 209 

indicate that physical and chemical cleaning combined with strict data screening on 210 

time-resolved measurements can effectively reduce contamination for El/Ca and δ11B 211 

(SI2). Following this investigation, data reported in the main text for C. wuellerstorfi 212 

from ODP 999 (12 individuals) and C. lobatulus from WCO CS (18 individuals) were 213 

cleaned following the protocol adapted from Barker et al. (2003) and Babila et al. 214 

(2022), including clay removal (ultrasonication in methanol or methanol rinsing 215 

without ultrasonication to avoid test breakage), and oxidative cleaning (details in SI2). 216 

Specimens from the WCO L4 sediment core (more than 12 individuals each interval) 217 

were all cleaned with ultrasonication during the clay-removal step. All cleaned 218 



 
 

specimens were mounted on double-sided tape with the umbilical side facing upward.  219 

 220 

2.2.2 Bulk solution samples 221 

Four samples from both WCO sites and ODP Site 999 were also analysed by solution 222 

methods. Samples for bulk solution analysis were cleaned following the protocol of 223 

Barker et al. (2003). Approximately 20 specimens of C. wuellerstorfi and C. lobatulus 224 

(~0.4 mg) were crushed between pre-cleaned glass slides to open all chambers. 225 

Potential clay infilling was removed by 4x 20s ultrasonication in Milli-Q water, while 226 

organic contamination was removed by an oxidative step using an oxidative mixture 227 

(30x dilution of 30% H2O2 buffered with 0.1 M NH4OH). A final weak acid leaching 228 

step (0.005 M HNO3) was conducted to remove potential contamination reabsorbed to 229 

the test surface following solubilisation during prior cleaning steps. Clean samples were 230 

then dissolved by the stepwise addition of 0.5 M HNO3, with 20 μl aliquots taken for 231 

El/Ca ratios (Mg/Ca, B/Ca, Al/Ca, Mn/Ca etc.) and the remainder subjected to the batch 232 

purification technique for B separation described in Trudgill et al. (2024). 233 

 234 

2.3. Analyses techniques 235 

2.3.1 In situ El/Ca 236 

In situ El/Ca ratios were determined by laser ablation triple quadrupole inductively 237 

coupled plasma-mass spectrometer (LA-QQQ-ICP-MS, abbreviated hereafter as LA-238 

QQQ) in the Centre for Earth Analysis and Research Southampton (CERAS) housed at 239 

the University of Southampton, using an Agilent 8900 QQQ-ICP mass spectrometer 240 



 
 

(Agilent Technologies Inc., CA, USA) coupled to an Elemental Scientific Lasers 241 

(Bozeman, MT, USA), New Wave Research 193nm excimer laser ablation system with 242 

a TwoVol2 ablation chamber. Analytical methods followed Standish et al. (2024), and 243 

operating conditions are detailed in Table S1. Primary glass reference materials 244 

included NIST SRM610 and NIST SRM612 and carbonate materials JCp-1 (Porites sp., 245 

deep-sea coral) and JCt-1 (Tridacna gigas, bivalve). In-house carbonate material 246 

PS96/381-1b, a fragment of deep-sea coral was used as a secondary standard and was 247 

ablated throughout the analytical session to assess analytical precision and accuracy. 248 

The preparation and detailed information of all the reference materials can be found in 249 

Standish et al. (2019, 2024). 250 

 251 

Mounted benthic foraminiferal individuals and standards were analysed for B, Mg, Al, 252 

Ca, Mn, Fe and Sr, with Al, Mn and Fe used to specifically monitor clay and other 253 

sediment-derived contamination. A circular laser beam was used with a diameter of 35 254 

μm, a laser repetition rate of 5 Hz, and a laser power density of 1 J/cm2. 60s dwell times 255 

were used to ensure that the laser ablated through the chamber walls. A 30s washout 256 

delay, that served as a blank measurement was carried out between each 60s ablation. 257 

Blank corrections were applied based on an average of the preceding and succeeding 258 

blank measurements. The ablation spots were targeted on the chambers of the final 259 

whorl, from the final chamber (f) to the penultimate chambers (f-n). Reference 260 

materials (three analyses of each) were analysed after every 20 sample analyses. After 261 

completing analysis, raw datasets were reduced using Iolite4 with the 3D Trace Element 262 



 
 

data reduction scheme (Paton et al., 2011). Long-term reproducibility of reference 263 

material PS96/381-1b throughout the analytical sessions was 3.0 ± 0.4 μmol/mol Sr/Ca, 264 

39.72 ± 5.75 μmol/mol Li/Ca, 79.8 ± 10.56 mmol/mol Mg/Ca and 236 ± 31.24 265 

μmol/mol B/Ca (± 2SD), which are consistent with solution values (Sr/Ca 2.9 ± 0.03 266 

μmol/mol, Li/Ca 48.67 ± 10.79, Mg/Ca 78.97 ± 2.71 mmol/mol and B/Ca 233.82 ± 267 

44.77 μmol/mol; ± 2SE; Standish et al., 2024). The accuracy of absolute values of Al/Ca, 268 

Mn/Ca and Fe/Ca analysed by LA-QQQ cannot be demonstrated and as such are only 269 

used here to evaluate the effectiveness of the cleaning protocols and for screening data 270 

for contamination. 271 

 272 

2.3.2 In situ δ11B 273 

After analysis by LA-QQQ, the same samples were analysed for in situ δ11B by LA-274 

Neoma at CERAS using a Thermo Scientific Neoma MS/MS MC-ICP mass 275 

spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) coupled to an Elemental 276 

Scientific Lasers (Bozeman, MT, USA) New Wave Research 193nm excimer laser 277 

ablation system with a TwoVol2 ablation chamber. The analytical methods closely 278 

followed Standish et al. (2025). By eliminating interference from scattered ions of Ca 279 

and Ar using the mass spectrometer’s pre-cell mass filter, the Neoma improves 280 

analytical accuracy for δ11B when ion detection employs Faraday cup detectors 281 

compared to pre-existing models of MC-ICP mass spectrometers (see Standish et al., 282 

2025). Glass reference materials NIST SRM610 and carbonate reference materials JCp-283 

1 and inorganic calcite UWC-1 (inorganic calcite nanopowder pellet) were used as 284 



 
 

primary standards. In-house carbonate material reference material PS96/381-1b was 285 

used as a secondary standard. All the reference materials were ablated throughout the 286 

analytical sessions. The preparation and detailed information of all the reference 287 

materials can be found in (Standish et al., 2024, 2025). 288 

 289 

Samples and reference materials were simultaneously analysed for 10B and 11B on the 290 

L5 and C Faraday cups respectively with 12C measured on the H5 Faraday cup. 291 

Operating conditions are detailed in Table S2. A circular laser beam with a diameter of 292 

100 μm was used with a 10 Hz repetition rate and laser power density of 3.5 J/cm2. 293 

Dwell times of 20s were used to ensure that the laser fully ablated through the chamber 294 

walls, with blanks characterised over the preceding 5s and succeeding 15s (20s in total). 295 

Integration times of 0.1s were employed. The ablation spots were targeted on each 296 

chamber beside the ablation crater of the previous El/Ca analysis, from the final 297 

chamber (f) to the penultimate chambers (f-n), including the umbo. Because of the 298 

larger spot size for δ11B analysis, not all chambers were able to accommodate a spot of 299 

100 μm. The aforementioned reference materials (three analyses of each standard) were 300 

analysed after every 20 sample ablations. After the completion of the analytical 301 

sequences, raw datasets were reduced on Iolite4 using a custom-made data reduction 302 

scheme (DRS) “B_Neoma” (Standish et al., 2025). On-peak blank corrections were 303 

applied to each measured mass cycle by cycle following smoothing of the blank 304 

intensities using a spline function (“Smooth9”). Instrumental mass bias was corrected 305 

by normalising to NIST SRM610 glass reference material using a spline function 306 



 
 

(“Smooth9” spline). Finally, secondary normalisation to carbonate reference materials 307 

JCp-1 and UWC using a two-point linear calibration was applied. Repeat analysis of 308 

secondary reference material PS96/381-1b gave a reproducibility of ± 1.3 ‰ (± 2SD, n 309 

= 78), with a mean δ11B of 15.36 ± 0.15 ‰ (± 2SE, n = 78; SE = SD/√𝑛𝑛, and see Section 310 

2.4.2 for detailed explanation), which compares well with the solution value of 15.25 ± 311 

0.27 ‰ (± 2SD).  312 

 313 

2.3.3 Bulk solution El/Ca and δ11B 314 

Bulk El/Ca ratios of solutions were analysed by High Resolution ICP-Mass 315 

Spectrometer (Thermo Finnigan Element XR) at the CERAS facility, using Ca 316 

concentration matched standards to reduce matrix effects following Lear et al. (2010). 317 

Analytical reproducibility of consistency standards for Li/Ca, B/Ca, Mg/Ca, Al/Ca, 318 

Mn/Ca and Sr/Ca is 12%, 8%, 5%, 14%, 10% and 8% (± 2SD) respectively.  319 

 320 

Solution δ11B was measured at the CERAS facility using a Thermo Scientific Neptune 321 

multicollector inductively coupled plasma mass spectrometer (MC-ICPMS), following 322 

established methods (Foster et al., 2013). The long-term external reproducibility based 323 

on repeat measurements of JCp-1 is 24.2 ± 0.20 ‰ (2SD), consistent with the inter-lab 324 

value of 24.25 ± 0.22 ‰ (2SD) (Gutjahr et al., 2021). Each solution sample was 325 

analysed 3 times, when the triplicate standard deviation was larger than 0.20 ‰, the 326 

standard deviation of triplicate was reported, otherwise the long-term reproducibility 327 

was reported. 328 



 
 

 329 

2.4 Data processing 330 

2.4.1 Data screen for time-resolved measurements 331 

To monitor potential contamination on the exterior surface and clay mineral infilling, 332 

oxidative coatings, etc., Al, Mn, Fe intensities were used to screen all the time-resolved 333 

data of each LA-QQQ measurement. Elevated counts of Al, Mn, Fe at the beginning of 334 

the ablation and immediately before ablating through the chamber, which are usually 335 

accompanied by elevated Mg/Ca, Li/Ca and B/Ca ratios, were identified as 336 

contaminated signals (Fig. 1a). Similar to LA-QQQ measurements, time-resolved 337 

results of LA-Neoma have also been carefully screened, with declining 11B/10B ratios 338 

accompanied by increased 11B and 11B/12C ratios identified as potential contamination 339 

(Fig. 1b). The contaminated signals were discarded before performing data reduction. 340 

 341 

2.4.2 Standard deviation and standard error 342 

In this study, both standard deviation (SD) and standard error (SE) were used to describe 343 

the uncertainty of the data presented, where SE = SD/√𝑛𝑛 (n = number of individuals). 344 

The standard deviation is used as a measure of variability about the mean, while 345 

standard error is an estimate of the uncertainty on the mean (Altman and Bland, 2005). 346 

After screening the data of each ablation measurement, mean ± 2SE were used in 347 

subsequent data interpretation. Within each individual, SD and SE were calculated with 348 

the average of every chamber ablation measurement used to quantify the intra-test 349 

variability and appropriate mean values of each test respectively. Among the individuals, 350 



 
 

SD and SE were calculated with the average values of tests to understand the inter-test 351 

variability and to estimate mean values of the populations, which are then compared 352 

with data from bulk solution methods. 353 

 354 

2.5 Mg/Ca-temperature and δ11B-pH calibration 355 

For Mg/Ca, different temperature calibration equations were applied to the data 356 

generated at ODP Site 999 for C. wuellerstorfi and WCO sites for C. lobatulus, since 357 

the two locations experienced contrasting ranges of bottom water temperature (BWT): 358 

ODP Site 999 has a modern BWT of ~3.85 °C at 2828 m (Johnson and Purkey, 2009), 359 

while the BWT at WCO stations seasonally varies between 7–18 °C (McEvoy et al., 360 

