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A B S T R A C T

Isotope and element ratios in the carbonate skeletons of calcifying marine organisms can be used to reconstruct 
past environments and understand physiological processes occurring before calcification. The Li isotope 
composition (δ7Li) of biogenic carbonates is thought to reflect the δ7Li values of the water in which the calcifying 
organisms grew, allowing for the use of carbonate fossils to estimate δ7Li of ancient seawater, which is known to 
record past silicate rock weathering congruency. To determine whether δ7Li in biogenic carbonates is truly a 
faithful archive of past seawater, it is crucial to elucidate any environmental or biological factors that could 
influence carbonate δ7Li and cause deviations from seawater δ7Li. Here we show that δ7Li in the low-Mg calcite 
shell of the eastern oyster, Crassostrea virginica, tracks aqueous δ7Li with an offset of +1.9 ± 1.5‰ and is not 
influenced by salinity in an estuarine environment. This contrasts with inorganic calcite, in which δ7Li is known 
to be lower than seawater values, suggesting a prevalent vital effect in oyster calcite. We ascribe this vital effect 
to a combination of possible physiological isotope fractionation mechanisms, including preferential passive 
removal of 6Li from the extrapallial fluid (EPF) and preferential transport of 6Li into the EPF via a Na+/H+ pump, 
both of which have been discussed by previous studies. Overall, we conclude that understanding the mechanism 
(s) driving the vital effect in biogenic calcite is crucial to establishing δ7Li as a faithful paleo-archive and a tool 
for reconstructing past weathering and climate.

1. Introduction

A growing fascination of geochemists, lithium (Li) isotope system
atics have garnered interest as a paleoceanographic proxy (Chan and 
Edmond, 1988; Chan et al., 1992; Misra and Froelich, 2012; Pogge von 
Strandmann et al., 2017). Fluvial or estuarine Li isotope composition 
(δ7Li = ((7Li/6Li)sample/(7Li/6Li)standard) − 1) × 1000) can be used to 
construct silicate weathering congruency, or the ratio of primary silicate 
mineral dissolution to secondary mineral formation. This traces silicate 
weathering intensity, or the ratio of weathering rate to erosion rate, 
which is a key paleoclimate parameter that dictates the strength of 
Earth’s silicate weathering ‘thermostat’ (e.g., Misra and Froelich, 2009; 
Pogge von Strandmann et al., 2017, 2020).

With a range of +1 to +44‰ (Pogge von Strandmann et al., 2006; 
Dellinger et al., 2015; Murphy et al., 2019), dissolved fluvial δ7Li values 

are typically greater than those of the upper continental crust (− 5 to 
+5‰) (Teng et al., 2004) and vary between basins with unique lithol
ogies and silicate weathering congruencies (Huh et al., 1998; Millot 
et al., 2010). Seawater, in contrast, has a globally homogenous modern 
δ7Li value of +31‰ (Millot et al., 2004). With an oceanic residence time 
of ~1.2 million years (Broecker and Peng, 1982), Li behaves conserva
tively in seawater and exists in concentrations proportional to salinity at 
around 180 ppb (Tomascak et al., 2016; Millero, 2016) – much higher 
than riverine Li concentrations, which vary regionally but average 
globally at 1.5 ppb (Huh et al., 1998). As Li-poor rivers flow into 
brackish environments and interact with Li-rich seawater, fluvial δ7Li 
values representative of local continental silicate weathering congru
ency are mixed into the global ocean composition. Therefore, fluvial and 
brackish environments that retain significant riverine input are suitable 
systems to measure δ7Li as a proxy for regional silicate weathering 
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dynamics, while the isotopic composition of global mean seawater 
tracks the globally integrated silicate weathering congruency along with 
hydrothermal flux and weathering of mid-ocean ridge basalts (Chan 
et al., 1992; Huh et al., 1998; Misra and Froelich, 2012; Pogge von 
Strandmann et al., 2017).

Ideally, pristine inorganic and biogenic calcium carbonates (CaCO3) 
retain the δ7Li values of the surrounding fluvial, estuarine, or marine 
water at the time and place of growth, serving as paleo-proxies for sil
icate weathering and other environmental conditions. Like other alkali 
metal ions, Li+ is incorporated interstitially in calcite and substitutes for 
calcium ions (Ca2+) in the crystal structure of aragonite (Okumura and 
Kitano, 1986). After initial incorporation, diagenesis can influence δ7Li 
and other geochemical signatures in carbonates (Ullmann and Korte, 
2015; Dellinger et al., 2020; Murphy et al., 2022). This effect is less 
pronounced in calcite than in aragonite because calcite has a more stable 
crystal structure (Veizer, 1983; Marshall, 1992; Morse et al., 2007). 
Diagenesis in low-magnesium (Mg) calcite (< 4 mol% MgCO3; Chave, 
1962) can be screened for using element ratio proxies, such as the 
manganese-to-calcium ratio (Mn/Ca) (e.g., Korte et al., 2009; Korte and 
Hesselbo, 2011), the iron-to-calcium ratio (Fe/Ca) (e.g., Jones et al., 
1994; Wierzbowski and Joachimski, 2007), and the strontium-to- 
calcium ratio (Sr/Ca) (e.g., Korte et al., 2009; Korte and Hesselbo, 
2011). These screening methods are summarized by Ullman and Korte 
(2015) and discussed with respect to this study in Section 4.3.

Modern biogenic carbonates have δ7Li values ranging from +15 to 
+40‰, reflecting strong intra-species, inter-species, and environmental 
variability (Dellinger et al., 2018). Dellinger et al. (2018) highlighted 
this variability by measuring δ7Li in brachiopods (+25 to +28‰), 
echinoderms (constant at about 24‰), aragonite mollusks (+15 to 
+22‰), and calcite mollusks (+25 to +40‰) and reporting previous 
measurements of δ7Li in corals (+17 to +25‰, Marriott et al., 2004a, 
2004b; Rollion-Bard et al., 2009), planktic foraminifera (+27 to +31‰, 
Marriott et al., 2004a; Hall et al., 2005; Hathorne and James, 2006; 
Misra and Froelich, 2009; Rollion-Bard et al., 2009), and benthic fora
minifera (+25 to +28‰, Marriott et al., 2004b).

As fossils, these taxa have the potential to record the δ7Li values of 
the ancient water in which they grew. However, variables such as 
salinity, temperature, carbonate mineralogy, water composition, growth 
rate, diagenetic effects and vital effects (biological processes that frac
tionate isotopes) could influence Li isotope fractionation between the 
shell and the internal calcifying fluid from which the shell precipitates, 
or between the calcifying fluid and other internal reservoirs. This could 
result in a δ7Li value in the shell that is different from the δ7Li value of 
the surrounding water (e.g., Marriott et al., 2004a, 2004b; Vigier et al., 
2015; Dellinger et al., 2018, 2020). Therefore, understanding how 
environmental, biological, and mineralogical variables influence the 
incorporation of Li in calcifying organisms is critical to determining 
which taxa, if any, serve as faithful archives of past seawater. To this 
end, studies have measured the Li isotope composition of a diverse array 
of biogenic carbonates, revealing that δ7Li in biogenic aragonite and 
high-Mg calcite (> 4 mol% MgCO3; Chave, 1962) is lower than seawater 
δ7Li (Marriott et al., 2004a; Rollion-Bard et al., 2009; Dellinger et al., 
2018), while δ7Li in biogenic low-Mg calcite ranges from lower to higher 
than seawater δ7Li both within and among taxa (Marriott et al., 2004a, 
2004b; Misra and Froelich, 2009; Rollion-Bard et al., 2009; Hathorne 
et al., 2013). Dellinger et al. (2018) found that δ7Li values in calcite and 
aragonite mollusks deviate significantly from that of seawater and 
inorganic carbonates, indicating a vital effect and suggesting that more 
studies assessing Li isotopes in mollusks are needed to evaluate the 
potential for this phylum to serve as a paleo-archive for past seawater.

Within the mollusks, oysters grow low-Mg calcite shells with sea
sonal growth bands that record geochemical information from their 
lifespan of several years (Mackenzie, 2007). Due to their geological 
longevity, seasonal resolution, and relatively long lifespans, oysters are 
a promising candidate for reconstructing δ7Li values of past estuary 
water or seawater as paleo-proxies for silicate weathering congruency. 

To determine whether oyster shells accurately record water δ7Li, 
Dellinger et al. (2018) measured δ7Li in the shell of the Pacific oyster, 
Magallana gigas, and found evidence of vital effects and no temperature 
dependence. However, δ7Li values in oyster calcite – and other biogenic 
carbonates – have yet to be tested for a relationship to salinity, which is a 
key parameter in estuarine environments that host oysters. Determining 
the relationship (or lack thereof) between salinity and shell δ7Li is 
imperative to evaluating the effectiveness with which Li isotope mea
surements in fossil estuarine shells may track past water Li isotope 
composition and potentially serve as a proxy for past silicate weathering 
congruency.

We addressed this gap in knowledge by measuring δ7Li in modern 
low-Mg calcite shells of the eastern oyster, Crassostrea virginica, an 
abundant reef-builder that lives in estuaries and shallow marine envi
ronments along much of the eastern coastline of the United States. The 
oysters measured in this study were collected along an estuarine salinity 
gradient (20.9–33.0 ppt) in coastal North Carolina. We also measured 
δ7Li in water samples collected from the oyster sampling sites to char
acterize the Li isotope fractionation occurring between the oysters and 
the water in which they grew. In addition to Li isotopes, we investigated 
several element ratios that have yet to be studied as a function of salinity 
in oyster calcite, including Sr/Ca, Li/Ca, Mg/Ca, and Li/Mg, all of which 
are known to be sensitive to temperature in marine biogenic carbonates 
(e.g., Delaney et al., 1989; Beck et al., 1992; Butler et al., 2015; Chen D. 
et al., 2023). Lastly, we measured δ18O and δ13C, the former of which is a 
temperature proxy in bivalve shells (e.g., Killingley and Berger, 1979; 
Wefer and Berger, 1991; Andrus and Crowe, 2000; Surge et al., 2001; 
Ullmann et al., 2010; Bougeois et al., 2016), to substantiate the salinity 
gradient of our sampling transect. These data allow us to tentatively 
trace regulation of ions in the calcification reservoir (see Zeebe and 
Sanyal, 2002; Bentov and Erez, 2006; Dellinger et al., 2018) and in
clusion (or exclusion) of ions in the crystal lattice of biogenic calcite (see 
Berner, 1975; Marriott et al., 2004a, 2004b). By evaluating δ7Li, several 
element ratios, and δ18O and δ13C as they relate to salinity in modern 
oyster shells, we aim to increase the accuracy of Li isotope measure
ments in biogenic low-Mg calcite as an archive of past seawater and a 
paleo-proxy for continental silicate rock weathering.