2023). It has been previously reported that the temperature sensitivity of benthic 361 

foraminiferal Mg/Ca varies across the range of typical habitat conditions linked, at least 362 

in part, to carbonate system effects arising from the coupling of low carbonate 363 

saturation and low temperature in the cold deep sea (Elderfield et al., 2006). Carbonate 364 

saturation effects on Mg/Ca were not corrected for in this study, as Δ[CO₃²⁻] values at 365 

WCO L4 are typically > 80 μmol/kg (McEvoy et al., 2023; Fig. S2), and at ODP 999 366 

are ~120 μmol/kg (9.6 ka; Yu et al., 2010), indicating high-saturation environments at 367 

both locations. Under these conditions, carbonate saturation effects on Mg/Ca are not 368 

expected to represent first-order control (Yu and Elderfield, 2008). Accordingly, Mg/Ca 369 

ratios of the C. lobatulus measured here were converted into BWT using Mg/Ca = 0.731 370 

± 0.072 exp (0.123 ± 0.007 × BWT), which is based on Cibicidoides spp. and C. 371 

lobatulus from core-top samples from the Nordic Seas, the Western Atlantic and the 372 



 
 

Indian Ocean with temperatures ranging from 4 to 19 °C (Fig. S3). The original data 373 

for this calibration are from Elderfield et al. (2006), Marchitto et al. (2007), and 374 

Quillmann et al. (2012). The combined uncertainty in BWT derived by the calibration 375 

and the analytical uncertainty of laser ablation method is ~2 °C (± 2SD). The Mg/Ca-376 

temperature calibration equation for C. wuellerstorfi applied in this study is in the < 377 

4 °C range: Mg/Ca = 0.781 ± 0.023 exp (0.23 ± 0.013 × BWT) (Healey et al., 2008). 378 

The combined uncertainty in BWT using this calibration is ~0.6 °C (± 2SD). 379 

 380 

The calculation of seawater pH from C. lobatulus and C. wuellerstorfi δ11B followed 381 

Foster and Rae (2016). As indicated by Rae et al. (2011), the δ11B values of epifaunal 382 

benthic foraminifera agree with δ11B values of seawater B(OH4)−, which is determined 383 

predominantly by seawater pH (Foster and Rae, 2016), allowing pH to be determined 384 

from foraminiferal δ11B by the following equation: 385 

pH =  p𝐾𝐾𝐵𝐵∗ − log �−
δ BSW − δ BCaCO3 1111

δ BSW −11 αB × δ BCaCO3 − εB 11 � 386 

Where KB
* is dissociation constant for boric acid, calculated here using the ‘Seacarb’ R 387 

package (Gattuso et al., 2021), using the temperature derived from foraminiferal Mg/Ca, 388 

an average salinity of 35.2 from the 2008–2016 CTD time-series record at WCO Site 389 

L4 with a water depth of 50 m (McEvoy et al., 2023), and 34.9 at ODP Site 999 390 

assuming no major variation of salinity during the Holocene at Caribbean Sea (Gallegos, 391 

1996); δ11BSW = 39.61 (Foster et al., 2010), αB = 1.0272 (Klochko et al., 2006), and εB 392 

= (αB − 1) × 1000. A Monte Carlo approach was used to propagate uncertainties in KB
* 393 

which mainly arise from Mg/Ca derived temperature, and in IFA δ11Bcarbonate, yielding 394 



 
 

a typical uncertainty in derived pH of ~0.12 pH units at 95% confidence. 395 

 396 

2.6 Dating of WCO Site L4 397 

Radiocarbon content (14C/C) and δ13C of C. lobatulus at WCO L4 were used to estimate 398 

sample ages. The 14C/C was analysed by accelerator mass spectrometer at the 399 

University of California, Irvine, and calibrated using OX1 primary standards following 400 

the conventions of Santos et al. (2007) and Southon et al. (2004). By assuming that C. 401 

lobatulus specimens in the 0–2 cm layer were deposited shortly before core collection 402 

in 2016 CE, and the resulting local reservoir age was used to determine the calendar 403 

ages of deeper samples. 404 

 405 

Ten C. lobatulus tests from 212–250 μm size fraction were homogenized, and ~50 μg 406 

was analysed for δ13C by Thermo Scientific Kiel IV Carbonate device coupled with a 407 

MAT253 isotope ratio mass spectrometer in the SIRMS Laboratory at University of 408 

Southampton. Reference materials NBS-18 (IAEA, Vienna, Austria; δ13C = –5.01 ‰) 409 

and GS1 (in-house standard; Carrara Marble; δ13C = 2.16 ‰) were analysed with the 410 

samples as external standards, the δ13C data were then normalized by two-point 411 

calibration, and reported relative to Vienna PeeDee Belemnite. The analytical 412 

uncertainty is 0.03 ‰. The C. lobatulus δ13C values were compared to regional high-413 

resolution Northwest Atlantic foraminifera δ13C record spanning last 4000 yrs (Mellon 414 

et al., 2019), that displays a pronounced δ13C Suess effect. 415 

 416 



 
 

3. Results 417 

3.1 Comparison of IFA and bulk solution 418 

Mean IFA values of Mg/Ca, Sr/Ca, B/Ca and δ11B are compared with results generated 419 

by the bulk solution method in Fig. 2 and Table 1. Mg/Ca, Sr/Ca and δ11B ratios 420 

generated by the two methods are in good agreement (Fig. 2, Table 1). B/Ca ratios 421 

generated by IFA methods agree with solution results at ODP Site 999, while the means 422 

measured by LA-QQQ are generally higher than the solution data for the samples from 423 

the WCO stations by around 17% (Fig. 2, Table 1). This is marginally higher than our 424 

uncertainty bounds (± 13%) based on repeat analysis of our secondary ablation 425 

standards, and its origin therefore remains uncertain but systematic offsets between 426 

results generated from laser ablation and solution-based methods have been reported 427 

previously for foraminifera, arising from differences in sampling strategy and test 428 

heterogeneity, even when analytical precision are comparable between methods (e.g., 429 

Fehrenbacher et al., 2020). Such effects are expected to be especially relevant for 430 

elements whose incorporation is strongly modulated by biological processes and 431 

calcifying fluid chemistry, such as boron. Given these uncertainties, discussion of the 432 

absolute B/Ca values derived from LA-based IFA at the WCO stations is therefore 433 

limited to relative intra- and inter-test patterns rather than absolute values. B/Ca values 434 

of C. wuellerstorfi generated here by both IFA (239 ± 14 μmol/mol at 9.28 ka, 2SE) and 435 

solution (229 ± 21 μmol/mol at 9.28 ka, 2SD) methods are broadly consistent with the 436 

published ODP Site 999 solution-based data of similar age by Chalk et al. (2019; 214 437 

± 13 μmol/mol at 9.5 ka, 2SD). Our ODP 999 δ11B values also agree with solution-438 



 
 

based result of samples of a similar age from an adjacent site VM28-122 (Yu et al., 439 

2010; 16.85 ± 0.25 ‰ at 9.6 ka vs. IFA: 16.71 ± 0.18 ‰ or solution: 16.66 ± 0.25 ‰ at 440 

9.28 ka here).  441 

 442 

Given the numbers of specimens analysed in this study (typically ~12 individuals per 443 

sample), the standard errors on the IFA mean values are also comparable with the 444 

uncertainty of solution-based analyses (Table 1). Following the standard error 445 

calculation equation (SE = SD/√𝑛𝑛), a reduction in the number of individuals analysed 446 

would lead to a predictable increase in uncertainty (e.g. halving the number of 447 

specimens from 12 to 6 would increase the uncertainty by a factor of √2). 448 

 449 

3.2 Intra- and Inter-test variabilities 450 

Specimens from ODP Site 999 exhibit lower intra-test variabilities for Sr/Ca and δ11B, 451 

and lower inter-test variabilities for Mg/Ca and δ11B, than those from the WCO stations 452 

(Table 1, Fig. 3). In contrast, intra-test variability of Mg/Ca and B/Ca and inter-test 453 

variability of Sr/Ca and B/Ca are broadly similar between the two locations (Table 1, 454 

Fig. 3).  455 

 456 

Within specimens from the WCO sites, no consistent trends are observed in Sr/Ca, 457 

Mg/Ca, B/Ca, and δ11B from f to f-n chambers along the final whorl (Fig. 3 and Fig. 458 

S4). In contrast, specimens from ODP Site 999 display systemic increases in Sr/Ca and 459 

Mg/Ca and δ11B from the final chamber to the juvenile chambers, while B/Ca shows an 460 



 
 

opposing trend in the final whorl (Fig. 3). On average, from the final chamber to the f-461 

7 chamber, Sr/Ca and Mg/Ca increase by ~0.1 μmol/mol and ~0.6 mmol/mol 462 

respectively, while B/Ca decreases by ~90 μmol/mol (Fig. 4). Chamber-averaged δ11B 463 

across the entire dataset indicate a statistically significant increase from the final 464 

chamber to the f-7 chamber of ~0.6 ‰. 465 

 466 

3.3 δ13C and 14C age of WCO L4 samples 467 

The 14C ages of C. lobatulus at WCO L4 0–2 cm, 12–15 cm and 25–30 cm samples are 468 

460 ± 45, 505 ± 35 and 635 ± 40 years BP (before present; “present” refers to 1950 CE) 469 

respectively (Table S3). Atmospheric thermonuclear weapons testing after ~1950 CE 470 

artificially elevated the 14C/C of the atmosphere, but “pre-bomb” estimates of Western 471 

European Continental shelf (WEC) surface water 14C/C suggest a 14C reservoir age of 472 

480 ± 70 years BP (this assumes a well-mixed water column; see Table S4; Reimer and 473 

Reimer, 2001). Because these pre-bomb WEC 14C reservoir age values are not 474 

statistically different from the core-top benthic foraminifera 14C age, we use a 14C 475 

reservoir age of 460 ± 45 years BP to estimate the calendar ages deeper in this sediment 476 

core. Assuming the sedimentation rate at WCO L4 is consistent between each layer, the 477 

sedimentation rate can be calculated as the depth difference divided by the age 478 

difference between each pair of layers, yielding 0.28 cm/year between 0 to 13.5 cm, 479 

and 0.11 cm/year between 13.5 to 30 cm. The sediment core was collected in 2016 CE, 480 

the estimated calendar age of the 0–2 cm sample is therefore 2009–2016 CE, the 12–481 

15 cm sample is 1953–1973 CE, and the 25–30 cm sample is 1814–1861 CE (Table S3).  482 



 
 

 483 

These estimated 14C ages agree with the constraints provided by the δ13C results. The 484 

δ13C values of C. lobatulus at WCO L4 0–2 cm, 12–15 cm, and 25–30 cm samples are 485 

0.8 ‰, 1.30 ‰, and 1.29 ‰ respectively (Table 2, Fig. S5). Given the calendar ages 486 

assigned to this WEC sediment core, a 0.5 ‰ change in benthic foraminiferal δ13C 487 

toward the present (from 12–15 cm and 25–30 cm to 0–2 cm) is consistent with a post-488 

1970s CE appearance of the ‘δ13C Suess effect’ signal. This is consistent with benthic 489 

foraminiferal δ13C records from the Northwest Atlantic shelf recording a post-1950s 490 

CE excursion of 0.45 ‰ (Mellon et al., 2019; Fig. S5). 491 

 492 

3.4 Estimated BWT and pH from IFA data 493 

The BWT at Site 999 at 9.28 ka estimated from the mean value of IFA Mg/Ca of C. 494 

wuellerstorfi (1.73 mmol/mol) is 3.5 ± 0.6 °C (2SD), which is comparable to modern 495 

BWT in the Caribbean Sea (~3.85 °C; Johnson and Purkey, 2009). Bottom water pH 496 

estimated from the mean value of IFA δ11B of C. wuellerstorfi (16.71 ‰) is 8.03 pH 497 

units, consistent with that estimated by Yu et al. (2010) who gave a pH of 8.02 ± 0.03 498 

at 9.6 ka. Both values are slightly higher than the modern Caribbean Sea (~7.9 pH units 499 

at a water depth of ~2800 m; Lauvset et al., 2024), which is consistent with a continuous 500 

decrease in pH in the Caribbean Sea since the Last Glacial Maximum (Yu et al., 2010). 501 

 502 

The observed variability in seawater properties at WCO L4 (from 2008 to 2022 CE; 503 

McEvoy et al., 2023) temporally overlaps with the estimated age of our 0–2 cm 504 



 
 

sediment sample (2009–2016 CE). Observed temperatures at 50 m during this interval 505 

ranged from 7.65 to 16.39 °C, in agreement with Mg/Ca-estimated BWT values of 7.2 506 

to 16.9 °C, narrowing to 8.2 to 15.1 °C when only the mean values of Mg/Ca of each 507 

test are considered (Fig. 5a). Similarly, the observed variation in seawater pH from 508 

2009–2016 CE is 7.76 to 8.31 which is in good agreement with the estimate from IFA 509 

δ11B which is 7.7 to 8.3, when only individual spots are considered, and 7.9 to 8.2 for 510 

whole test averages (Fig. 5b). A cross plot of BWT vs. pH further highlights the 511 

consistency between the observed seawater records and our IFA results (Fig. 5c). 512 

 513 

The IFA estimated mean BWT values of populations of WCO 0–2 cm, 12–15 cm and 514 

25–30 cm are: 10.6 ± 1.2, 9.1 ± 0.7, and 9.5 ± 0.8 °C (2SE; Table 2), respectively. The 515 

mean pH values of WCO 0–2 cm, 12–15 cm and 25–30 cm are 8.01 ± 0.04, 8.07 ± 0.03, 516 

8.12 ± 0.03 (2SE; Table 2), respectively. The variabilities of both IFA estimated BWT 517 

and pH at 0–2 cm are higher than those within the other two deeper samples (Fig. 5; 518 

Table 2). 519 

 520 

4 Discussion 521 

4.1 Benthic foraminifera vital effect 522 

The average intra-test and inter-test variabilities of Mg/Ca and B/Ca observed here 523 

(0.58 and 0.46 mmol/mol and 57 and 45 μmol/mol, respectively; Table 1) agrees well 524 

with values reported by Raitzsch et al. (2011) based on five specimens of C. 525 

wuellerstorfi core-top samples from the South Atlantic. The trends and range of 526 



 
 

variability of Mg/Ca and B/Ca within the final whorl (Fig. 3, 4) are also consistent with 527 

Raitzsch et al. (2011). In contrast, intra- and inter-test variabilities of δ11B observed in 528 

this study (0.92 ‰ and 0.61 ‰; 2SD) are lower than those in Raitzsch et al. (2020; 1.3 ‰ 529 

and 1.62 ‰; 2SD). We attribute this primarily to differences in analytical strategy and 530 

sampling design. Recent instrumental and methodological developments enable robust 531 

δ11B measurements from smaller ablated areas and shorter analysis times (Standish et 532 

al., 2025), which in turn allow us to perform systematic chamber-by-chamber analyses 533 

on specimens with 250–355 μm size fraction. In contrast, Raitzsch et al. (2020) 534 

analysed large craters (≥ 300 μm) to get quasi-bulk values for a single test (350–400 535 

μm size fraction). Although the internal precision of individual ablation spots (~1 ‰, 536 

2SE) and the long-term reproducibility of reference materials (~1.3 ‰, 2SD) are 537 

comparable to Raitzsch et al. (2020), our increased number of spatially resolved 538 

analyses per test provides stronger statistical constraints on intra-shell δ11B variability. 539 

Besides, differences in the protocols adopted here (data reduction combined with 540 

chemical cleaning) compared to those used by Raitzsch et al. (2020) (data reduction 541 

only), aimed at minimising potential contamination, may also contribute to the lower 542 

variability observed in this study (see SI2 for details). Despite these differences, the 543 

distribution of δ11B values in the final whorl observed here broadly agrees with two 544 

large specimens (~ 600 µm) analysed in Raitzsch et al. (2020). The one specimen of C. 545 

wuellerstorfi from Sadekov et al. (2019), however, shows a larger within whorl change 546 

than any of the 12 specimens we analysed at ODP 999 (Fig. S6).  547 

 548 



 
 

The elemental and isotopic composition of foraminiferal calcite is controlled by both 549 

the environment experienced during life and biologically related processes often 550 

grouped together into the term ‘vital effects’ (de Nooijer et al., 2014). In situ analysis 551 

of foraminifera offers a tool to elucidate the relative roles of ambient seawater 552 

chemistry and vital effects on the geochemical spatial heterogeneity observed within an 553 

individual shell (Fehrenbacher et al., 2024). Significant intra-test trends of Sr/Ca, 554 

Mg/Ca, B/Ca and δ11B were found within C. wuellerstorfi from ODP Site 999 (Fig. 3, 555 

4). The broad agreement with previous studies of this kind (e.g. Raitzsch et al., 2020) 556 

lends support for our use of our ODP 999 to further explore cause of these trends in C. 557 

wuellorstofi, with possible reasons including: i) bottom-water environmental variability; 558 

ii) microhabitat environmental variability in the sediment-water interface during 559 

growth; iii) ontogenetic changes in physiology (e.g. respiration and calcification rate) 560 

during the foraminiferal life cycle. Bottom water environmental variation at ODP 999 561 

can be largely excluded since a variation of 0.4 mmol/mol of Mg/Ca equates to a 562 

difference of more than 1 °C of bottom water temperature (Healey et al., 2008), and 563 

0.6 ‰ variation of δ11B transfers to bottom water pH is ~0.1 pH units. Instrumental 564 

observations from ~1310 m water depth in the Caribbean Sea (the deepest in this region 565 

that available) indicate sub-annual changes of temperature of ~0.01 °C, and pH of ~0.01 566 

pH units (Muller-Karger, 2013). It is reasonable to expect the sub-annual changes at 567 

ODP 999 with water depth of 2828 m, are smaller, which therefore cannot explain the 568 

observed intra-test variation of Mg/Ca and δ11B of C. wuellerstorfi. Microhabitat-569 

related porewater effects can also be discounted because C. wuellerstorfi is a strict 570 



 
 

epifaunal species that resides above the sediment-water interface, and proxies such as 571 

B/Ca, δ11B, and δ13C are largely insensitive to porewater chemistry (Lutze and Thiel, 572 

1989; Rae et al., 2011; Schmittner et al., 2017). We therefore propose that the intra-test 573 

variation of C. wuellerstorfi predominantly reflects ontogenetic effects, particularly 574 

changes in metabolic activity and calcification rate as the foraminifera grow through 575 

their life cycle (Hohenegger, 2018; Schmiedl et al., 2004). 576 

 577 

The intra-test patterns observed here indicates that during the growth of foraminifera, 578 

as metabolic activity and calcification rate decrease (Hohenegger, 2018; Schmiedl et 579 

al., 2004), test Mg/Ca, Sr/Ca, and δ11B decrease while B/Ca increases (Fig. 4). In 580 

addition, we also document significant variability between individuals in a population 581 

(Table 1). Again, the relatively stable deep-sea environment at ODP 999 argues against 582 

this variability being the result of environmental changes. To further examine the 583 

influences of individual variations in respiration rate and calcification rate, we 584 

additionally examined the variation in whole test composition with test weight, test area 585 

(projected area; see ‘Methods’), and test area-density (ratio of foraminiferal weight to 586 

its area; Fig. 6). Assuming broadly comparable lifespans among adult individuals, test 587 

weight, test area, and area-density can be used as first-order, relative proxies for several 588 

physiological processes integrated over the life cycle. Specifically, test weight 589 

represents cumulative calcification, and area-density represents calcification intensity 590 

(Marshall et al., 2013), whereas test area provides a measure of test size, which has 591 

been shown to scale with respiration rate in adult foraminifera (Burke et al., 2025). 592 



 
 

Positive relationships among area, weight, and area-density suggest coupling between 593 

respiration and calcification at the individual level, such that larger individuals tend to 594 

exhibit higher rates of respiration and calcification over their lifetime (Fig. S7). At the 595 

level of an individual, metabolic activity and calcification rate of foraminifera decrease 596 

with age as foraminifera approach a late growth stage (Hohenegger, 2018; Schmiedl et 597 

al., 2004); whereas at the level of the population, adult individuals with smaller test 598 

sizes reflect lower average growth rates over their lifetime. Statistically significant 599 

negative relationships are observed between B/Ca and both weight and area-density (p 600 

< 0.05; Fig. 6). In contrast, Sr/Ca shows weak positive trends with test weight and area, 601 

and Mg/Ca shows a weak positive trend with area-density, although these relationships 602 

are not statistically significant (0.05 < p < 0.1; Fig. 6). Overall, the inter-test 603 

relationships are broadly consistent with the trends observed within individual tests, 604 

suggesting lower respiration or calcification rates (whether at the population scale or as 605 

an individual ages) are associated with decreasing Mg/Ca, Sr/Ca, and increasing B/Ca 606 

(Fig. 4, 6). 607 

 608 

The mechanisms of foraminiferal chemical and isotopic composition variation during 609 

ontogeny and between individuals are complex and may be related to: i) Trace element 610 

and isotope partition coefficient variation with changes of calcite precipitation rate (e.g. 611 

Dissard et al., 2010; Holland et al., 2017; Salmon et al., 2016); ii) Variations in rates of 612 

ion transport control across membranes into the calcifying space (e.g., Zeebe et al., 613 

2003); and iii) Variations in CO2 diffusion and/or B(OH)3 diffusion towards the site of 614 



 
 

calcification (e.g. de Nooijer et al., 2009; François et al., 2025; Gagnon et al., 2021). 615 

An additional complication should also be noted that when results from inorganic 616 

precipitation experiments are invoked to interpret rate-related effects in biogenic 617 

calcification, direct quantification of instantaneous calcification rates is difficult, 618 

because foraminiferal calcification is episodic and growth surface areas are hard to 619 

quantify. Nevertheless, recent modelling work estimates the instantaneous calcification 620 

rates of C. wuellerstorfi or C. mundulus are ~0.5 to 1.5 × 10⁻⁶ mol/m²/s (Jia et al., 2024), 621 

which overlap with precipitation rates commonly used in typical inorganic calcite 622 

experiments (e.g. Mavromatis et al., 2013; Noireaux et al., 2015). Nonetheless, until 623 

the actual rates of calcification in foraminifera are better quantified, we use such 624 

comparisons here only to provide context rather than to imply mechanistic equivalence. 625 

 626 

With these limitations in mind, the positive relationship between Sr partition 627 

coefficients DSr and foraminiferal growth rate has also been reported in planktic 628 

foraminifera (e.g. Holland et al., 2017; Kısakürek et al., 2008), and other species of 629 

benthic foraminifera (e.g. Dissard et al., 2010; Dueñas-Bohórquez et al., 2011) and is 630 

also consistent with many inorganic precipitation experiments showing increasing DSr 631 

with precipitation rate (e.g. Lorens, 1981; Tang et al., 2008; Tesoriero and Pankow, 632 

1996). This provides a plausible explanation for higher Sr/Ca at higher calcification 633 

rates, although Rayleigh fractionation in a partially isolated calcifying fluid could 634 

produce similar trends as a function of precipitation rate (Elderfield et al., 1996). DMg 635 

in inorganic precipitation is also sensitive to precipitation rates, however, both positive 636 



 
 

(Mavromatis et al., 2013) and negative relationships (e.g. Gabitov et al., 2014; Mucci 637 

and Morse, 1983) have been observed under different experimental settings. Besides, 638 

the one to two orders of magnitude lower Mg/Ca ratio in the most hyaline species 639 

compared to inorganic carbonate indicates that the incorporation of Mg into 640 

foraminifera is strongly affected by biological processes (e.g. Bentov and Erez, 2006; 641 

de Nooijer et al., 2014). The positive relationship between Mg/Ca and growth rate 642 

within low-Mg foraminifera observed in this study and previous studies (e.g. Dissard 643 

et al., 2010; Dueñas-Bohórquez et al., 2011; Holland et al., 2017), may therefore reflect 644 

faster calcification and/or restriction in discrimination against Mg2+ in younger or 645 

faster-growing individuals. 646 

 647 

Similar to DSr, inorganic precipitation experiments show that the boron partition 648 

coefficient (DB) generally increases with precipitation rate (e.g., Gabitov et al., 2014; 649 