2. Materials and methods

2.1. Sample collection

In November 2024, 49 wild oysters were collected from eight sites 
(5–8 oysters per site) in the Newport River, Adams Creek, and Bogue 
Sound in the estuary systems of coastal (Atlantic) North Carolina 
(Fig. 1). The oysters were collected by hand at ~0.5 m depth. At the time 
of sampling, the sites ranged in measured salinity from 12.2 to 29.8 ppt, 
establishing a gradient of increasing salinity with increasing proximity 
to the Atlantic Ocean. A 500 mL water sample was collected from each 
site; all water samples were then filtered (0.2 µm pore size) and acidified 
(0.02 M HCl) in acid-washed HDPE bottles. Water collection and salinity 
measurements were conducted at the same depth as oyster collection at 
each site to minimize the impact of vertical variations in water 
composition. Continuous salinity data were retrieved from two National 
Park Service Monitoring stations located close to the sites (Fig. 1) to 
elucidate temporal salinity patterns in the estuary (depth of salinity 
measurements is not specified in the database). To estimate seasonal 
variation, salinity was remeasured at each site in August 2025, showing 
a range of 24.4 to 36.2 ppt. In both November 2024 and August 2025, 
salinity was measured about halfway between high and low tide with 
minimal precipitation during the day of sampling and the day prior. The 
two-point average salinity between November 2024 and August 2025 
was calculated for each sampling site (range of 20.9 to 33.0 ppt, shown 
in Fig. 1) and used for isotope and element ratio analyses.
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2.2. Sample preparation

Within hours of sample collection, the oysters were shucked and the 
shells were scrubbed clean with a wire brush. The outer layer of the left 
valve of each shell was abraded with a 32.1 mm diameter diamond 
wheel bit connected to a Dremel to reduce contamination from external 
organic matter. Then, using the same Dremel setup, three pieces (each 
~1.5 cm2 in plane of the shell surface and ~0.5 cm thick) were cut out 
from the left valve: one from close to the umbo, one from the middle of 
the shell, and one from close to the far lip (Fig. 2). Seasonality and 
variations in environmental factors such as wave energy (Ortega, 1981) 
and substrate material (Dunn et al., 2014) can significantly change 
C. virginica growth rate, even within the lifetime of one individual. Thus, 
only a rough estimate of shell growth rate is reasonable for this study: 
based on the 30 mm/year estimate provided by Ortega and Sutherland 
(1992) and carbon and oxygen isotope data presented by Surge et al. 
(2001), C. virginica growth rate in this study can be estimated at a few 
mm/month. This means that each ~1.5 cm2 piece approximately rep
resents a few months of growth. For each shell, three pieces of this size 
were crushed and homogenized collectively into a fine powder using an 
agate mortar and pestle. Homogenization of three separate pieces from 
each shell served to reduce the impact of seasonal variation while 
avoiding processing the entire shell, which could lead to detrital 
contamination of the Li fraction. Following the procedure of Dellinger 
et al. (2018), around 100 mg of homogenized powder from each 

oyster shell were subjected to a room-temperature ammonium acetate 
leach to reduce contamination from exchangeable ions, including 
isotopically light Li that is abundant in clay minerals (Dellinger et al., 
2018; Pogge von Strandmann et al., 2020). To complete the leach, 1.5 
mL of 1 N ammonium acetate were added to the samples before shaking 

Fig. 1. Map of sample locations. Shown are eight sampling sites from which oysters were collected in November 2024 as well as two monitoring stations: Middle 
Marsh (34.69452, − 76.6185) and Shackleford Banks (34.68692,− 76.64364). Two-point average salinity between point measurements taken in November 2024 and 
August 2025 is labeled at each sampling site. Continuous salinity data were retrieved from the two monitoring stations. Map created with ArcGIS.

Fig. 2. Diagram of the left valve of an oyster shell. Squares show the three 
approximate sampling locations. Created in BioRender. Schaffer, A. (2026) 
https://BioRender.com/eeg9mqv.
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for 30 min. Then, a rinsing process in which 3 mL Milli-Q H2O were 
added to the samples before shaking for 10 min and then centrifuging for 
10 min was repeated three times (with removal of the H2O from the 
samples after each repetition).

The powder was then digested in 36 mL of 0.05 N HCl overnight to 
achieve 90% dissolution. We aimed to dissolve 90%, rather than 100%, 
of each powdered shell sample because full dissolution would increase 
the likelihood of clays embedded in the shell structure dissolving into 
the solution, as was suggested by Dellinger et al. (2018).

2.3. Li purification

Ion-exchange chromatography was used to isolate Li from the sam
ples. Following methods described by James and Palmer (2000) and 
Dellinger et al. (2018), the samples (1–10 ng Li for shells and 100 ng Li 
for estuary water) were eluted with 0.5 N HCl through Savillex PFA 
columns (inner diameter of 6.4 mm) filled to a height of 12.5 cm (~4 
mL) with Biorad AG50WX-12, 200–400 mesh resin. The isolated Li 
fraction was collected at 12–26 mL elution volume into Savillex PFA 
vials. Column yields for Li purification were consistently estimated at 
98–102% based on analyses of geostandards. The purified samples were 
then evaporated to dryness (hot plate at 95◦C), reacted with 1 mL H2O2 
to decompose any organic matter, and redissolved in 2% HNO3 in 
preparation for mass spectrometer analyses. All reagents used were high 
purity, either double distilled in-house or purchased (e.g., Fisher “Op
tima” grade).

2.4. Li isotope analyses

Li isotope ratios were measured on a Nu Sapphire MC-ICP-MS in 
GAIA Lab (Geoscience Applications of Isotopic Analysis) at Duke Uni
versity. Solutions at a concentration of 2.5–10 ppb Li were administered 
to the Sapphire via a microFAST Isotope2 (ESI) syringe injection system 
connected to an Apex Ω HF desolvating nebulizer (Liu et al., 2023), 
attaining a sensitivity of ~0.8 V/ppb. The instrument was operated in 
the high-energy (no collision-reaction cell) mode at low mass resolution. 
Each sample was bracketed with measurements of the IRMM-016 Li2CO3 
standard. A single analysis consisted of 50 cycles of 4 s each; sample 
solutions were analyzed 1–3 times depending on Li content. All δ7Li 
values are reported relative to the L-SVEC Li2CO3 standard using the 
calculation δ7LiL-SVEC = δ7LiIRMM-016 − 0.14‰ (Brand et al., 2014).

The reproducibility of isotopic analyses was evaluated following 
published approaches (John and Adkins, 2010; Kipp et al., 2025; see 
Supplementary Material). The standard error of individual analyses was 
found to match the theoretical limits from Johnson noise and counting 
statistics (Fig. 3a). Replicate analyses of sample solutions yielded error- 
normalized deviates (END’s) with standard deviations of 3.37 and 5.87 
for water and shell analyses, respectively (Fig. 3b, c). This means that 
individual analyses under-represent the full analytical uncertainty. To 

be most conservative, the external reproducibility (2σ) is estimated as 
±0.8‰ for water samples and ±3.6‰ for oyster shells based on replicate 
sample preparations and analyses. We note that this larger uncertainty 
derives from sample heterogeneity and/or variable Li contamination, 
not analytical conditions. In further support of analytical precision and 
accuracy, three samples of IAPSO seawater were measured and showed 
δ7Li values of 30.2‰, 30.1‰, and 30.1‰, close to the established ho
mogenous seawater value of 31.0‰ (Millot et al., 2004) and in agree
ment with other published values in the GeoReM database at 31.2‰ 
(Jochum et al., 2005).

2.5. Element ratio analyses

A 10 mL aliquot of each of the oyster shell digests used for Li isotope 
purification and analysis was used to measure Li/Ca, Mg/Ca, Sr/Ca, and 
Li/Mg ratios in the shells. Prior to measurement, the samples were 
diluted to an estimated uniform Ca concentration of 40 ppm to bring the 
samples within element concentration ranges optimal for ICP-MS anal
ysis. The Li, Sr, Mg, and Ca analyses were then carried out on a Ther
moFisher X-Series II ICP-MS at Duke University for samples and 
standards using collision cell mode (7% H2/He at 4.5 mL/minute). To 
assess the accuracy and precision of the measured oyster shell elemental 
ratios, three CaCO3 standards were analyzed along with samples and at 
equal spacing throughout the sample-analysis sequence: (1) Jcp-1, 
~90% digested in 0.05 N HCl, similar to oyster samples, (2) Jcp-1, 
fully digested in 0.1 N HNO3, and (3) Bahaman Pleistocene limestone 
standard PE-3, fully digested in 0.1 N HNO3. Resultant Li/Ca (µmol 
mol− 1), Mg/Ca (mmol mol− 1), and Sr/Ca (mmol mol− 1) ratios, respec
tively, for the CaCO3 standards were as follows: Jcp-1 (90% digestion), 
6.38 ± 0.12, 4.26 ± 0.01, 8.96 ± 0.07; Jcp-1 (full digestion), 6.91 ±
0.13, 4.22 ± 0.02, 8.96 ± 0.02; PE-3 (full digestion), 7.02 ± 0.07, 8.46 
± 0.03, 7.86 ± 0.06 (all uncertainties are 2SE, n = 3). The measured 
element/Ca ratios are comparable to previously published values for 
Jcp-1 (Hathorne et al., 2013; Chen S. et al., 2023; Kipp et al., 2024) and 
PE-3 (Dwyer et al., 2002). Li/Ca, Mg/Ca, and Sr/Ca ratios in the water 
samples from the estuarine sampling sites were also determined under 
the same analytical conditions with the X-Series II, calibrated using the 
NIST water standard 1643f after diluting the samples to the working 
concentration range of 1643f.