Mavromatis et al., 2015; Uchikawa et al., 2015), whereas δ11B remains relatively 650 

constant as rate changes (e.g., Noireaux et al., 2015). In contrast to the Sr/Ca patterns, 651 

the opposite intra- and inter-test patterns of B/Ca observed indicate that other factors 652 

than precipitation rate dominate B incorporation (Fig. 4, 6). The decoupling between 653 

B/Ca and δ11B patterns at the intra-test scale (Fig. 4) indicates that neither the diffusive 654 

boundary layer (DBL) pH nor calcifying fluid pH alone can account for the observed 655 

patterns, as this mechanism would predict covariation between B/Ca and δ11B. 656 

Decoupled carbonate chemistry experiments on incubated benthic foraminifera 657 

(Coenen et al., 2024; Kaczmarek et al., 2015), and planktic foraminifera (Howes et al., 658 



 
 

2017) demonstrate that B/Ca is primarily regulated by the relative availability of 659 

B(OH)4⁻ versus dissolved inorganic carbon (DIC), consistent with competition between 660 

boron and carbon species for lattice incorporation. Within this framework, variations in 661 

metabolic activity during ontogeny may modify the composition of calcifying fluid in 662 

C. wuellerstorfi, especially HCO3
- supply and DIC turnover associated with ion 663 

transport and respiration (e.g. de Nooijer et al., 2014; Toyofuku et al., 2017). In contrast, 664 

δ11B in C. wuellerstorfi shows limited variation attributable to ontogeny and/or vital 665 

effects. Although a gradual and statistically significant decrease of ~0.6 ‰ is observed 666 

along the final whorl from the f–7 to f chamber (Fig. 4), no systematic relationships are 667 

detected between δ11B and test weight, size, or area density at the individual level (Fig. 668 

6). These results indicate that, while subtle ontogenetic influences cannot be excluded, 669 

δ11B appears comparatively insensitive to first-order physiological effects, supporting 670 

its robustness as a recorder of ambient seawater pH, consistent with observations from 671 

core-top studies (e.g., Rae et al., 2011). The modest intra-test decrease observed along 672 

the final whorl is directionally consistent with diffusion–reaction model predictions for 673 

DBL effects in symbiont-barren species (Zeebe et al., 2003), which suggest decreasing 674 

δ11B with increasing test radius (Zeebe et al., 2003), and for C. wuellerstorfi this effect 675 

may be amplified because chamber size increases rapidly along the final whorl 676 

(Holbourn et al., 2013). However, the lack of such a signature at the individual level 677 

(e.g. Figure 6) may indicate other factors are at play. Spatial heterogeneity within the 678 

foraminiferal test may also contribute to the observed decoupling between B/Ca and 679 

δ11B. Variations in crystal structure, organic matrix distribution, or microstructural 680 



 
 

domains across chambers may influence boron partitioning into calcite without 681 

proportionally modifying isotopic composition (Bentov and Erez, 2006; Branson et al., 682 

2015; de Nooijer et al., 2014). Such heterogeneity may lead to localized enrichment or 683 

depletion in B/Ca while δ11B remains comparatively stable, particularly if isotopic 684 

signatures are fixed early during calcification (Rollion-Bard et al., 2003; Gagnon et al., 685 

2021). This type of micro-scale variability likely represents an additional, and currently 686 

underexplored, control on boron systematics in foraminifera, although the spatial 687 

resolution necessary to directly detect potential δ11B banding within individual 688 

foraminiferal chambers remains beyond the capability of current in situ analytical 689 

methods. 690 

 691 

Regardless of the causes of the inter- and intra-test variations we observe here, from the 692 

perspective of IFA applications, the observed intra-test variability suggests multiple 693 

chambers should be analysed to get whole-test average values and, if multiple chambers 694 

are analysed, the same chambers (e.g., analyse f-1 to f-6 chambers of all the specimens) 695 

should be targeted consistently to minimise any biases arising from ontogenetic effects. 696 

Based on the inter-test variabilities we observed, a narrow range of test sizes should be 697 

chosen in future work, or if a range is used, some attempt to normalise the influence of 698 

test size should be carried out. It is also likely that the trends observed in C. wuellerstorfi 699 

at ODP 999, and the related discussions, are largely species-specific, and one should be 700 

cautious when extending our findings to other species. 701 

 702 



 
 

4.2 Application of individual benthic foraminiferal analysis 703 

The consistency between IFA generated BWT and pH with observed seawater values at 704 

ODP Site 999 and the 0–2 cm samples from WCO L4 provides a strong ground-truthing 705 

for the IFA methodology and support its use in generating palaeo-records (Fig. 5). 706 

Before interpreting the IFA records from WCO L4 sediment core, the sources of the 707 

inter- and intra-variation we observe at this site should be considered. Given the close 708 

phylogenetic relationship between C. wuellerstorfi and C. lobatulus (Schweizer et al., 709 

2009), the ontogenetic and inter-individual patterns observed in C. wuellerstorfi from 710 

ODP 999, which is characterized by minimal environmental annual variability 711 

(Gallegos, 1996), were used as a methodological reference to isolate the relative 712 

contributions of vital effects from variations in Mg/Ca and δ11B of C. lobatulus 713 

specimens from WCO stations caused by the more extreme environmental seasonality 714 

that occurs at the English Channel site (Fig. 5, Fig. S2; McEvoy et al., 2023). At ODP 715 

999, δ11B shows no systematic ontogenetic dependence at the inter-test level (Fig. 6), 716 

indicating that test-averaged values largely remove any intra-test trends (Fig. 4). The 717 

remaining inter-test variability (0.61 ‰, 2SD; Table 1) at ODP 999 therefore represents 718 

a reasonable upper limit for variability caused by individual and analytical uncertainty. 719 

At WCO L4, δ11B variabilities substantially exceed this limit, requiring the contribution 720 

from seasonal variability. For the WCO L4 0–2 cm interval, the inter-test variability is 721 

1.31 ‰ (2SD), implying a minimum seasonal contribution of 1.16 ‰ (√1.312 − 0.612), 722 

equivalent to a pH change of ~0.15 pH units, which is very consistent with the 723 

variability of instrumental records of pH at L4 from 2009–2016 (0.17 units; 2SD; 724 



 
 

McEvoy et al., 2023). For Mg/Ca, at the inter-test level, the results at ODP 999 show a 725 

weak dependence on test area-density (Fig. 6; p = 0.09). The area-density of C. 726 

lobatulus at WCO L4 is however tightly clustered (~0.09–0.12) and when projecting 727 

this range onto the ODP Mg/Ca vs. area-density relationship the expected vital effects 728 

contribution is small (~0.2 mmol/mol), far below the observed inter-test variabilities at 729 

WCO L4 (0.76–1.67 mmol/mol; Table 1). Considering the full inter-test variability at 730 

ODP 999 (0.46 mmol/mol, 2SD; Table 1) as the upper bound vital effects plus analytical 731 

uncertainty, at the L4 0–2 cm interval, the observed ± 1.67 mmol/mol inter-test 732 

variability (2SD; Table 1) still requires an additional contribution of at least ±1.61 733 

mmol/mol (√1.672 − 0.462 ). These results demonstrate that the enhanced inter-test 734 

observed at WCO L4 cannot be explained by vital effects alone. Instead, seasonal 735 

environmental variability appears to dominate the Mg/Ca and δ11B variabilities 736 

recorded by individual foraminiferal tests at this site. 737 

 738 

Based on whole-test averages, 1814–1861 CE (25–30 cm layer) is 0.4 °C warmer than 739 

1953–1973 CE (12–15 cm layer) (Fig. 5a; Table 2), which can be related to a local 740 

Northern Hemisphere temperature decline in 1945 CE and around 1970 CE (Thompson 741 

et al., 2010), and a cooling of ~0.5 °C during the 1960s to 1980s has also been observed 742 

in WCO E1, an adjacent long-term instrumental time-series station (McEvoy et al., 743 

2023; see Fig. S1 for location). Our foraminiferal-Mg/Ca based record then indicates a 744 

1.5 °C warming of seawater at WCO L4 after the 1950s to recent, corresponding to a 745 

warming rate of ~0.03 °C/yr (Fig. 5a), which is in excellent agreement with warming 746 



 
 

inferred from instrumental water-column records at WCO L4 from 1986 to 2021 747 

(~0.03 °C/yr; McEvoy et al., 2023), as well as the overall warming trend of sea surface 748 

temperatures across the north-west European Shelf (~0.03 °C/yr over the last 40 years; 749 

Cornes et al., 2023). Warming rates across the north-west European Shelf are highly 750 

spatially heterogeneous, showing a pronounced east-west contrast (Cornes et al., 2023). 751 

The strongest warming occurs in the eastern shelf seas (e.g. the North Sea), where 752 

seawater temperatures are dominated by atmospheric forcing, whereas weaker warming 753 

is observed toward the western regions that are more influenced by North Atlantic 754 

waters (Cornes et al., 2023). The WCO L4 station, located in the middle, reflects the 755 

combined influences of both these regimes. 756 

 757 

Our test-averaged δ11B data suggest that from the mid-19th century CE to recent, 758 

seawater pH in the Western Channel declined by 0.11 pH units (Fig. 5b; Table 2). This 759 

trend is in good agreement with the modelled evolution of annual-global surface ocean 760 

pH driven by anthropogenic CO2 uptake (Jiang et al., 2019; Fig. 7). Instrumental 761 

observations from the Western English Channel (Findlay et al., 2025; Ostle et al., 2016), 762 

and open ocean sites, e.g., Bermuda Atlantic Time-series (BATS; Bates and Johnson, 763 

2020), also indicate the decline of seawater pH for the last ~40 years (Fig. 7). Compared 764 

with BATS, the seawater pH or the carbonate system from the Western English Channel 765 

and the North Sea not only exhibit significant seasonal variation, but also exhibit much 766 

larger interannual variability as shown by the annual mean (Fig. 7). Such enhanced 767 

high-frequency variability at the Western English Channel reflects the combined 768 



 
 

influences of local and seasonal processes, including temperature-dependent carbonate 769 

chemistry, biological activities like production and respiration, freshwater and 770 

alkalinity inputs, and tidal dynamics and mixing (Carstensen and Duarte, 2019; Findlay 771 

et al., 2025; Sims et al., 2022; Worrall et al., 2016; Fig. S2). Although instrumental pH 772 

records from the UK coast exhibit substantially large interannual variability, this 773 

variability is superimposed on a long-term decline which is consistent with the trends 774 

observed at the open ocean (e.g., BATS) and in modelled globally annually average 775 

seawater pH (Fig. 7). As highlighted by Carstensen and Duarte (2019), such high-776 

frequency variability implies that the estimate of acidification rate in coastal 777 

environments is sensitive to the chosen or available time window. Nevertheless, the 778 

consistency of the underlying trends across UK coastal, open-ocean and modelled 779 

records explains the good agreement between the test-averaged IFA pH reconstructions 780 

and the modelled evolution of annual-global surface ocean pH, despite the involvement 781 

of complicated local processes in coastal environments (Fig. 7). 782 

 783 

In terms of seasonal variability, cross plots of pH and BWT generated by our IFA 784 

method agree well with the observed seasonal variation (Fig. 5c), supporting its use to 785 

reconstruct the average seasonal range in BWT and pH beyond the observation record. 786 

The IFA Mg/Ca and δ11B are more variable for 0–2 cm samples (with an age of 2009–787 

2016) than the two older sediment layers (1953–1973 and 1814–1861) examined, which 788 

implies that from pre-industrial to recent, the seasonal variability of seawater 789 

temperature and pH has increased (Fig. 5a, b). Although our temporal sample set is 790 



 
 

small, increased seasonal amplitude of seawater conditions has been reported in the 791 

Mediterranean Sea (Pisano et al., 2020) and the subtropical North Atlantic (Bates and 792 