2.6. Oxygen and carbon isotope analyses

Stable isotope analyses (δ18O, δ13C) were generated from powdered 
carbonate in the Paleo3 Isotope Lab at North Carolina State University 
(NCSU). Analyses run at NCSU were carried out on a Nu Perspective IS 
Mass Spectrometer with a NuCarb Autosampler. Samples and standards 
(~200–500 µg) were digested at 70℃ with orthophosphoric acid (ρ =
1.97 g/ml) in a NuCarb automated carbonate device, and the CO2 
released from the reaction was cryogenically purified using a series of 

Fig. 3. Assessment of internal and intermediate analytical precision. Individual analyses follow predicted limits on precision imposed by Johnson noise and counting 
statistics. Replicate analyses show error-normalized deviates (END’s) with SD > 1, reflecting greater dispersion of values than predicted by internal error alone.
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cold fingers. Purified CO2 was passed into a Nu Perspective IS Mass 
Spectrometer, which is set to measure m/z ratios for masses 44 to 49, via 
a dual inlet. All samples were analyzed against solid standards calibrated 
versus Vienna Peedee Belemnite (VPDB) for δ18O and δ13C, and car
bonate standards were analyzed using the same procedure utilized on 
sample replicates and were included in every run. The carbonate stan
dards used include international standards NBS-18 and IAEA-603, and 
internal standard C64. Data were reduced using Easotope (John and 
Bowen, 2016), and long-term analytical uncertainty was maintained at 
< 0.1‰ for δ13C and < 0.2‰ for δ18O.

3. Results

3.1. Salinity gradient

Salinity varies throughout the year and across the local estuary 
system, as demonstrated by continuous measurements from two moni
toring stations (Fig. 4). In November 2024, salinity at the eight sampling 
sites ranged from 12.2 to 29.8 ppt. Between November 2024 and August 
2025, salinity at the sites increased by an average of 8.6 ppt, exhibiting a 
new range of 24.4 to 36.2 ppt. Two-point average salinity between 
November 2024 and August 2025 ranges from 20.9 to 33.0 ppt. These 
values are taken to represent the average annual salinities in which the 
oysters lived and are used in subsequent isotope and element ratio an
alyses (see Section 4.1 for evaluation of the limitations of this two-point 
average method).

3.2. Lithium isotopes

Samples containing possible clay contamination (denoted by Al/Ca 
> 0.5 mmol mol− 1; see Section 4.3) were excluded from Li isotope an
alyses. For non-contaminated samples, δ7Lishell ranges from +23.0 to 
+38.9‰ with an average of +32.2 ± 1.4‰ (2SE, n = 35), within the 
range of data published for low-Mg calcite mollusks (Dellinger et al., 
2018). δ7Liwater values are less variable, ranging from +29.5 to 

+30.6‰ with an average of +30.2 ± 0.3‰ (2SE, n = 8) (Fig. 5a). In both 
oyster shell and estuary water samples, there is no significant relation
ship between δ7Li and salinity (adj. r2 = − 0.02, p = 0.55 for oysters; adj. 
r2 = 0.01, p = 0.33 for water). All water samples fall close to the global 
seawater value of +31‰ (Millot et al., 2004) (Fig. 5a). Δ7Lishell-water 
(δ7Lishell − δ7Liwater), which ranges from − 7.5 to 8.9‰, exhibits no 
correlation with salinity (adj. r2 = − 0.02, p = 0.66), and averages at 
+1.9 ± 1.5‰ (2SE, n = 35), showing that many of the shells are enriched 
in 7Li relative to the water in which they grew (Fig. 5b).

3.3. Element ratios

(Sr/Ca)shell values range from 0.9 to 1.5 mmol mol− 1 with an average 
of 1.2 ± 0.1 mmol mol− 1 (2SE, n = 49), consistent with bivalve calcite 
data in the literature (e.g., Klein et al., 1996; Dellinger et al., 2018) 
(Fig. 6). (Sr/Ca)shell displays a weak negative correlation with salinity 
(adj. r2 = 0.36, p < 0.001). (Sr/Ca)water, with a range of 7.6 to 8.0 mmol 
mol− 1 and an average of 7.7 ± 0.1 mmol mol− 1 (2SE, n = 8), correlates 
positively with salinity (adj. r2 = 0.46, p = 0.04). Δ(Sr/Ca)shell-water ((Sr/ 
Ca)shell − (Sr/Ca)water), with a range of − 6.9 to − 6.1 mmol mol− 1 and an 
average of –6.5 ± 0.1 mmol mol− 1 (2SE, n = 49), exhibits a strong 
negative correlation with salinity (adj. r2 = 0.65, p < 0.001) (Fig. 6). (Li/ 
Ca)shell shows a range of 14.9 to 66.0 µmol mol− 1 with an average of 24.8 
± 2.9 µmol mol− 1 (2SE, n = 49), consistent with Li/Ca data published by 
Dellinger et al. (2018) for calcite mollusks, and exhibits a weak positive 
correlation with salinity (adj. r2 = 0.12, p = 0.01) (Fig. 6). (Li/Ca)water 
shows a weak positive correlation with salinity (adj. r2 = 0.37, p = 0.09) 
and has a range of 2240 to 2510 µmol mol− 1 (one outlier at 6930 µmol 
mol− 1 not included in analyses) with an average of 2340 ± 60 µmol 
mol− 1 (2SE, n = 7). Δ(Li/Ca)shell-water, which has a range of − 2490 to 
− 2210 µmol mol− 1 (excluding samples from site with outlier (Li/ 
Ca)water value) and an average of –2320 ± 20 µmol mol− 1 (2SE, n = 43), 
displays a negative correlation with salinity (adj. r2 = 0.45, p < 0.001) 
(Fig. 6). (Mg/Ca)shell values range from 7.7 to 15.3 mmol mol− 1 with an 
average of 10.8 ± 0.5 mmol mol− 1 (2SE, n = 49), in agreement with 

Fig. 4. Salinity time series and point samples. Brown and green lines track historic average daily salinity from March 2019 to September 2024 at two National Park 
Service monitoring stations close to the highest-salinity sampling sites (see Fig. 1). Blue squares represent point salinity values measured in November 2024 (date of 
oyster collection) and August 2025, with measurements taken at the same sampling site connected by a black dashed line. Note that the point samples were both 
taken after the window of continuous salinity data shown in the figure. Two-point average salinity between the two sampling dates was used for each sampling site in 
geochemical analyses. National Park Service data were acquired from NPS Aquarius web portal (https://irma.nps.gov/aqwebportal/).
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previously published data for bivalve shell calcite (e.g., Freitas et al., 
2006; Dellinger et al., 2018). No correlation between (Mg/Ca)shell and 
salinity is observed (adj. r2 = − 0.01, p = 0.53). (Mg/Ca)water has a range 
of 4580 to 4800 mmol mol− 1 with an average of 4690 ± 50 mmol mol− 1 

(2SE, n = 8) and shows a positive correlation with salinity (adj. r2 =

0.55, p = 0.02). Δ(Mg/Ca)shell-water ranges from − 4790 to − 4370 mmol 
mol− 1 with an average of –4670 ± 20 mmol mol− 1 (2SE, n = 49). A weak 
negative correlation is observed between Δ(Mg/Ca)shell-water and salinity 
(adj. r2 = 0.31, p < 0.001) (Fig. 6). (Li/Mg)shell ranges from 1.1 to 7.4 
mmol mol− 1 with an average of 2.4 ± 0.4 mmol mol− 1 (2SE, n = 49), 
(Li/Mg)water ranges from 0.5 to 1.5 mmol mol− 1 with an average of 0.6 ±
0.2 mmol mol− 1 (2SE, n = 8), and Δ(Li/Mg)shell-water ranges from − 0.3 to 
6.8 mmol mol− 1 with an average of 1.8 ± 0.4 mmol mol− 1 (2SE, n = 49). 
(Li/Mg)shell displays a weak positive correlation with salinity (adj. r2 =

0.10, p = 0.01), while no correlation with salinity is observed for (Li/ 
Mg)water (adj. r2 = − 0.13, p = 0.68) and Δ(Li/Mg)shell-water (adj. r2 =

0.06, p = 0.05) (Fig. 6). δ7Lishell shows no correlation with (Li/Ca)shell 
(adj. r2 = − 0.02, p = 0.50) (Fig. 7a) and (Mg/Ca)shell (adj. r2 = 0.07, p =
0.06) (Fig. 7b).

3.4. Oxygen and Carbon Isotopes

δ18Oshell ranges from − 2.4 to + 0.5‰ (n = 49) and exhibits a positive 
correlation with salinity (adj. r2 = 0.54, p < 0.001) (Fig. 8a). δ13Cshell 
ranges from − 5.2 to − 0.9‰ (n = 49) and exhibits a strong positive 
correlation with salinity (adj. r2 = 0.77, p < 0.001) (Fig. 8b). As salinity 
approaches seawater values (approximately 35 ppt), δ18Oshell ap
proaches the Vienna Standard Mean Ocean Water (VSMOW) value of 
δ18OVSMOW = 0‰ (Craig, 1961) (Fig. 8a). As salinity decreases towards 
20.9 ppt, δ18Oshell decreases in the direction of the regional freshwater 
end-member value (salinity ≈ 0 ppt) of δ18Ofreshwater = − 4.3‰ from 
Hatteras, NC (Kendall and Coplen, 2001), demonstrating mixing of 
seawater and freshwater δ18O reservoirs. (Sr/Ca)shell exhibits a weak 
negative correlation with δ18Oshell (adj. r2 = 0.29, p < 0.001) (Fig. 9).

4. Discussion

4.1. Establishing a salinity gradient

Oyster and water samples were collected from an estuary in North 
Carolina to encompass a wide range of salinities (Fig. 1). In addition to 
varying spatially, salinity varies temporally on daily, seasonal, and 
annual scales in estuarine environments (Fig. 4). Oysters grow their 
shells year-round, although at higher rates during the summer-fall rainy 
season (Surge et al., 2001). The oyster and water samples analyzed in 
this study were collected in November 2024, raising the question: to 
what extent do these point measurements represent the average annual 
salinity at each site?

To address this concern and estimate seasonal salinity variation in 
the estuary, salinity was measured at each of the eight sampling sites for 
a second time in August 2025. Furthermore, continuous, year-round 
salinity data from 2019 to 2024 were collected from two National 
Park Service monitoring stations (Shackleford Banks and Middle Marsh) 
within the target estuary system. The monitoring stations are located 
close to the estuary mouth and therefore are expected to represent the 
high salinity end-member of the sampling sites, which extend inland 
from the estuary mouth (Fig. 1). The sampling site closest to the estuary 
mouth exhibited a salinity of 29.5 ppt in November 2024 and 36.1 ppt in 
August 2025. These point measurements bookend the annual average 
salinity of 34.8 ppt calculated from the monitoring station data, sug
gesting important seasonal variation. Supporting this conclusion is the 
wide range of salinities seen throughout the year at the monitoring 
stations in Fig. 4 and our finding that salinity at the sampling sites 
increased by an average of 8.6 ppt between November 2024 and August 
2025. Therefore, we suggest that a two-point average taken between 
November 2024 and August 2025 at each sampling site is the best 
possible representation of annual average salinity at the sampling sites 
in the absence of continuous, year-round salinity data at these locations.

To evaluate this interpretation, we turn to the two closest monitoring 

Fig. 5. (a) δ7LiL-SVEC in oyster and estuary water samples as a function of salinity. Oyster samples are grouped by sampling site. Sites with a < 2 ppt salinity difference 
are grouped together as one in this figure (both panels) but are analyzed statistically as separate sites. The black points denote shell outliers. The black dotted line 
shows δ7Liseawater = 31‰ (Millot et al., 2004). (b) Δ7Lishell-water as a function of salinity, where Δ7Lishell-water = δ7Lishell – δ7Liwater. The green triangles denote in
dividual oysters, while the black squares denote average Δ7Lishell-water at each site. The grey shaded bar shows the average Δ7Lishell-water across all sampling sites: +1.9 
± 1.5‰ (2SE, n = 35).

A.M. Schaffer et al.                                                                                                                                                                                                                            Geochimica et Cosmochimica Acta 427 (2026) 497–515 

502 



stations from which continuous, year-long salinity data are available. 
The multi-year two-point average salinity between August (2019–2024) 
and November (2019–2023) is 35.1 ppt and 35.3 ppt at Shackleford 
Banks and Middle Marsh respectively, while the multi-year annual 
average salinity at the stations calculated using continuous, year-round 
data (2020–2023, the years that have year-round salinity measure
ments) is 34.7 ppt and 34.9 ppt. This suggests that the two-point average 
taken between August and November slightly overrepresents warmer, 
higher-salinity months and therefore is not a perfect representation of 
annual average salinity. If this inaccuracy were to result in an erroneous 
ordering of the sampling sites with respect to salinity, then subsequent 
analyses of the relationships between geochemical ratios and salinity 
using these data would be invalid. However, we note that the two-point 
average method produces the same small (0.2 ppt) difference between 
Middle Marsh and Shackleford Banks that is apparent in the true annual 
averages. We interpret this to indicate that, while deriving a quantitative 
proxy equation using the two-point average salinity data would prove 
erroneous, qualitatively assessing the sensitivity of δ7Li and other 
geochemical ratios to salinity using this data is still reasonable. Thus, we 
have elected to use the two-point average salinities at the sampling sites 
between November 2024 and August 2025 for isotope and element ratio 

analyses while remaining cautious of the limitations of this method.
We also measured δ18O in the oyster shell samples to determine how 

temperature and salinity influence the geochemical record at the sam
pling sites. δ18O is an established temperature paleo-proxy in inorganic 
and organic carbonates (McCrea, 1950; Epstein et al., 1951), including 
bivalve shells (e.g., Killingley and Berger, 1979; Wefer and Berger, 1991; 
Andrus and Crowe, 2000; Surge et al., 2001; Ullmann et al., 2010; 
Bougeois et al., 2016). If temperature were to differ substantially among 
the sampling sites in this study, we would expect δ18Oshell to deviate 
from the line generated by typical mixing between the seawater end- 
member δ18OVSMOW = 0‰ (Craig, 1961) and the local freshwater end- 
member δ18Ofreshwater = − 4.3‰ (Kendall and Coplen, 2001) (Fig. 8a). 
The δ18Oshell values measured in this study closely track mixing between 
these reservoirs and do not deviate significantly from the mixing line 
(Fig. 8a). We take this to indicate that salinity, not temperature, is the 
primary control on variation among sampling sites in δ18Oshell and other 
temperature-sensitive geochemical ratios measured in this study. We 
note that this is an indirect inference, as continuous temperature data at 
each sampling site are not available. However, if the δ18Oshell variations 
observed in our data were in fact driven by temperature, they would 
imply a 7–10◦C increase (McCrea, 1950; Epstein et al., 1951; Brand 

Fig. 6. Element ratios as a function of salinity in shell samples (left column) and water samples (middle column). The right column shows Δ(ratio)shell-water=

(ratio)shell – (ratio)water, where each shell sample is paired with the corresponding water sample taken from the site of shell collection. The black dashed line in each 
panel represents a linear approximation line with standard error as the grey shaded area. Red arrows in the middle and right panels of the Li/Ca row denote outlier 
values removed from analyses due to anomalously high [Li] concentration at one sampling site (one outlier in the middle panel, six outliers in the right panel 
resulting from calculations using the outlier (Li/Ca)water value shown in the middle panel). Asterisks denote significance based on p-value: *** = < 0.001, ** = <

0.01, * = < 0.05.
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et al., 2013) from the highest to lowest salinity samples, which seems 
unlikely given that all sites fall within a radius of several km (Fig. 1).

We furthermore measured δ13C, which is similarly sensitive to both 
salinity and temperature (e.g., Surge et al., 2001). Our δ13Cshell data also 
ostensibly track mixing between marine and terrestrial reservoirs 

(Fig. 8b), establishing δ13C as a possible salinity proxy in C. virginica, as 
is posited by Surge et al. (2001). We acknowledge that δ13C trends are 
less specific to salinity than δ18O trends, but in Fig. 8b we show that the 
inferred freshwater end-member of our data fits within plausible 
composition of terrestrial organic carbon (O’Leary, 1988). Additionally, 

Fig. 7. δ7Lishell as a function of (a) (Li/Ca)shell and (b) (Mg/Ca)shell. The black dashed line in each panel represents a linear approximation line with standard error as 
the grey shaded area. Both correlations are not significant (p > 0.05).

Fig. 8. (a) δ18Oshell and (b) δ13Cshell vs. salinity. In (a), the black dashed line at δ18O = 0‰ is the VSMOW value (Craig, 1961) and the black dashed line at δ18O =
− 4.3‰ is the freshwater end-member value measured near Hatteras, NC (Kendall and Coplen, 2001). The blue dashed line represents two-component mixing be
tween seawater (salinity ≈ 35 ppt, δ18O = 0‰) and freshwater (salinity ≈ 0 ppt, δ18O = − 4.3‰) end-members. In (b), the shaded box at δ13C = − 1‰ to δ13C = 1‰ 
represents marine dissolved inorganic carbon (DIC), and the shaded box at δ13C = − 28‰ (denoted by black arrow) to δ13C = − 14‰ represents terrestrial carbon 
(organic carbon: C3 plants at − 28‰ and C4 plants at − 14‰) (O’Leary, 1988). The blue dashed line represents two-component mixing between these seawater 
(marine) and freshwater (terrestrial) end-members. Asterisks denote significance based on p-value: *** = < 0.001, ** = < 0.01, * = < 0.05.
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if the δ13C data were instead governed by the same hypothetical tem
perature gradient (~10◦C) that would be required to explain the δ18O 
values, they would show a much smaller trend (~1‰) than is observed 
(~4‰) (Craig, 1953). In sum, we interpret the δ18O and δ13C data as 
substantiating our sampling transect as capturing a salinity gradient, 
allowing us to now evaluate salinity effects on trace element ratios in 
oyster calcite.

4.2. Relationships of salinity and trace element ratios

We measured element ratios including Sr/Ca, Li/Ca, Mg/Ca, and Li/ 
Mg in oyster shell and water samples across a salinity gradient to un
derstand how environmental and vital effects influence shell composi
tion. We turn first to Sr/Ca, which has been used as a temperature proxy 
in calcifying taxa including scleractinian corals (Beck et al., 1992; Gagan 
et al., 1998; Haase-Schramm et al., 2003; Cohen et al., 2006; Gaetani 
and Cohen, 2006; Fowell et al., 2016), sclerosponges (Haase-Schramm 
et al., 2003), foraminifera (Rathburn and De Deckker, 1997; Russell 
et al., 2004; Mortyn et al., 2005; Dissard et al., 2010), and bivalves 
(Freitas et al., 2006; Brosset et al., 2023). We observe a weak negative 
correlation between (Sr/Ca)shell and δ18Oshell (adj. r2 = 0.29, p < 0.001) 
(Fig. 9). Since we have interpreted δ18Oshell in this study to be a proxy for 
salinity (Fig. 8a) and suggested that our sampling transect reflects no 
appreciable temperature gradient (see Section 4.1), we predict that (Sr/ 
Ca)shell may also be sensitive to salinity, and we indeed observe a weak 
negative correlation between these two variables (adj. r2 = 0.36, p <
0.001; Fig. 6). Interestingly, this contrasts with a positive correlation 
observed between (Sr/Ca)water and salinity (adj. r2 = 0.46, p = 0.04), 
suggesting that Sr incorporation in oyster calcite does not strictly follow 
trends in estuary water Sr concentration. Rather, (Sr/Ca)shell may be 
determined by tight abiotic controls on Sr partitioning into the car
bonate mineral (Mucci and Morse, 1983; Gabitov and Watson, 2006; 
Tang et al., 2008) and biological processes modulating the flux of Sr 
across membranes within the organism prior to shell precipitation (e.g., 

Klein et al., 1996). Cohen et al. (2006) highlighted that the temperature 
dependence of Sr/Ca in scleractinian coral aragonite is much stronger 
than in inorganic aragonite, possibly due to seasonal differences in coral 
precipitation efficiency. Furthermore, growth rate seems to influence 
Sr/Ca in corals (de Villiers et al., 1995), brachiopods (Ullmann et al., 
2017), and mollusks (Purton et al., 1999), and Klein et al. (1996)
linked mantle metabolic rate to Sr/Ca in the calcite shell of the blue 
mussel Mytilus edulis. If, as the preceding evidence suggests, Sr/Ca in 
calcifying organisms is controlled by abiotic and biological regulation, 
we would expect to see similar trends in other Ca-substituting elements, 
bringing us to our discussion of Li/Ca and Mg/Ca.