Johnson, 2020). Furthermore, modelling of future intra-annual variability in sea surface 793 

temperature of high latitude northern hemisphere regions under RCP 8.5 and 4.5 794 

scenarios also exhibits an increasing trend (Ruela et al., 2020). As for the amplitude of 795 

seasonal cycles of pH, modelling work indicates a decreasing trend at the global scale 796 

but with regional variabilities (Kwiatkowski and Orr, 2018), with some high latitude 797 

regions exhibiting increasing amplitudes like those observed here. 798 

 799 

5 Conclusion 800 

By combining physical and chemical cleaning protocols with strict data screening 801 

strategies for time-resolved data, we effectively reduced the influence of contamination 802 

and generated comparable results for multi-test means with bulk solution values for a 803 

variety of El/Ca ratios and for δ11B. For C. wuellerstorfi at ODP Site 999, the 804 

uncertainties on the average of 12 individuals by IFA are also comparable in precision 805 

to solution methods being as low as 0.14 mmol/mol and 0.18 ‰ (± 2SE) for Mg/Ca and 806 

δ11B, respectively. The observed intra-test variabilities, together with the significant 807 

inter-test relationships for B/Ca, indicate a major influence from ontogeny-related vital 808 

effects on Sr/Ca, Mg/Ca, and B/Ca in C. wuellerstorfi, with minor intra-test variations 809 

(0.6 ‰) from the f to f-7 chamber for δ11B, but with no significant inter-test trends. 810 

Applying our improved multi-proxy IFA method to a core from the English Channel 811 

with large seasonal variability, we show that IFA Mg/Ca and δ11B are reliably able to 812 



 
 

recover seasonal-scale climate information. A preliminary down-core study from this 813 

site also reveals the warming and acidification of the English Western Channel from 814 

pre-industrial to recent. These results are consistent with direct water-column 815 

observations and show that IFA methodologies open up a new window into seasonal-816 

scale carbon cycle variations in the recent and more distant past. 817 
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Table 1 IFA results of Mg/Ca, B/Ca and δ11B compare with values of bulk solution. Cl - C. lobatulus, Cw – C. wuellerstorfia. 1148 

  Range of spots  
Range of mean 
values of testsb 

Averaged intra-test 
variabilities (2SD)c 

Mean values of 
populations (± 2SE)d 

Inter-test 
variabilities (2SD)e 

Solution (± 2SD) 

Sr/Ca Cl (CS_0-2) 0.88 – 2.19 1.18 – 1.69 0.18 ± 0.25 1.42 ± 0.06 0.26 1.42 ± 0.11 
μmol/mol Cl (L4_0-2) 1.11 – 1.86 1.19 – 1.62 0.12 ± 0.16 1.44 ± 0.07 0.22 1.42 ± 0.11 
 Cl (L4_12-15) 1.04 – 2.14 1.09 – 1.90 0.16 ± 0.20 1.35 ± 0.12 0.41 1.37 ± 0.11  
 Cl (L4_25-30) 1.09 – 1.75 1.15 – 1.53 0.13 ± 0.19 1.33 ± 0.08 0.25 1.38 ± 0.11 
 Cw (Site 999) 1.14 – 1.84 1.22 – 1.66 0.11 ± 0.13 1.39 ± 0.08 0.28 1.28 ± 0.10 
Mg/Ca Cl (CS_0-2) 1.71 – 6.96 1.89 – 6.39 0.91 ± 1.18 2.92 ± 0.50 2.07 3.37 ± 0.17 
mmol/mol Cl (L4_0-2) 1.77 – 5.83 1.99 – 4.77 0.83 ± 1.31 2.83 ± 0.48 1.67 2.79 ± 0.14 
 Cl (L4_12-15) 1.67 – 3.88 1.91 – 3.44 0.49 ± 0.59 2.28 ± 0.22 0.76 2.42 ± 0.12  
 Cl (L4_25-30) 1.69 – 3.57 1.80 – 2.96 0.48 ± 0.54 2.38 ± 0.23 0.77 2.51 ± 0.13 
 Cw (Site 999) 0.93 – 2.95 1.40 – 2.15 0.58 ± 0.50 1.73 ± 0.14 0.46 1.76 ± 0.09 
B/Ca Cl (CS_0-2) 197 – 423 230 – 346 57 ± 51 299 ± 19 77 265 ± 24 
μmol/mol Cl (L4_0-2) 224 – 389 254 – 342 45 ± 42 299 ± 14 47 258 ± 23 
 Cl (L4_12-15) 218 – 429 256 – 415 42 ± 37 313 ± 27 94 266 ± 24 
 Cl (L4_25-30) 241 – 436 287 – 364 54 ± 56 330 ± 16 51 270 ± 24 
 Cw (Site 999) 137 – 374 206 – 287 57 ± 54 239 ± 14 45 229 ± 21 
δ11B Cl (CS_0-2) 14.61 – 19.03 15.5 – 18.3 1.14 ± 1.00 16.72 ± 0.4 1.65 16.77 ± 0.20 
‰ Cl (L4_0-2) 14.52 – 19.16 15.3 – 17.7 1.59 ± 1.08 16.22 ± 0.38 1.31 16.14 ± 0.27 
 Cl (L4_12-15) 15.41 – 18.84 15.8 – 18.1 1.19 ± 0.91 16.55 ± 0.35 1.12 16.57 ± 0.20 
 Cl (L4_25-30) 15.56 – 19.03 16.3 – 17.9 1.14 ± 0.84 17.04 ± 0.22 0.78 ND 
 Cw (Site 999) 15.35 – 17.83 16.2 – 17.1 0.92 ± 0.70 16.71 ± 0.18 0.61 16.66 ± 0.25 

a. See the explanation and specific calculation for the uncertainties (standard deviation and standard error) in section 2.4.2. 1149 
b. The mean values of tests are the average of spots within each individual foraminifer. 1150 

c. Intra-test variabilities were calculated within each foraminifer (± 2SD), then average the variabilities of each specimen to get a mean  1151 
d. The mean values of populations are the average of the mean values of tests. 1152 
e. Variabilities within the populations.1153 



 
 

Table 2 Summary of the chronological framework and reconstructed test-averaged temperature and pH at 1154 
WCO L4. 1155 
 1156 

Core depth Calendar Age δ13C Reconstructed T (± 2SE/2SD) Reconstructed pH (± 2SE/2SD) 
cm CE ‰ °C pH units 
0–2 2009–2016 0.80 10.6 ± 1.2 / 4.5 8.01 ± 0.04 / 0.14 
12–15 1953–1973 1.30 9.1 ± 0.7 / 2.5 8.07 ± 0.03 / 0.12 
25–30 1814–1861 1.29 9.5 ± 0.8 / 2.7 8.12 ± 0.03 / 0.10 
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Figure Captions 1159 

Figure 1 Examples of depth-profile time-resolved measurements for a. El/Ca ratios, b. 1160 

boron isotopes. Al, Mn, and Fe were used to screen for contamination. Violet bands 1161 

indicate signals affected by exterior contamination, green bands indicate signals 1162 

from calcite walls, and blue bands indicate signals affected by interior 1163 

contamination. Only signals showing no evidence of contamination (highlighted 1164 

by green bands) were selected during data screening. Ablation proceeds from the 1165 

exterior to the interior. 1166 

Figure 2 Comparison of IFA values versus solution values of a. Mg/Ca, b. Sr/Ca, c. 1167 

B/Ca and d. δ11B. ODP Site 999 is represented by the benthic foraminifera species 1168 

C. wuellerstorfi and WCO by C. lobatulus (see Fig. S1 for map location). 1169 

PS96/381-1b is an in-house carbonate material (deep-sea coral) used as secondary 1170 

standard. 1171 

Figure 3 Intra-test variabilities of Sr/Ca, Mg/Ca, B/Ca, and δ11B. f represents the final 1172 

chamber, f-1 is the penultimate one, and so on. Each individual is represents by 1173 

symbols and lines with different shapes and colours, error bars represent ± 2SE. 1174 

Figure 4 Intra-test variabilities of Sr/Ca, Mg/Ca, B/Ca, and δ11B within C. wuellerstorfi 1175 

from ODP Site 999. f represents the final chamber, f-1 is the penultimate one, and 1176 

so on. Black squares represent averaged values of each chamber. Red lines with 1177 

shaded bands represent linear fits with 95% confidence intervals of the regression, 1178 

which do not include the analytical uncertainties of individual data points. Error 1179 

bars represent ± 2SE of individual measurements. 1180 



 
 

Figure 5 Comparison between instrumental observations of the water column and IFA-1181 

derived estimates of bottom water temperature (BWT) and seawater pH from C. 1182 

lobatulus at WCO Site L4. a. Instrumental temperature record at WCO Site L4 1183 

(depth = 50 m; McEvoy et al., 2023) compared with IFA-derived seawater 1184 

temperature estimates, b. Instrumental pH record at WCO Site L4 (depth = 50 m; 1185 

McEvoy et al., 2023) compared with IFA-derived seawater pH estimates, c. Cross-1186 

plots of temperature versus pH comparing instrumental seawater observations 1187 

(2009–2016) with IFA-derived estimates from the 0–2 cm sediment interval only. 1188 

In panels (a) and (b), grey boxes and symbols represent test-averaged values, while 1189 

red boxes and symbols represent means of time-resolved spot measurements. Blue 1190 

bands highlight the 2009–2016 CE time-series records, which were compared to 1191 

0–2 cm sediment sample. In panel (c), error bars represent ± 2SE.  1192 

Figure 6 Inter-test variabilities of C. wuellerstorfi Mg/Ca, B/Ca and δ11B from ODP 1193 

999. Test-averaged values of Mg/Ca, B/Ca and δ11B of each individual versus test 1194 

weight, silhouette area, and area-density. Red line represent linear fitted lines, error 1195 

bars represent ± 2SE. 1196 

Figure 7 Comparison of IFA-reconstructed pH anomaly records at WCO L4 with 1197 

instrumental- and model-based pH anomalies over the past 150 years. The latter 1198 

include model-based annually averaged global surface ocean pH anomalies (Jiang 1199 

et al., 2019), observation-based annual mean pH anomalies from UK coastal 1200 

regions in North Sea (Ostle et al., 2016) and WCO L4 (McEvoy et al., 2023), and 1201 

open-ocean site BATS (Bates and Johnson, 2020). Red squares represent IFA-1202 



 
 

reconstructed pH anomalies at WCO L4. Vertical error bars indicate ±2SE of the 1203 

population mean pH estimates derived from IFA, while horizontal error bars 1204 

represent the age uncertainty associated with each sediment interval. The grey 1205 

dashed line represents the baseline, set to 8.17 pH units for the North Sea, L4, and 1206 

the modeled record, 8.19 for BATS, and 8.12 for IFA, to align the records. 1207 

 1208 



−5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

0
530

1060
1590

0
100

3300
3800

0
4

64
80

0E+0
6E+5

2.82E+7
3.29E+7

0.0E+0
1.5E+5
3.0E+5
4.5E+5

0E+0
6E+3

1.38E+7

−5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
0.0E+0
2.5E+6
5.0E+6
7.5E+6

0
1
2
3

B/
C

a 
(u

m
ol

/m
ol

)

Elapsed Time (s)

B/Ca

Li
/C

a 
(u

m
ol

/m
ol

)

Li/Ca

M
g/

C
a 

(m
m

ol
/m

ol
)

Mg/Ca

Outer Inner

Fe
56

 (C
PS

) Fe56

M
n5

5 
(C

PS
) Mn55

Al
27

 (C
PS

) Al27

C
a4

4 
(C

PS
)

Elapsed Time (s)

Ca44

a

Sr
/C

a 
(m

m
ol

/m
ol

)

Sr/Ca

1

0 10 20

0.00

0.15

0.30

0.45

4.050

4.125

4.200

4.275

0 10 20

0

110

220

330

11
B 

(C
PS

)

Elapsed Time (s)
Outer Inner

11
B/

10
B

b

11
B/

12
C

Elapsed Time (s)



1

b

Sr/Ca_IFA (μmol/mol)