Many studies have found that Li/Ca and Mg/Ca are sensitive to 
temperature in inorganic and biogenic carbonates (Delaney et al., 1989; 
Marriott et al., 2004a, 2004b; Butler et al., 2015; Rollion-Bard and 
Blamart, 2015; Dellinger et al., 2018). However, just as in Sr/Ca, tem
perature trends in biogenic aragonite Li/Ca and Mg/Ca are super
imposed by inorganic precipitation effects and biological effects (Case 
et al., 2010; Gabitov et al., 2011; Montagna et al., 2014; Rollion-Bard 
and Blamart, 2015; Marchitto et al., 2018). While these Li/Ca and 
Mg/Ca controls are less well-studied in biogenic calcite, Thébault and 
Chauvaud (2013) found a strong correlation between Li/Ca and calci
fication rate in the calcite shell of the king scallop Pecten maximus, and 
Dellinger et al. (2018) observed a positive correlation between Li/Ca 
and Mg/Ca in several calcite and aragonite taxa, indicating that these 
ratios are influenced by similar abiotic and/or biological processes. 
Dellinger et al. (2018) also found distinct Li/Ca values among calcifying 
taxa, even within low-Mg calcite and aragonite groups, suggesting a 
biological influence on the incorporation of Li into biogenic carbonates. 
We observe in our data that (Li/Ca)shell and (Mg/Ca)shell are substan
tially lower than (Li/Ca)water and (Mg/Ca)water throughout the sampling 
transect, with an average Δ(Li/Ca)shell-water of –2320 ± 20 µmol mol− 1 

(after excluding outlier Δ(Li/Ca)shell-water values derived from an outlier 
(Li/Ca)water value) and an average Δ(Mg/Ca)shell-water of –4670 ± 20 
mmol mol− 1 (Fig. 6). It is important to note that this may reflect abiotic, 

Fig. 9. (Sr/Ca)shell vs. δ18Oshell. The black dashed line represents a linear approximation line with standard error as the grey shaded area. Asterisks denote sig
nificance based on p-value: *** = < 0.001, ** = < 0.01, * = < 0.05.
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rather than biological, regulation: studies have observed discrimination 
against incorporation of Li (Marriott et al., 2004a, 2004b; Füger et al., 
2019, 2022) and Mg (Mucci and Morse, 1983; Hartley and Mucci, 1996; 
Burton and Walter, 1987; Howson et al., 1987; Mucci, 1987; Oomori 
et al., 1987; Huang and Fairchild, 2001; Mavromatis et al., 2013) in 
inorganic calcite. In agreement with previous work (Bryan and March
itto, 2008; Case et al., 2010; Planchon et al., 2013; Montagna et al., 
2014; Dellinger et al., 2018), we suggest that noise in our Li/Cashell and 
Mg/Cashell (Fig. 6) data reflect the influence of both abiotic and bio
logical factors.

Biological fractionation can potentially be corrected by normalizing 
Li/Ca to Mg/Ca, isolating temperature effects in the Li/Mg ratio (Bryan 
and Marchitto, 2008; Case et al., 2010; Montagna et al., 2014). Indeed, 
Li/Mg has been shown to be largely insensitive to vital effects and ex
hibits a negative correlation with temperature in biogenic aragonite 
(Bryan and Marchitto, 2008; Case et al., 2010; Hathorne et al., 2013; 
Raddatz et al., 2013; Montagna et al., 2014; Fowell et al., 2016; Del
linger et al., 2018; Marchitto et al., 2018; Cuny-Guirriec et al., 2019; 
Ross et al., 2019; Stewart et al., 2020), high-Mg calcite (Anagnostou 
et al., 2019; Stewart et al., 2020), and low-Mg calcite (Chen D. et al., 
2023). Therefore, we would expect any substantial temperature differ
ences among our sampling sites to be reflected in our Li/Mg data. We 
observe that (Li/Mg)shell remains relatively constant across our sampling 
transect and exhibits only a weak positive correlation with salinity (adj. 
r2 = 0.10, p = 0.01), indicating that, as we suggested in Section 4.1, our 
sampling transect exhibits no appreciable temperature trend and instead 
captures a salinity gradient. Montagna et al. (2014) and Case et al. 
(2010) found no correlation between Li/Mg and salinity in aragonite 
scleractinian corals over salinity ranges of 34.7 to 38.7 ppt and 34.0 to 
36.5 ppt, respectively. We tentatively extend this to an estuarine range 
of 20.9 to 33.0 ppt and to low-Mg calcite oyster shells.

We postulate two speculative explanations (not mutually exclusive) 
for the relative constancy of (Li/Mg)shell despite mixing of freshwater 
and seawater reservoirs. First, this could be an artifact of Li and Mg both 
existing in much higher concentrations in seawater relative to fresh
water (Millero, 2016), such that the Li/Mg ratio is constant down to very 
low salinity. Second, Li and Mg could be influenced by one or more 
similar physiological processes (e.g., Dellinger et al., 2018), such that 
any measurable changes in these processes that correlate with salinity 
are corrected when Li/Ca is normalized by Mg/Ca. We discuss possible 
physiological processes that could influence oyster shell composition in 
Section 4.5.

4.3. Evaluation of clay contamination and diagenesis

We measured δ7Li in modern oyster shell and estuary water samples 
to determine whether δ7Lishell is a faithful paleo-water archive that can 
be used to track ancient silicate rock weathering. A consequence of sil
icate rock weathering is the formation of clay minerals that preferen
tially incorporate 6Li from solution (δ7Liclay – δ7Ligrowth solution = − 24 to 
− 14‰, Pogge von Strandmann et al. 2020). Clays can be entrenched 
within shell layers, possibly contributing contaminant Li with highly 
fractionated δ7Li values. Thus, before analyzing δ7Lishell data, it is 
crucial to identify and remove δ7Lishell values that may have been 
contaminated by isotopically light clay particles. We have modeled clay 
contamination in carbonates following Pogge von Strandmann et al. 
(2013), starting with the mass balance equation 

δ7Lishell[Li]shell = δ7Liclay[Li]clay + δ7Licarb[Li]carb (1) 

where [Li]clay denotes the moles of Li derived from clay contamination 
and [Li]carb denotes the moles of Li in pristine shell calcite. [Li]shell de
notes the shells measured in this study, which presumably contain the 
total moles of Li derived from both clay contamination and pristine 
shell-hosted Li: [Li]shell = [Li]clay +[Li]carb. Assuming that the aluminum 
(Al) fraction in the shell, denoted by [Al]shell, is derived primarily from 

the clay and [Ca]shell is derived primarily from the pristine shell, we can 

infer that [Li]clay =
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Factoring out [Ca]shell and isolating δ7Lishell, we arrive at: 
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We have assumed the end-members of clay Li isotope composition to 
be 24‰ and 14‰ lower than δ7Licarb (in this model δ7Licarb = 31‰, the 
seawater value generally tracked by biogenic carbonates), such that 
δ7Liclay_low = 31‰ − 24‰ = 7‰ and δ7Liclay_high = 31‰ − 14‰ = 17‰ 
(values from Pogge von Strandmann et al. 2020). We note that detrital Li 
contamination could potentially also carry a crustal isotopic composi
tion (~0‰), which would have an even stronger isotopic impact. 
However, since we do not see significant occurrence of low δ7Lishell 
values at high Al/Ca in our data, we do not further consider this 
possibility.

We adopted 
(

Li
Al

)

clay 
= 0.001 mmol mol− 1 (Pogge von Strandmann 

et al., 2013) and 
(

Li
Ca

)

carb 
= 24.8 µmol mol− 1 (this study). Using our 

measured (Al/Ca)shell values and adopting the conservative δ7Liclay =

δ7Liclay_low = 7‰, we calculated that (Al/Ca)shell > 0.5 mmol mol− 1 from 
clay contamination would result in a negative perturbation in δ7Lishell of 
> 0.5‰ from the seawater value of 31‰. Thus, we have removed 
samples with (Al/Ca)shell > 0.5 mmol mol− 1 (Fig. 10) from Li isotope 
analyses, resulting in rejection of nine out of 44 samples. This screening 
reduces the likelihood that δ7Lishell has been influenced on a resolvable 
scale (> 0.5‰) by contamination from isotopically light clays, enabling 
us to more confidently assess environmental and physiological drivers of 
observed δ7Li patterns. We note that our observed Li isotope trends and 
conclusions are not significantly affected by this screening.

In addition to exogenous clay contamination, we consider diagenetic 
alteration of carbonate-hosted Li isotope signatures. Diagenesis has been 
found to influence δ7Li and other geochemical signatures in modern and 
ancient carbonates (Patterson and Walter, 1994; Ullmann and Korte, 
2015; Dellinger et al., 2018; Fantle et al., 2020; Murphy et al., 2022). 
The low-Mg calcite oyster shells measured in this study show (Mn/ 
Ca)shell values ranging from 0.0 to 0.1 mmol mol− 1, well below the 
proposed upper limit for Mesozoic low-Mg calcite bivalves of 0.5 mmol 
mol− 1 (Korte et al., 2009; Korte and Hesselbo, 2011), above which 
diagenesis could be an appreciable factor. This is consistent with the 
fresh nature of the samples collected. Furthermore, diagenesis is known 
to result in depletion of strontium in low-Mg calcite, and (Sr/Ca)shell 
values in this study range from 0.9 to 1.5 mmol mol− 1, above the lower 
limit of 0.5 mmol mol− 1 for pristine Mesozoic bivalves, below which 
diagenesis should be considered (Korte and Hesselbo, 2011). Interest
ingly, (Fe/Ca)shell values range from 0.4 to 0.9 mmol mol− 1, above the 
proposed upper limit of 0.5 mmol mol− 1, (Wierzbowski and Joachimski, 
2007), possibly signaling diagenetic alteration. However, the samples 
with the highest (Fe/Ca)shell values also display (Al/Ca)shell values > 0.5 
mmol mol− 1, suggesting that detrital contamination, not diagenesis, is 
responsible for positive (Fe/Ca)shell anomalies in our data. After 
screening out samples with (Al/Ca)shell > 0.5 mmol mol− 1 following the 
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procedure described in the previous paragraph, (Fe/Ca)shell values of the 
cleaned data range from 0.4 to 0.6 mmol mol− 1, much closer to 0.5 
mmol mol− 1 upper limit for biogenic carbonate. Altogether, we take this 
to indicate minimal influence of diagenesis on the geochemical mea
surements presented in this study.

4.4. Lithium isotope ratios across a salinity gradient

Our δ7Lishell and δ7Liwater data exhibit no correlation with salinity 
(adj. r2 = − 0.02, p = 0.55 for oysters; adj. r2 = 0.01, p = 0.33 for water) 
(Fig. 5a), suggesting that δ7Li is not sensitive to changes associated with 
estuary mixing. This trend is consistent with precipitation experiments 
conducted by Marriott et al. (2004b) showing that salinity variations do 
not influence δ7Li in inorganic calcite or aragonite. A key limitation to 
the proxy potential of δ7Li in oyster shells is its wide intra-site range, 
which in this study averages at 9.2‰. Thus, while measuring several 
shells may produce an average δ7Lishell value relatively close to δ7Liwater, 
individual shell values vary widely above and below δ7Liwater (Fig. 5a, 
b). A fair bit of this variance can likely be explained by the small amount 
of Li recovered from our samples, which limits analytical precision, as 
well as lingering small-magnitude impacts of detrital Li contamination. 
The remainder may derive from inconsistent “vital effects” (see Section 
4.5). We conservatively suggest that studies using oyster shell Li isotopes 
to elucidate the Li isotope composition of past water bear in mind this 
variability and aim to improve precision by undertaking larger or 

replicate samples.
Additional estuarine parameters that were not measured in this study 

may covary with salinity in our transect and must be considered. Car
bonate saturation state (Ω) is known to increase between fresh and sa
line end-members in estuarine environments (e.g., Reisdorph and 
Mathis, 2014; Hu et al., 2022; Shi and Zhai, 2025). Day et al. (2021)
showed that the Li isotope fractionation factor of precipitated calcite is 
not influenced by changes in carbonate saturation state, leading us to 
suggest that the probable trend of increasing carbonate saturation state 
with increasing salinity in our transect does not exert an appreciable 
influence on δ7Lishell. Estuarine salinity also often shows a positive 
relationship with dissolved inorganic carbon (DIC) (e.g., Oliveira et al., 
2017; Yan et al., 2020) and pH, although the relationship with pH sta
bilizes in salinities higher than ~15 ppt (e.g., Mook and Koene, 1975; 
Mosley et al., 2010; Omarjee et al., 2021). In light of these observations, 
we speculate that DIC and pH may increase with salinity in our transect. 
Since we observe no relationship between δ7Lishell and salinity, we hy
pothesize that δ7Lishell is also insensitive to DIC and pH in this study, 
consistent with findings of no correlation between δ7Li and either DIC or 
pH in cultured low-Mg calcite benthic foraminifera (genus Amphistegina) 
tests (Charrieau et al., 2023) and experimentally precipitated inorganic 
calcite and aragonite (Hite et al., 2025). However, we note that Vigier 
et al. (2015) observed a positive correlation between δ7Li and DIC in 
Amphistegina tests, and Seyedali et al. (2021) and Füger et al. (2022)
observed increasing Δ7Licarb-solution (analog to Δ7Lishell-water in this 

Fig. 10. δ7Lishell vs. (Al/Ca)shell. Any shell samples with (Al/Ca)shell > 0.5 mmol mol− 1 (right of the red vertical line) are considered to be potentially contaminated by 
isotopically light clays and have been removed from δ7Li analyses. The blue horizontal line represents δ7Liseawater = 31‰. The black solid line shows δ7Lishell as a 
function of (Al/Ca)shell according to Eq. (3), where δ7Liclay = δ7Liclay_low = 7‰. This end-member represents maximum 7Li depletion in clays and was used to calculate 
a conservative contamination cutoff value of (Al/Ca)shell = 0.5 mmol mol− 1 (if this entire [Al]shell fraction is from contaminant clay particles, the resultant δ7Lishell 
perturbation would be − 0.5‰). The black dashed line represents δ7Lishell as a function of (Al/Ca)shell according to Eq. (3), where δ7Liclay = δ7Liclay_high = 17‰. This 
end-member represents minimum 7Li depletion in clays and would yield a more lenient contamination cutoff value of (Al/Ca)shell = 0.9 mmol mol− 1. The con
servative (Al/Ca)shell cutoff value (0.5 mmol mol− 1, black solid line) was used to screen for contamination in this study. When testing the more lenient contamination 
cutoff value, no significant changes in isotopic trends were observed.
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study) with increasing pH in inorganic calcite. We therefore suggest that 
our hypotheses regarding the insensitivity of δ7Lishell to DIC and pH may 
not be applicable beyond the shells measured in this study, and we 
encourage future experimental work directly examining the influence of 
DIC and pH on δ7Li in bivalve calcite to resolve this matter.

4.5. Revisiting environmental and vital effects on Li isotopes in biogenic 
carbonates

Looking in finer detail, we note that, on average, δ7Lishell is +1.9 ±
1.5‰ higher than δ7Liwater (Fig. 5b) after screening for potentially clay- 
contaminated samples (see Section 4.3). Presumably, accounting for this 
offset in fossil shells may allow for calculation of δ7Li of ancient water. 
However, δ7Li ranges are highly variable among calcifying taxa and 
carbonate polymorphs, with biogenic aragonite and calcite occupying 
wide δ7Li ranges of +15 to +24‰ and +25 to +40‰, respectively 
(Dellinger et al., 2018) (Fig. 11a). Biogenic aragonite δ7Li is generally 
lower than seawater δ7Li yet higher than inorganic aragonite δ7Li, while 
biogenic low-Mg calcite δ7Li varies from lower to higher than both 
seawater and inorganic calcite δ7Li with an apparent taxon dependence 
(Fig. 11a). As discussed in Section 4.3, some of this variance may be 
explained by limits on the current analytical precision of Li isotope 
measurements and a small amount of detrital Li contamination. Another 
potential contributing factor is inorganic Li isotope fractionation during 
shell precipitation. Hite et al. (2025) precipitated inorganic aragonite 
and calcite to find an average Δ7Licarb-sol in aragonite of –16.3 ± 0.5‰ 
and in calcite of –3.5 ± 0.3‰. Some studies have proposed an equilib
rium fractionation effect where Li is more weakly coordinated in the 
carbonate mineral phase than in the solution phase, causing 6Li to 
preferentially reside in the mineral phase (Marriott et al., 2004a, 2004b; 
Hite et al., 2025). However, increased growth rate has been shown to 
correlate with increased incorporation of Li (Füger et al. 2019) and 
decreased δ7Li values (Day et al., 2021; Füger et al., 2022) in inorganic 
calcite – a signal of kinetic, rather than equilibrium, fractionation. In this 
kinetic model, enrichment of light isotopes in the carbonate phase 
relative to solution phase has been proposed to occur during desolvation 
of hydrated Li, where more weakly coordinated, isotopically lighter 
hydration spheres are desolvated faster and thus are preferentially 
incorporated into the precipitating CaCO3 mineral, driving carbonate 
δ7Li to lower values than growth solution δ7Li (Hofmann et al., 2012; 
Füger et al., 2022).

Abiotic kinetic fractionation is likely responsible for some variation 
in δ7Li of biogenic carbonates, but abiotic factors such as pH and car
bonate growth rate would have to exhibit implausibly high variation 
among and within taxa and environments for abiotic fractionation alone 
to generate the wide range of δ7Li values observed in this study and the 
existing literature (Fig. 11a). Furthermore, abiotic fractionation does not 
explain the significant deviations of biogenic δ7Li from inorganic δ7Li 
observed in both aragonite and calcite. We instead propose that a sub
stantial amount of the δ7Li variation observed in biogenic carbonates is 
generated by biological fractionation occurring during internal trans
membrane transport of Li prior to shell precipitation, as was suggested 
by Dellinger et al. (2018). In this model, abiotic kinetic fractionation is 
not negated at the precipitation site; rather, it is imparted on an internal 
calcifying fluid that has already been pre-fractionated relative to 
seawater. We therefore now discuss speculative physiological mecha
nisms that could fractionate Li isotopes prior to shell precipitation.

In bivalves, ions first enter the organism through a continuous 
seawater current generated in the pallial cavity (Fig. 12). The incorpo
rated seawater is passed over the gills for filter feeding, at which point it 
becomes known as the pallial fluid. Upon exiting the pallial fluid, ions 
pass through a thin membrane called the inner mantle epithelium (IME) 
to enter the hemolymph, analog for blood in the open circulatory system 
of bivalves (Eble and Scro, 1996; Planchon et al., 2013) (Fig. 12). From 
the hemolymph, some ions are incorporated into soft tissues, where they 
serve as nutrients or aid in other biological processes. Ions in the 

hemolymph may also be transported through the outer mantle epithe
lium (OME) into extrapallial cavities that reside between the mantle and 
the shell and contain the extrapallial fluid (EPF) from which the CaCO3 
shell precipitates (see Alvarez Caraveo et al., 2025; Planchon et al., 
2013) (Fig. 12). This flux into the EPF (known as the calcifying fluid in 
non-molluscan taxa) is the primary source of ions for shell formation in 
bivalves. Physiological isotope fractionation of elements including Li, 
Mg, and Ca is thought to occur along the internal ion transport pathways 
shown in Fig. 12 (e.g., Planchon et al., 2013; Dellinger et al., 2018; 
Alvarez Caraveo et al., 2025). To experimentally resolve the direction 
and strength of all possible Li isotope fractionations occurring along 
these pathways, Li isotopes in the EPF, OME, hemolymph, and soft tis
sues would have to be measured and compared. Unfortunately, the 
sensitivity of Li isotope measurements is currently too low to measure 
these Li-poor reservoirs. We therefore limit the scope of the following 
discussion to Li transport pathways directed into and out of the EPF, the 
closest internal reservoir to the shell.