1.0 1.5 2.0 2.5 3.0

Sr
/C

a_
bu

lk
 s

ol
ut

io
n 

(μ
m

ol
/m

ol
)

1.0

1.5

2.0

2.5

3.0a

Mg/Ca_IFA (mmol/mol)

1 2 3 4 75 80 85 90

M
g/

C
a_

bu
lk

 s
ol

ut
io

n 
(m

m
ol

/m
ol

)

1

2

3

4

75

80

85

90

c

B/Ca_IFA (μmol/mol)

150 200 250 300 350 400

B/
C

a_
bu

lk
 s

ol
ut

io
n 

(μ
m

ol
/m

ol
)

150

200

250

300

350

400

δ11B_IFA (‰)

14.5 15.0 15.5 16.0 16.5 17.0 17.5

δ11
B_

bu
lk

 s
ol

ut
io

n 
(‰

)

14.5

15.0

15.5

16.0

16.5

17.0

17.5

1 : 1 line
PS96/381-1b
ODP Site 999
WCO Sites

d



WCO L4 12-15 cm Sr/Ca WCO L4 25-30 cm Sr/CaWCO CS 0-2 cm Sr/CaODP 999 Sr/Ca

f f-1 f-2 f-3 f-4 f-5 f-6

Chamber

WCO L4 0-2 cm Sr/Ca

f f-1 f-2 f-3 f-4 f-5 f-6

Chamber
f f-1 f-2 f-3 f-4 f-5 f-6

Chamber
f f-1 f-2 f-3 f-4 f-5 f-6 f-7 f-8 f-9

Chamber

1

2

3

4

5

6

7

M
g/

C
a 

(m
m

ol
/m

ol
)

150

200

250

300

350

400

450

B/
C

a 
(µ

m
ol

/m
ol

)

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

Sr
/C

a 
(µ

m
ol

/m
ol

)

f f-1 f-2 f-3 f-4 f-5 f-6 f-7 f-8

13

14

15

16

17

18

19

20

21

δ11
B 

(‰
)

Chamber
1

ODP 999 Mg/Ca

ODP 999 B/Ca

ODP 999 δ11B

WCO CS 0-2 cm B/Ca

WCO CS 0-2 cm Mg/Ca

WCO CS 0-2 cm δ11B

WCO L4 0-2 cm B/Ca

WCO L4 0-2 cm Mg/Ca

WCO L4 0-2 cm δ11B

WCO L4 12-15 cm B/Ca

WCO L4 12-15 cm Mg/Ca

WCO L4 12-15 cm δ11B WCO L4 25-30 cm δ11B

WCO L4 25-30 cm Mg/Ca

WCO L4 25-30 cm B/Ca



1.0

1.5

2.0

2.5

3.0
M

g/
C

a 
(m

m
ol

/m
ol

)
r2 = 0.98, p < 0.0001

r2 = 0.61, p = 0.021

150

200

250

300

350

B/
C

a 
(µ

m
ol

/m
ol

)

r2 = 0.92, p = 0.00014

f f-1 f-2 f-3 f-4 f-5 f-6 f-7 f-8

13

14

15

16

17

18

19

20

δ11
B 

(‰
)

Chamber

r2 = 0.69, p = 0.010

f f-1 f-2 f-3 f-4 f-5 f-6 f-7 f-8
1.0

1.2

1.4

1.6

1.8

2.0

Sr
/C

a 
(µ

m
ol

/m
ol

)

Chamber 1



4

6

8

10

12

14

16

18

20
T_

se
aw

at
er

 (°
C

)

a

b

 25%~75%
 Range within 1.5IQR
 Median Line
 Mean

4

6

8

10

12

14

16

18

20

ca
lc

.T
_c

al
ci

te
 M

g/
C

a 
(°

C
)

2008/6/9

2009/6/9

2010/6/9

2011/6/9

2012/6/9

2013/6/9

2014/6/9

2015/6/9

2016/6/9

2017/6/9

2018/6/9

2019/6/9

2020/6/9

2021/6/9

2022/6/9

7.4

7.6

7.8

8.0

8.2

8.4

Age (yr CE)

pH
_s

ea
w

at
er

2009-2016 CE 1953-1973 CE 1814-1861 CE
0-2 cm

Shell ShellSpot Spot Spot

12-15 cm 25-30 cm
Shell

7.4

7.6

7.8

8.0

8.2

8.4

ca
lc

.p
H

_c
al

ci
te

 δ
11

B

1

6 8 10 12 14 16 18
7.5

7.6

7.7

7.8

7.9

8.0

8.1

8.2

8.3

8.4

pH

Temperature (°C)

c

  IFA L4_0-2cm  
Seawater 2009-2016



0.01 0.02 0.03 0.04

15.0

15.5

16.0

16.5

17.0

17.5

18.0

18.5

19.0

100000 200000 300000

15.0

15.5

16.0

16.5

17.0

17.5

18.0

18.5

19.0

0.10 0.12 0.14 0.16

15.0

15.5

16.0

16.5

17.0

17.5

18.0

18.5

19.0

0.01 0.02 0.03 0.04
1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

100000 200000 300000
1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

0.10 0.12 0.14 0.16
1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

0.01 0.02 0.03 0.04

150

200

250

300

350

400

100000 200000 300000

150

200

250

300

350

400

0.10 0.12 0.14 0.16

150

200

250

300

350

400

0.01 0.02 0.03 0.04
1.0

1.2

1.4

1.6

1.8

100000 200000 300000
1.0

1.2

1.4

1.6

1.8

0.10 0.12 0.14 0.16
1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

Weight (mg)

d1
1
B

 (
‰

)

r2 = 0.002, p = 0.90

Area (mm2)

r2 = 0.02, p = 0.66

Area-density (mg/mm2)

r2 = 0.04, p = 0.53

M
g

/C
a 

(m
m

ol
/m

o
l)

r2 = 0.03, p = 0.56

r2 = 0.50, p = 0.01 r2 = 0.24, p = 0.11 r2 = 0.51, p = 0.009

r2 = 0.25, p = 0.10 r2 = 0.28, p = 0.08
r2 = 0.02, p = 0.70

r2 = 0.002, p = 0.64 r2 = 0.26, p = 0.09

B
/C

a 
(m

m
o

l/m
ol

)
S

r/
C

a 
(m

m
ol

/m
ol

)



1750 1800 1850 1900 1950 2000 2050
−0.40

−0.35

−0.30

−0.25

−0.20

−0.15

−0.10

−0.05

0.00

0.05

0.10

0.15

 Annual mean pH of North Sea
 Annual mean pH at WCO L4
 Annual mean pH at BATS
 Modelled globally annually average pH
 IFA reconstructed pH at WCO L4

pH
 a

no
m

al
y

Age (yr CE)

baseline

1



1 
 

Supplement tables and figures of “Individual foraminiferal 1 

analysis: A promising tool for high-resolution temperature 2 

and pH reconstruction” 3 

 4 

Zifei Yang1*, Christopher D. Standish1, Rachel Brown1,2, Patrick A. Rafter3 Malcolm B. 5 

Hart5, Tali L. Babila4, Gavin L. Foster1 6 

 7 

 8 

1. School of Ocean and Earth Science, University of Southampton, England, UK  9 

2. Aix Marseille Université, CNRS, IRD, INRAE, Coll France, CEREGE, Aix-en-10 

Provence, France 11 

3. College of Marine Science, University of South Florida, Florida, US 12 

4. Department of Earth, Environmental and Planetary Sciences, Case Western Reserve 13 

University, Ohio, US 14 

5. School of Geography, Earth and Environmental Sciences, University of Plymouth, 15 

England, UK 16 

* Corresponding author: Zifei.Yang@soton.ac.uk  17 

  18 

mailto:Zifei.Yang@soton.ac.uk


2 
 

Table S1 Operating conditions of laser ablation QQQ-ICP-MS. 19 
 20 

Mass Spectrometry  
Mass Spectrometer Agilent 8900 Triple Quadrupole Inductively 

Coupled Plasma Mass Spectrometer 
 

Laser Ablation System Elemental Scientific Lasers NWR193 excimer 

laser ablation system with a TwoVol2 ablation 

chamber 

 

RF Power 1550 W 

Cones Standard nickel sample cone and XT skimmer  

  
Gas Flows  
Cooling Gas (argon) 13 l min-1 

Auxiliary Gas (argon) 0.56 l min-1 

Make-up gas (argon) 0.55 l min-1 

Ablation cell carrier gas 

(helium) 

0.55 l min-1 

Additional Gas (nitrogen) 0.007 l min-1 
  
  
Laser Ablation Conditions  
Laser power density ~1.0 J cm-2 

Laser repetition rate 5 Hz 

Laser beam size 34 μm diameter circle  

Ablation mode Spot 

 21 

  22 
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Table S2 Operating conditions of laser ablation MC-ICP-MS/MS. 23 

 24 

Mass Spectrometry 

Mass Spectrometer 
Thermo Scientific Neoma collision/reaction cell Multi-Collector Inductively 
Coupled Plasma Mass Spectrometer 

Cones Nickel skimmer (X) and nickel jet sample 
RF Power 1200 W 
Cooling Gas (argon) 14 l min-1 
Auxiliary Gas (argon) 0.8 l min-1 
Make-up gas (argon) 1.040 to 1.120 l min-1 
Wien Magnetic Field 17 % 
Wien Electrostatic Field 262.0 V 
Wien Focus 1 Base -440.0 V 
Wien Focus 1 X-Symmetry 10.0 V 
Wien Focus 1 Y-Symmetry 17.0 V 
Slit Aperture 70 % 
Wien Focus 2 Base -429.5 V 
Wien Focus 3 Base -410.0 V 
Wien Focus 3 X-Symmetry -4.0 V 
Wien Focus 3 Y-Symmetry -26.0 V 
CCT Entry -36.0 V 
CCT Bias 0.0 V 
CCT RF Amplitude 30 % 
CCT Exit 1 -130.0 V 
CCT Exit 2 -100.0 V 

  
Laser Ablation Conditions 

Laser Ablation System 
Elemental Scientific Lasers NWR193 excimer laser ablation system with a 
TwoVol2 ablation chamber 

Ablation cell carrier gas (helium) 0.5 to 0.60 l min-1 

Additional Gas (nitrogen) 0.005 to 0.006 l min-1 
Laser energy density ~3.5 J cm-2 
Laser repetition rate 10 Hz 
Laser beam size 100 μm diameter circles 
Ablation mode Spot 

  
25 
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Table S3 14C dating of WCO L4 sediment core. 26 
 27 

Depth top Depth bottom Lab ID 14C agea 14C age error Calendar Ageb Calendar Age error 
cm cm  years BP years BP CE years 
0 2 309297 460 45 2009–2016 60 
12 15 309299 505 35 1953–1973 60 
25 30 309302 635 40 1814–1861 60 

a. 14C ages were measured on benthic foraminifera C. lobatulus and are reported relative to 1950 28 
CE (years BP). 29 

b. Calendar ages were calculated using the local marine reservoir age for the WCO L4. 30 



5 
 

Table S4 Radiocarbon data used to estimate surface reservoir ages on the Northeast Atlantic shelf. 
 

Map No.a Lon Lat DeltaR DeltaR error Reference Locality 14C age 14C age error Distance 
 ° ° year year   years BP year km 
542 -4.27 50.18 -204 48 (Harkness, 1983) Northeast Atlantic 400 48 17 
543 -4.27 50.18 -170 44 (Harkness, 1983) Northeast Atlantic 434 44 17 
1555 -3.98 48.72 -126 140 (Tisnérat-Laborde et al., 2010) Roscoff 540 140 179 
525 -5 52 -141 54 (Harkness, 1983) Northeast Atlantic 504 54 195 
1571 -2.45 49.47 -94 45 (Tisnérat-Laborde et al., 2010) Ile Herm 510 45 156 

a. “Map Number” refers to the unique identifier assigned to each data point in the marine radiocarbon database available at CALIB Marine (http://calib.org/marine; 
Reimer and Reimer, 2001). 

http://calib.org/marine
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Figure S1 Map of the studied Western Channel Observatory (WCO) sites. “Water column” sites 

refer to long-term fixed stations where in situ instrumental observations of the seawater column are 

routinely collected. “Benthic” sites indicate locations where surface sediments were collected for 

benthic foraminiferal analyses in this study. Bathymetry is shown for reference, and the inset map 

indicates the regional setting of the Western English Channel. 
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Figure S2 Time-series records of seawater temperature, salinity, pH, ΔCO32-, and δ11B of seawater 

borate at WCO L4 surface water (grey), bottom water (red), and at WCO CS (blue). Temperature, 

salinity, pH records are from McEvoy et al. (2023), ΔCO32- and δ11B of seawater borate were 

calculated by ‘seacarb’ R package (Gattuso et al., 2021). Blue bands highlighted the summer season 

of each year. 
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Figure S3 Core-top C. lobatulus Mg/Ca versus bottom-water temperature (BWT) compiled from 

published datasets (Elderfield et al., 2006; Marchitto et al., 2007; Quillmann et al., 2012). The curve 

shows an exponential regression fitted to the combined literature data, illustrating the temperature 

dependence of Mg/Ca used in this study. 

 



9 
 

Fig. S4 Intra-test variabilities of Sr/Ca, Mg/Ca, B/Ca and δ11B within C. lobatulus from WCO CS. 

f represents the final chamber, f-1 is the penultimate one, and so on. Black squares represent average 

values of each chamber, red lines with shaded bands represent linear fits with 95% confidence 

intervals of the regression, which do not include the analytical uncertainties of individual data points. 

Error bars represent ± 2SE of individual measurements. 
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Figure S5 Compilation of benthic foraminiferal δ¹³C anomalies over the last ~250 years, combining 

published records from Mellon et al., (2019) with new data generated in this study. Coloured 

symbols represent individual species and core sites reported in Mellon et al., (2019), while black 

squares show C. lobatulus δ¹³C anomalies from WCO L4 measured in this study. All records are 

expressed as anomalies relative to their respective pre-industrial baseline to facilitate comparison 

among sites and species. 
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Figure S6 Comparison of published intra-test δ¹¹B variability of C. wuellerstorfi with results from 

this study. Grey symbols represent individual specimens analysed in this study. Red squares show 

data from a single specimen reported by Sadekov et al. (2019). Blue circles and green triangles show 

two specimens (Specimens 17 and 18) reported by Raitzsch et al. (2020). Chamber numbering 

follows the final chamber (f) to progressively older chambers (f–n). 
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Figure S7 Cross-plots among test area, test weight, and area density of C. lobatulus specimens from 

WCO sites and ODP Site 999 (including specimens not analysed in this study). Test area, test weight, 

and area-density are used as proxies for test size, cumulative calcification, and calcification intensity, 

respectively. Linear regressions are shown to illustrate the relationships among these parameters. 
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1. IFA Cleaning tests for accurate δ11B and El/Ca 

Although the analytical advances required for accurate in situ δ11B analysis of 

individual benthic foraminifera by LA-MC-ICPMS have been met by the latest 

generation of mass spectrometers employing a pre-mass filter (e.g., the Thermo 

Scientific Neoma MS/MS MC-ICP; Standish et al., 2025), accurate foraminiferal 

climate records first require cleaning protocols to be carefully evaluated. The chemical 

cleaning methods for traditional bulk solution analysis (e.g., Barker et al., 2003) require 

the foraminiferal tests to be lightly crushed to open the chambers before cleaning to 

facilitate the removal of surficial and interstitial clay contamination. In contrast, in 

order to characterise the environmental conditions experienced through the lifetime of 

a foraminifera it is necessary to analyse a sample through its ontogeny via discrete 

sequential spot measurements from chamber to chamber (e.g. Raitzsch et al., 2020), 

requiring IFA samples analysed by laser ablation (and other in situ methods) to be 

cleaned and analysed as a whole test. To overcome this limitation, several different LA-

ICPMS protocols were undertaken by previous studies, which can be classified into two 

broad types: i) No cleaning treatment was applied, potential surface contamination was 

removed by pre-ablation, and potential infilling contamination was excluded by data 

reduction on time-resolved data of each laser measurement (Raitzsch et al., 2011, 2020; 

Reichart et al., 2003); ii) Similar chemical cleaning protocols as those used for solution 

Element/Ca (El/Ca) samples were applied but omitting the reductive step and final 

weak-acid leaching to minimize potential test breakage (Babila et al., 2022; Jochum et 

al., 2019; Rongstad et al., 2017). For the first method type, contamination can 

preferentially accumulate in pores of foraminiferal test walls causing heterogeneous 

geochemical depth profiles variability depending on porosity density, such that 

protocols only excluding the exterior surface and infilling contamination risk 

underestimating the role of contamination in the data generated. Benthic foraminifera 

can also be fragile, especially for fossil tests modified by diagenetic processes, and 

ultrasonication steps used in classical chemical foraminiferal cleaning protocols can be 

too aggressive and result in shell breakage (Van Bael et al., 2016). Since IFA depends 



on a significantly smaller amount of carbonate compared to the standard multi‐

specimen solution approach, minimizing sample loss during the cleaning procedure is 

essential for yielding robust results. Lee et al. (2025) recently optimized cleaning 

protocols for IFA for modern planktic foraminifera Mg/Ca, but such an optimized 

protocol for benthic foraminifera and for other proxies is currently lacking.  

 

2. Methods 

To identify a suitable approach to physical cleaning that minimises test breakage and 

yet maximises clay removal, we explored the following cleaning protocols: i) Ten 

individual specimens from WCO CS and five specimens from ODP Site 999 were 

mounted without cleaning to represent an uncleaned control group; ii) Nine specimens 

from WCO CS and seven specimens from ODP Site 999 were cleaned following the 

protocol adapted from Babila et al. (2022), including a clay removal step (one time 

rinse with Milli-Q water (18.2 Ω), 4x 20s ultrasonication in methanol, 2x rinse with 

Milli-Q water), and an oxidative step following Barker et al. (2003); iii) Nine specimens 

from WCO CS and five specimens from ODP Site 999 were cleaned omitting all the 

ultrasonication steps but with increased numbers of rinses (one-time rinse with Milli-Q 

water, 8x rinse with methanol, 2x rinse with Milli-Q water). The oxidative step was 

performed as in ii) but the tubes were agitated manually by inversion instead of 

ultrasonication to remove the CO2 bubbles generated during the oxidation process. All 

the information about cleaning protocols described above is summarised in Table A1. 

 

To assess the effect of screening strategies on the chamber average El/Ca and δ11B 

values of in situ analysis, two screening strategies were applied to the foraminifera used 

for the cleaning tests described previously. In the first strategy, measurements including 

contaminated signals were averaged to generate one set of data (ECW or Entire Calcite 

Wall), the other strategy was to omit potential contamination from the time resolved 

profile through the chamber to generate the ‘cleanest’ data (EPC or Exclude Potential 

Contamination; Fig. A1, A2). 



 

Specific sample information and analytical methods used for in situ El/Ca and δ11B can 

be found in the main text. 

 

3. Results 

In this section, we compare the individual foraminiferal El/Ca ratios and δ11B results of 

C. wuellerstorfi and C. lobatulus with different cleaning protocols (Table A1), and 

different time-resolved data screening strategies (ECW and EPC). In the following 

sections, the term ‘uncleaned’ is used for specimens mounted without cleaning (1st 

cleaning protocol in Table A1), ‘cleaned’ represents the combination of the specimens 

cleaned using the protocol with ultrasonication (2nd cleaning protocol) and without 

ultrasonication (3rd cleaning protocol). 

 

3.1 Time-resolved measurements 

In the time-resolved plots of laser ablation trace element analysis of uncleaned 

specimens (Fig. A1a), specimens cleaned without ultrasonication (Fig. A1b) and 

specimens cleaned with ultrasonication (Fig. A1c), the initial intensity spikes of Al, Mn, 

Fe on the exterior surface were reduced after chemical and physical cleaning with or 

without ultrasonication, and the initial spikes of Sr/Ca, Mg/Ca, Li/Ca, B/Ca ratios of 

cleaned specimens were significantly reduced. At and near the interior surface, Al, Mn 

and Fe counts, and Sr/Ca, Mg/Ca, Li/Ca and B/Ca ratios can also be seen to be elevated 

on occasion regardless of cleaning strategy (Fig. A1). 

 

The LA-Neoma time-resolved measurements show elevated 11B/12C ratios, 11B signal 

intensity, and reduced 11B/10B ratios at or near the exterior and interior surfaces (Fig. 

A2). The phenomenon that elevated 11B and 10B signal intensities accompanied by 

declining 11B/10B ratios at and near interior surfaces of foraminifera has been reported 

by Raitzsch et al. (2020) and likely results from surficial clay contamination (Deyhle 

and Kopf, 2004). 



 

3.2 Mean values of measurements 

The different data screening strategies discussed above were applied on the time-

resolved measurements, then the chamber averages were determined. C. wuellerstorfi 

from ODP Site 999 has lower average values of all contamination indicators (i.e. Al/Ca, 

Mn/Ca and Fe/Ca) compared to C. lobatulus from WCO Site CS, across all the different 

cleaning protocols and data screening strategies applied (Fig. A3, A4). Sr/Ca ratios of 

cleaned and uncleaned specimens showed no significant differences at either location 

(t-test, p = 0.48 at WCO CS, p = 0.13 at ODP Site 999), so Sr/Ca is not presented in 

Fig. A3, A4. 

 

Comparing cleaned and uncleaned C. wuellerstorfi and C. lobatulus, the cleaned groups 

have fewer data points with anomalously high Al/Ca, Mn/Ca and Fe/Ca, and the 

averages of these indicators of the cleaned groups are also lower than the uncleaned 

groups except for Mn/Ca (Fig. A3a, A4a). Averages of Li/Ca and Mg/Ca of cleaned 

groups of both species and B/Ca of C. lobatulus are lower than in the uncleaned groups, 

while B/Ca of cleaned and uncleaned C. wuellerstorfi show no significant difference (t-

test, p = 0.33 of EWC, p = 0.09 of EPC). Cleaned groups have fewer data points with 

anomalously low δ11B with a higher average than the uncleaned groups (Fig. A3c, A4c). 

 

The Al/Ca, Mn/Ca, Fe/Ca, B/Ca and Mg/Ca ratios of C. wuellerstorfi specimens 

cleaned with and without ultrasonication show no significant differences (t-test, p: 

0.12–0.92), but for Li/Ca of specimens cleaned with ultrasonication is higher than those 

without (Fig. A3b). Mn/Ca ratios of C. lobatulus specimens cleaned with and without 

ultrasonication show no significant difference (t-test, p = 0.05 of EWC, p = 0.09 of 

EPC), but the other contamination indicators (Al/Ca and Fe/Ca) are lower for specimens 

cleaned with ultrasonication compared to those without ultrasonication. There are no 

significant differences between cleaned with and without ultrasonication of Li/Ca, B/Ca 

and Mg/Ca ratios (t-test, p: 0.17–0.97) for C. lobatulus (Fig. A4b). The δ11B of both C. 

wuellerstorfi and C. lobatulus screened by ECW, are higher in tests cleaned with 



ultrasonication than in those without ultrasonication, but when EPC data screening is 

applied the two groups of data exhibited no significant differences (t-test, p = 0.08 of 

C. wuellerstorfi, p = 0.12 of C. lobatulus) (Fig. A3c, A4c). 

 

In general, applying EPC data screening reduced the average values of contamination-

related Al/Ca and Fe/Ca more than the ECW screening (Fig. A3, A4). However, there 

are no statistically significant differences introduced by the different data reduction 

methods (EPC and ECW) on the other El/Ca ratios (t-test, p: 0.11–0.99), except B/Ca 

ratios of cleaned specimens of C. lobatulus that are higher in the ECW group than in 

the EPC group. For δ11B of C. wuellerstorfi, differences between ECW and EPC were 

not significant (t-test, p: 0.08–0.24) (Fig. A3c). For C. lobatulus, there is no significant 

difference between ECW and EPC screening of specimens cleaned with ultrasonication 

(t-test, p = 0.09), but for specimens uncleaned and cleaned without ultrasonication, 

applied EPC significantly increases the δ11B compared to ECW (Fig. A4c). 