Conditions inside the EPF are modified in various ways to make the 
calcification reaction (Ca2+ + CO3

2– → CaCO3) more favorable. For 
example, calcification is driven forward by removal of ions (such as 
Mg2+) that could inhibit carbonate precipitation by substituting for Ca2+

or occupying interstitial spaces in the carbonate crystal lattice (Berner, 
1975; Zeebe and Sanyal, 2002; Bracco et al., 2012; Dellinger et al., 2018; 
Knight et al., 2023). While the fate of these removed ions is uncertain, 
Planchon et al. (2013) suggested that Mg2+ could be incorporated into 
soft tissues after being transported out of EPF, presumably by first 
crossing the OME into the hemolymph (Fig. 12). Several studies have 
proposed that passive and active ion removal from the EPF or calcifying 
fluid is responsible for significant vital effects in isotope and element 
ratios in biogenic carbonates (Klein et al., 1996; Zeebe and Sanyal, 2002; 
Bentov and Erez, 2006; Bentov et al., 2009; Ries, 2010; Planchon et al., 
2013; Immenhauser et al., 2016; Dellinger et al., 2018; Marchitto et al., 
2018). Other mechanisms of modifying EPF chemistry to favor calcifi
cation include elevation of pH (Erez, 2003; Bentov et al., 2009) and 
pumping of Ca into the EPF (Al-Horani et al., 2003; Böhm et al., 2006; 
Hippler et al., 2009; Ries, 2010; Marchitto et al., 2018), both of which 
have been proposed to impart isotopic fractionation on ions including Li 
and Ca (e.g., Gussone et al., 2006; Hippler et al., 2013; Vigier et al., 
2015). Mollusks are also thought to use a complex organic matrix to 
arrange nucleating crystals into ideal orientations for carbonate shell 
precipitation (Watabe and Wilbur, 1960; Ries, 2010), but resolving the 
behavior of Li isotopes within organic templates is beyond the scope of 
the current analytical sensitivity of Li isotope measurements. In the 
following paragraphs we evaluate the potential of transmembrane ion 
transport mechanisms to fractionate Li isotopes in the EPF and 
contribute to the large variations observed in the Li isotope composition 
of biogenic carbonates in this study and previous works (Fig. 11a). Since 
there are no known measurements of δ7Li and Li/Ca in the internal 
reservoirs of the calcifying organisms being discussed, we have gener
ated our hypotheses by drawing on the existing literature and stress that 
the following interpretations are speculative and lack direct experi
mental evidence.

A possible physiological process that could influence Li isotope 
fractionation in biogenic carbonates is the removal of Li from the EPF. 
Dellinger et al. (2018) proposed that Li in the EPF behaves similarly to 
Mg. In calcite, Mg2+ is easily adsorbed and incorporated into the crystal 
lattice as MgCO3, which is substantially more soluble than CaCO3 and 
thus reduces calcite growth (Berner, 1975; Lahann, 1978; Davis et al., 
2000). Consequently, decreased [Mg2+] in the EPF makes calcite pre
cipitation more favorable (Ries, 2010; Immenhauser et al., 2016; Del
linger et al., 2018). Several studies have proposed that Mg is transported 
out of the EPF or calcifying fluid via channels or pumps (e.g., Zeebe and 
Sanyal, 2002; Bentov and Erez, 2006; Ries, 2010; Immenhauser et al., 
2016; Marchitto et al., 2018; Dellinger et al., 2018), and the existence of 
a Mg removal mechanism is consistent with observations of low Mg/Ca 
ratios in biogenic compared to inorganic carbonates (Ulrich et al., 

A.M. Schaffer et al.                                                                                                                                                                                                                            Geochimica et Cosmochimica Acta 427 (2026) 497–515 

508 



2021). Dellinger et al. (2018) hypothesized that a similar process could 
remove Li from the EPF; in particular, passive transport of Li through a 
channel directed out of the EPF (Fig. 12) could impart a kinetic isotope 
fractionation effect where 6Li is preferentially removed from the EPF, 
resulting in an enrichment of 7Li in the EPF that is recorded during 
carbonate precipitation.

The hypothesis that removal of Mg from the EPF is coincident with 
removal of 6Li is indirectly supported by negative correlations between 
δ7Li and Mg/Ca and between δ7Li and Li/Ca in low-Mg calcite mollusks 
observed by Dellinger et al. (2018). However, in our oyster shell data, 
δ7Lishell shows no correlation with Li/Cashell (adj. r2 = − 0.02, p = 0.50) 
(Fig. 7a) and Mg/Cashell (adj. r2 = 0.07, p = 0.06) (Fig. 7b), possibly 
indicating the influence of other biological or shell precipitation effects 
on Li isotope composition (see Marriott et al., 2004a, 2004b; Gabitov 
et al., 2011; Montagna et al., 2014; Rollion-Bard and Blamart, 2015; Day 
et al., 2021). Furthermore, a comparison of Li and Mg isotope data in the 
literature reveals that these two elements may behave less similarly 
during biological transport than previously thought (Fig. 11a, b). If 
passive transport of Li out of the EPF results in preferential removal of 
6Li, then the analog mechanism acting on Mg should preferentially 
remove the lighter Mg isotope (24Mg), leaving the EPF enriched in the 
heavier 26Mg isotope. We would therefore expect to see higher δ26Mg 
values in biogenic carbonates than in inorganic carbonates. However, 
the opposite trend is observed in the literature: δ26Mg values in biogenic 

(caption on next column)

Fig. 11. (a) Adapted from Dellinger et al. (2018): δ7Li of modern aragonite, 
high-Mg calcite, and low-Mg calcite taxa. All δ7Li values are reported relative to 
the L-SVEC Li2CO3 standard. Data for aragonite mollusks are from Dellinger 
et al. (2018), corals from Marriott et al. (2004a) and Rollion-Bard et al. 
(2009), echinoderms from Dellinger et al. (2018), benthic foraminifera from 
Marriott et al. (2004b), brachiopods from Dellinger et al. (2018), planktic 
foraminifera from Hathorne and James (2006), and calcite mollusks from this 
study and Dellinger et al. (2018). Grey shaded bars show inorganic δ7Li values 
of aragonite and low-Mg calcite. These values were calculated by adding the 
fractionation from growth solution, shown by Hite et al. (2025) to be –16.3 ±
0.5‰ (2SE, n = 23) for aragonite and –3.5 ± 0.3‰ (2SE, n = 25) for low-Mg 
calcite, to the seawater value of 31‰ (Millot et al., 2004). (b) δ26Mg of mod
ern aragonite, high-Mg calcite, and low-Mg calcite taxa relative to Dead Sea 
Metal Company (DSM3) standard. Data for biogenic carbonates were compiled 
by Saenger and Wang (2014), with data for aragonite mollusks from Planchon 
et al. (2013), Yoshimura et al. (2011), and Pogge von Strandmann (2008), 
corals from Wombacher et al. (2011), Yoshimura et al. (2011), Saenger et al. 
(2013), Hippler et al. (2009), and Planchon et al. (2013), echinoderms from 
Hippler et al. (2009) and Wombacher et al. (2011), brachiopods from Hippler 
et al. (2009) and Wombacher et al. (2011), planktic foraminifera from Pogge 
von Strandmann (2008) and Wombacher et al. (2011), and calcite mollusks 
from Hippler et al. (2009). Grey shaded bars show δ26Mg of inorganic aragonite 
and inorganic calcite. These values were calculated by adding the fractionation 
from growth solution, which was shown to be –1.1 ± 0.1‰ (estimated range) 
for aragonite (Wang et al., 2013) and –2.7 ± 0.1‰ (estimated range) for low- 
Mg calcite (Li et al., 2012), to the seawater value of − 0.8‰ (Pogge von 
Strandmann, 2008). (c) δ44/40Ca of modern aragonite, high-Mg calcite, and 
low-Mg calcite taxa relative to NIST SRM 915a standard. Data for aragonite 
mollusks are from Steuber and Buhl (2006) and Hippler et al. (2013), corals 
from Zhu and Macdougall (1998), Chang et al. (2004), Böhm et al. (2006), 
Blättler et al. (2012), Holmden et al. (2012), and Pretet et al. (2013), echino
derms from Skulan et al. (1997) and Blättler et al. (2012), benthic foraminifera 
from Skulan et al. (1997), Zhu and Macdougall (1998), and Gussone et al. 
(2016), brachiopods from Gussone et al. (2005), Steuber and Buhl (2006), 
Farkaš et al. (2007), and von Allmen (2010), planktic foraminifera from Zhu 
and Macdougall (1998), Gussone et al. (2003), Gussone et al. (2005), Heuser 
et al. (2005), Sime et al. (2005), Griffith et al. (2008), Kasemann et al. (2008), 
and Holmden et al. (2012), and calcite mollusks from Steuber and Buhl (2006), 
Heinemann et al. (2008), and Ullmann et al. (2013). Grey shaded bars show δ44/ 

40Ca values of inorganic aragonite and inorganic calcite. These values were 
calculated by adding the fractionation from growth solution, which was shown 
to be –1.7 ± 0.1‰ (estimated range) for aragonite (Gussone et al., 2003, 2005) 
and –0.9 ± 0.1‰ (estimated range) for low-Mg calcite (Marriott et al., 2004a), 
to the seawater value of 1.88‰ (Hippler et al., 2013).
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calcite and aragonite are mostly lower than in their inorganic counter
parts (Fig. 11b) (save for the notable exceptions of brachiopods and 
corals), suggesting that possible enrichment of isotopically heavy Mg in 
the EPF resulting from passive Mg removal may be overprinted by one or 
more processes concentrating isotopically light Mg in the EPF.