 

Based on the EPC data screening results, which exclude potential contamination from 

time-resolved profiles, IFA data for C. wuellerstorfi and C. lobatulus specimens cleaned 

with and without ultrasonication show no significant differences in Li/Ca, Mg/Ca, B/Ca, 

and δ11B. Consequently, they are combined and discussed and interpreted as a single 

group in the main text. 
 

4. Discussion 

As indicators for potential contamination of clay minerals and oxide coatings on 

foraminiferal calcite tests, which can introduce bias in analyses of Mg/Ca, B/Ca, and 

δ11B etc. analyses (Barker et al., 2003; Deyhle and Kopf, 2004; Ishikawa and Nakamura, 

1993), Al/Ca, Mn/Ca, and Fe/Ca ratios have been used to evaluate cleaning protocols 

and to screen the data in bulk solution analyses in a number of previous studies (e.g., 

Barker et al., 2003; Boyle, 1983; Cook and Hendy, 2024; Lear et al., 2010; Yu et al., 

2007). These studies have suggested that reductive cleaning, aiming to remove FeMn 

oxide coatings, has negligible effect on B/Ca and δ11B (Kubota et al., 2021; Misra et al., 



2014; Yu et al., 2007), instead it is the boron-rich authigenic marine minerals and 

detrital clay with low δ11B that are the main source of contamination. As a result, Al/Ca 

ratio is considered a sensitive contamination tracer for B/Ca and δ11B (Deyhle and Kopf, 

2004; Ishikawa and Nakamura, 1993). As indicated by time-resolved measurements 

(Fig. A1), and the consistency between cleaned and uncleaned specimens, 

contamination has limited effects on Sr/Ca, which is consistent with the results from 

(Barker et al., 2003). In contrast, Li is likely to be associated with alumino-silicate 

grains (Vigier et al., 2007). In this study, we therefore focus on Al/Ca, Mn/Ca and Fe/Ca 

ratios to monitor contamination, and Li/Ca, Mg/Ca, B/Ca, and δ11B to evaluate the 

efficiency of cleaning protocols and data reduction strategies in reducing the effects of 

contamination on IFA. 

 

The time-resolved plots indicate that chemical cleaning with or without ultrasonication 

removes exterior surface contamination and reduces the effect of exterior surface 

contamination on Mg/Ca, Li/Ca, and B/Ca ratios (Fig. A1). This can also be seen in the 

mean values of each ablation measurement as cleaned specimens generally have lower 

averaged values and reduced variability relative to uncleaned specimens of WCO CS 

C. lobatulus (Fig. A4a). At the same time, the signals of surficial contaminations 

(exterior and interior) are distinct and easy to identify by time-resolved analysis (Fig. 

A1). Omitting these contamination signals during data reduction should therefore 

mitigate contamination, which is in agreement with the results of the different data 

screening strategies applied during data reduction. Our EPC strategy, where elevated 

exterior and interior signals are removed, shows generally lower values and less 

variability of element ratios of C. lobatulus (Fig. A4). However, the widespread 

differences between the averaged values and the variability of data of uncleaned 

specimens with strict data screening (EPC) and data of cleaned specimens suggest that 

data reduction or pre-ablation of the test surface in isolation are not sufficient to remove 

the effect of contamination, and physical and chemical cleaning is necessary for IFA. 

This is likely because the contamination is not only restricted to the foraminiferal 

surface but can also be within skeletal pores and possibly interstitial to the calcite lattice 



bound to organic phases (Lee et al., 2025; Mayk et al., 2020). For the δ11B analysis, a 

similar conclusion can be drawn as although the time-resolved analysis exhibits distinct 

exterior and interior contamination signals with respect to 11B intensity and 11B/12C (Fig. 

A2), the differences between cleaned and uncleaned specimens for δ11B of WCO CS C. 

lobatulus clearly demonstrates the necessity of physical and chemical cleaning (Fig. 

A4c).  

 

Whether the ultrasonication process which might be aggressive toward foraminifera 

tests can be omitted in the cleaning protocol for IFA is an important question for the 

application of IFA method to fragile fossil samples or when sample material is limited 

such that sample loss needs to be minimised. Based on the results of samples from 

WCO Site CS, the specimens cleaned with ultrasonication exhibit lower averaged 

values of Al/Ca, Mn/Ca, and Fe/Ca ratios than those without ultrasonication, which 

indicates that cleaning protocol with ultrasonication is more effective at removing 

contamination (Fig. A4b). However, after being processed by EPC data screening, 

Mg/Ca, B/Ca, Li/Ca, and δ11B values of specimens cleaned with or without 

ultrasonication showing no obvious differences in averaged values nor in terms of 

variability (Fig. A4b). For cleaned specimens, cross-plots of Mg/Ca, B/Ca, and Li/Ca 

versus Al/Ca, Mn/Ca, and Fe/Ca (EPC) data exhibit no obvious relationship between 

the contamination indicators (Al/Ca, Mn/Ca, and Fe/Ca) and δ11B or the El/Ca ratios of 

interest (Mg/Ca, B/Ca, Li/Ca), while for the uncleaned specimens, positive (Mg/Ca, 

B/Ca, and Li/Ca) or negative (δ11B) relationships can be observed occasionally (Fig. 

A5, A6). Based on the difference in absolute values and the comparison between 

solution and IFA measurements, ultrasonication is effective at removing contamination 

and improves the accuracy of Mg/Ca, B/Ca, Li/Ca, and δ11B, in the sites examined here. 

It is therefore recommended that it be retained during sample cleaning if possible.  

 

Unlike C. lobatulus from WCO sites that have visible contamination materials adhered 

to the tests under binocular microscope, C. wuellerstorfi specimens from ODP Site 999, 

mostly appear superficially clean. This initial cleanliness of tests is related to their 



contrasting depositional environments and also likely impacts the results of the 

chemical cleaning applied here (Cook and Hendy, 2024), explaining the sometimes 

contrasting effects observed at the two sites. The consistency between the average 

values of B/Ca and Mg/Ca of cleaned and uncleaned specimens at ODP Site 999 

indicates that data reduction alone can potentially mitigate the influence of 

contamination on B/Ca and Mg/Ca (Fig. A3a). Cross-plots of the EPC screened data 

show that high Mg/Ca and Mn/Ca can fingerprint the source of contamination in 

uncleaned specimens (i.e. clay vs. siliciclastic) (Fig. A7). For Li/Ca and δ11B, 

differences between uncleaned and cleaned specimens indicate that contamination 

potentially biases the original geochemical signal at the studied sites (Fig. A3, A7). The 

different cleaning protocols show similar effectiveness on the C. wuellerstorfi 

specimens from ODP Site 999, as indicated by the consistency between EPC Li/Ca, 

B/Ca, Mg/Ca, and δ11B of specimens cleaned with and without ultrasonication (Fig. A3, 

A8). 

 

For specimens from both WCO CS and ODP 999 sites, the consistency between the 

mean values of Mg/Ca, Sr/Ca, and δ11B by IFA with those from traditional bulk solution 

methods confirm that the IFA protocols applied here, from sample cleaning to 

geochemical analysis, are able to generate accurate values (Fig. 2 in main text). As for 

the B/Ca ratio at the WCO sites, the reasons for the inconsistency between IFA and 

solution results require further investigation. 
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Table A1 Summary of adapted cleaning protocols and analysed specimens used in the cleaning tests. 
 

Group Cleaning protocol Number of analysed specimens 
Ultrasonication  Milli-Q Methanol Milli-Q Oxidative step C. wuellerstorfi C. lobatulus 

1. Uncleaned NA NA NA NA NA 5 10 
2. Cleaned with ultrasonication Yes 1x rinse 4x 20 sec ultrasonication 2x rinse Yes 7 9 
3. Cleaned without ultrasonication No 1x rinse 8x rinse 2x rinse Yes 5 9 



Figure A1 Examples of depth-profile time-resolved analytical measurements for El/Ca ratios. a. Uncleaned specimens; b. Specimens cleaned without ultrasonication; 

c. Specimens cleaned with ultrasonication. Violet bands indicate signals affected by exterior contamination; green bands indicate signals from calcite walls and blue 

bands indicate signals affected by interior contamination. ECW (Entire Calcite Wall) data screening strategy includes signals highlighted by all three bands; EPC 

(Exclude Potential Contamination) data screening strategy only includes signals highlighted by the green band. Ablation proceeds from the exterior to the interior. 

  



Figure A2 Examples of depth-profile time-resolved analytical measurements for boron isotope: a. Uncleaned specimens; b. Specimens cleaned without ultrasonication; 

c. Specimens cleaned with ultrasonication. Violet bands indicate signals affected by exterior contamination; green bands indicate signals from calcite walls and blue 

bands indicate signals affected by interior contamination. ECW (Entire Calcite Wall) data screening strategy includes signals highlighted by all three bands; EPC 

(Exclude Potential Contamination) data screening strategy only includes signals highlighted by the green band. Ablation proceeds from the exterior to the interior. 

 
 



Figure A3 Results of cleaning tests on C. wuellerstorfi (ODP Sute 999): Al/Ca, Mn/Ca, Fe/Ca, Li/Ca, 

B/Ca, Mg/Ca and δ11B. a. Comparison of El/Ca ratios between cleaned and uncleaned specimens; 

b. Comparison of El/Ca ratios between specimens cleaned with and without ultrasonication; c. 

Comparison of δ11B values between cleaned and uncleaned specimens and specimens cleaned with 

and without ultrasonication. The grey boxes and dots indicate data generated by ECW (Entire 

Calcite Wall) data screening; the red boxes and dots indicate data generated by EPC (Exclude 

Potential Contamination) data screening; the horizontal lines indicate bulk solution values (± 2SD). 

  



Figure A4 Results of cleaning tests on C. lobatulus (WCO CS): Al/Ca, Mn/Ca, Fe/Ca, Li/Ca, B/Ca, 

Mg/Ca and δ11B. a. Comparison of El/Ca ratios between cleaned and uncleaned specimens; b. 

Comparison of El/Ca ratios between specimens cleaned with and without ultrasonication; c. 

Comparison of δ11B values between cleaned and uncleaned specimens and specimens cleaned with 

and without ultrasonication. The grey boxes and dots indicate data generated by ECW data screening; 

the red boxes and dots indicate data generated by EPC data screening; the horizontal lines indicate 

the bulk solution values (± 2SD). 

 

  



Figure A5 Cross-plots of Mg/Ca, B/Ca, and Li/Ca versus Al/Ca, Mn/Ca, and Fe/Ca for C. lobatulus 

specimens from WCO CS, based on EPC (Exclude Potential Contamination)-screened data. Data 

include uncleaned specimens, specimens cleaned with ultrasonication, and specimens cleaned 

without ultrasonication (see legend). 

 

  



Figure A6 Cross-plots of Mg/Ca, B/Ca, and Li/Ca versus Al/Ca, Mn/Ca, and Fe/Ca for C. lobatulus 

specimens from WCO CS, based on EPC (Exclude Potential Contamination)-screened data. Only 

specimens cleaned with and without ultrasonication are shown; uncleaned specimens have been 

excluded to allow direct comparison between the two cleaning protocols. 

 

  



Figure A7 Cross-plots of Mg/Ca, B/Ca, and Li/Ca versus Al/Ca, Mn/Ca, and Fe/Ca (EPC) for C. 

wuellerstorfi from ODP 999. Data include uncleaned specimens, specimens cleaned with 

ultrasonication, and specimens cleaned without ultrasonication (see legend). 

 

  



Figure A8 Cross-plots of Mg/Ca, B/Ca, and Li/Ca versus Al/Ca, Mn/Ca, and Fe/Ca (EPC) for C. 

wuellerstorfi from ODP 999. Only specimens cleaned with and without ultrasonication are shown; 

uncleaned specimens have been excluded to allow direct comparison between the two cleaning 

protocols. 
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