Planchon et al. (2013), who observed lower δ26Mg in the hemolymph 
than in the soft tissues of the manila clam Ruditapes philippinarum, sug
gested that transport of Mg from the hemolymph into the soft tissues 
could be facilitated by a transport protein with a large binding site that 
attaches to the hydrated form of Mg. This could generate an equilibrium 
fractionation effect where the more stable, more strongly coordinated 
Mg hydration spheres with heavier Mg isotopes are preferentially 
incorporated into the transport protein and shuttled into the soft tissues 
(Planchon et al., 2013). We speculate that a similar active transporter 
could preferentially pump isotopically heavy Mg out of the EPF, driving 
the EPF and consequently the shell toward lower δ26Mg values, although 
such a mechanism has not been shown experimentally. Inclusion of Li in 
this transport pathway is unlikely because hydrated Mg has a substan
tially larger radius than hydrated Li (0.428 nm for Mg and 0.382 nm for 

Li) (Volkov et al., 1997). Ultimately, we suggest that Li and Mg are 
decoupled and transported (for the most part) independently between 
the EPF and the surrounding internal reservoirs. Even if 6Li is indeed 
preferentially removed from the EPF through passive channels analo
gous to speculated Mg removal channels (Dellinger et al., 2018) 
(Fig. 12), as we tentatively proposed in the previous paragraphs, this 
mechanism alone does not explain the tendency of δ7Li in some car
bonate taxa to fall below inorganic values (indicating an EPF enriched in 
6Li) (Fig. 11a). We therefore now explore additional possible ion 
transport pathways that could concentrate light Li isotopes in the EPF.

One such pathway was proposed by Vigier et al. (2015), who 
cultured benthic foraminifera of the genus Amphistegina and found that 
decreased growth solution DIC was associated with decreased δ7Li in the 
low-Mg calcite test. To explain this trend, they hypothesized that 
decreased DIC leads to decreased pH in the calcifying fluid, which in 
Amphistegina is contained within seawater vacuoles. This would warrant 
increased pumping of protons out of the calcifying fluid to raise pH, 
since elevated pH increases the rate of CaCO3 formation. Vigier et al. 
(2015) suggested that the organism allows for passive diffusion of Na+

Fig. 12. Adapted from Alvarez Caraveo et al. (2025) and Planchon et al. (2013): Simplified illustration of ion transport through a bivalve. Ions enter through a 
seawater current passed over the gills and are then transported into multiple internal reservoirs, including the extrapallial fluid (EPF) from which some ions are taken 
up into the shell during calcification. The inset in red shows two tentatively proposed mechanisms of Li transport across the outer mantle epithelium, (1) out of and 
(2) into the EPF. Created in BioRender. Schaffer, A. (2026) https://BioRender.com/gp7bvjg, (inset) https://BioRender.com/kwto57y.
.
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into the seawater vacuoles to enable pumping of protons across a low-to- 
high concentration gradient out of the vacuoles into the surrounding 
cytosol. Li+ could be moved into the vacuoles along with Na+ due to the 
similar atomic properties of these two elements, possibly generating a 
kinetic fractionation effect where 6Li is preferentially transported into 
the calcifying fluid (Vigier et al., 2015). We propose that a similar 
process could occur in bivalves (Fig. 12), although we note that mollusks 
are thought to elevate internal pH to a lesser extent than other calcifying 
groups (Ries, 2010). Enrichment of 6Li in the EPF via an Na+/H+ pump 
could occur concurrently with passive transport of Li out the EPF 
(described in the previous paragraphs and shown in Fig. 12), resulting in 
a highly variable EPF composition dependent on the relative strengths of 
these mechanisms. For example, DIC and therefore the strength of the 
Na+/H+ pump could vary across environments, further complicating the 
Li isotope composition of the EPF (Vigier et al., 2015).

Additional clues about the behavior of Li and Li isotopes inside 
marine calcifying organisms may be found in Ca isotope trends in the 
literature. Ca, like Li, is isotopically heavier in biogenic aragonite than in 
inorganic aragonite (Fig. 11a, c). One possible cause of this offset is 
preferential active transport of heavier Ca isotopes into the EPF (Hippler 
et al., 2013). In this speculative model, Ca transport proteins in the OME 
would bind to hydrated Ca molecules, causing more strongly coordi
nated (and isotopically heavier) Ca to be preferentially transported into 
the EPF. In low-Mg calcite, however, δ44/40Ca (denoted as such to avoid 
confusion with δ44/42Ca) ranges from higher to lower than the inorganic 
low-Mg calcite values, again resembling trends in δ7Li (Fig. 11a, c). This 
suggests that isotopic fractionation during transport through the OME is 
also capable of enriching the EPF in light Ca isotopes. Studies have 
suggested that this fractionation could be induced by a Ca2+-ATPase 
pump that transports dehydrated Ca2+ into the calcifying fluid (Cohen 
and McConnaughey, 2003; Gillikin et al., 2005). Dehydration of Ca at 
the protein binding site could allow for lighter Ca isotopes, which form 
more weakly coordinated hydration spheres and therefore dehydrate 
faster, to be preferentially transported into the calcifying fluid (Gussone 
et al., 2006). While resolving the causes of possibly different Ca trans
port mechanisms and consequently different δ44/40Ca in the calcifying 
fluid between aragonite and calcite organisms is beyond the scope of this 
study, it is useful to note that calcite organisms maintain a lower relative 
Mg concentration in the calcifying fluid/EPF than is required for 
aragonite organisms; one speculative method of achieving this is 
increased transport of Ca into the calcifying fluid (Gussone et al., 2016), 
which could generate differential isotopic fractionation. Another po
tential mechanism is increased pumping of Mg out of the EPF in calcite 
organisms, which could be capable of removing some hydrated Ca in 
addition to hydrated Mg due to their similar hydrated radii (Volkov 
et al., 1997), but neither differential rates of Mg removal nor a 
coupling therein of Ca and Mg have been shown experimentally.

Involvement of Li in the above described Ca transport pathways 
would have to overcome the difference in hydrated radius between these 
two elements (0.412 nm for Ca and 0.382 for Li; Volkov et al., 1997), 
which is smaller than the difference in hydrated radius between Mg and 
Li but is not negligible, and/or the difference in surface charge between 
dehydrated Ca2+ and Li+. In light of these challenges and a lack of 
experimental evidence for coupled Ca and Li transport, we suggest that 
Ca transport pathways are unlikely to cause significant fractionation of 
Li isotopes. However, Ca isotope systematics may still provide valuable 
insights to future work unraveling biological Li isotope fractionation in 
marine calcifying organisms.

In our discussion of Li isotope fractionation in bivalves, we have 
proposed preferential removal of light Li isotopes from the EPF via 
passive channels (Dellinger et al., 2018) and preferential transport of 
light Li isotopes into the EPF via an Na+/H+ pump (proposed for fora
minifera by Vigier et al., 2015) (Fig. 12). These mechanisms do not 
explain the tendency of different marine calcifying taxa to exhibit 
distinct δ7Li values (Fig. 11a). It is perhaps too early to resolve the causes 
of this trend, but future experimental studies measuring Li isotopes in 

internal reservoirs such as the EPF, hemolymph, and soft tissues could 
illuminate any taxon-dependence in Li transport pathways. Ultimately, 
we suggest that multiple pathways of biological fractionation acting in 
opposite directions generate large variability of δ7Li in the EPF (Fig. 12). 
This variability is then preserved in the shell after being offset by a 
roughly constant abiotic kinetic fractionation effect at the precipitation 
site that shifts aragonite δ7Li by –16.3 ± 0.5‰ and calcite δ7Li by –3.5 ±
0.3‰ (Hite et al., 2025) relative to the pre-fractionated EPF. The wide 
range of δ7Li values within and among taxa brings into question the 
viability of fossil carbonate δ7Li as a recorder of past estuary water and 
seawater δ7Li; thus, it is crucial to not only quantify deviations from 
water δ7Li values in biogenic carbonates but also to understand the 
biological mechanisms driving these perturbations.

4.6. Conclusions

In this study we measured δ7Li, element/Ca ratios, and δ18O and δ13C 
in low-Mg calcite eastern oyster shells from an estuarine environment. 
The δ18O and δ13C values demonstrate a clear trend with salinity, 
matching predicted values for mixing between freshwater and seawater 
end-members. We interpret this to substantiate our sampling transect as 
capturing a salinity gradient where temperature is not the primary 
control on variation in geochemical measurements, allowing us to 
analyze Li isotope ratios as they relate to salinity and estuary mixing. To 
this end, we observe no correlation between δ7Li and salinity in shell and 
water samples, suggesting that δ7Li is not a viable paleo-proxy for past 
salinity. This finding also shows that, at least within the range of 20.9 to 
33.0 ppt sampled in this study, salinity is not a confounding factor when 
evaluating δ7Li in oyster shells as a potential record of δ7Li in past es
tuary water, which can be used to reconstruct past silicate weathering 
congruency (e.g., Misra and Froelich, 2009; Pogge von Strandmann 
et al., 2017, 2020).

Upon further examination of our δ7Li data, we notice an interesting 
trend: δ7Li values in oyster shells are +1.9 ± 1.5‰ higher on average 
than the δ7Li values of the water in which they grew, in contrast to 
precipitation experiments showing that δ7Li values in inorganic car
bonates are lower than growth solution values (Marriott et al., 2004a, 
2004b; Hite et al., 2025). This indicates a strong vital effect. We discuss 
multiple possible mechanisms of physiological Li isotope fractionation, 
including passive transport of Li (preferentially 6Li) out of the EPF and a 
Na+/H+ pump that transports Li (preferentially 6Li) into the EPF. Our 
discussion of these mechanisms remains speculative; while our Li 
isotope data provide evidence for the presence of a vital effect on oyster 
shell δ7Li, they do not constrain the mechanism driving this effect. We 
are not able to resolve the wide variation of δ7Li within and among taxa 
seen in the literature, but we suggest that new studies could identify a 
widely variable EPF or calcifying fluid composition influenced by 
involvement of Li in multiple ion transport pathways whose relative 
strengths depend on environmental and biological factors. Calibrations 
of δ7Li may only be applied across taxa and to fossil archives once 
taxonomic variations in Li isotope systematics are better understood, 
allowing for accurate, taxon-specific corrections for vital effects. We 
therefore encourage future work tracking fractionation of Li isotopes 
during ion transport in calcifying organisms, as understanding the vital 
effects on δ7Li is crucial to developing this geochemical signature as a 
potential proxy for reconstructing past silicate weathering congruency.
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Tang, J., Köhler, S.J., Dietzel, M., 2008. Sr2+/Ca2+ and 44Ca/40Ca fractionation during 
inorganic calcite formation: I. Sr Incorporation. Geochim. Cosmochim. Acta 72, 
3718–3732.

Teng, F.-Z., McDonough, W.F., Rudnick, R.L., Dalpé, C., Tomascak, P.B., Chappell, B.W., 
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