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B Accurate equilibrium A47-A45 values in bivalves despite bulk

differences in inner layer
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=@ = Dual clumped isotope (A47-A4g) measurements are a relatively new palaeothermom-

1 | etry technique with an inbuilt “check” on the equilibrium state of carbonate minerals.
Bulk shells of bivalves seem not to be kinetically biased in A47, making them poten-
5 tially ideal palaeoclimate archives. A few examples of bivalves with kinetically biased

“louter Ay7localised to the inner shell layer or juvenile portion exist, but mounting evidence
] documents systematic §'%0 and §'3C differences between the inner and outer shell
layers. We present the first inter-layer comparisons using high precision Asy, Asg,
5'80, and §'3C measurements of the bivalves Arctica islandica, Glycymeris bimaculata,
Senilia senilis, and Geloina erosa from different climatic areas. A47-A4g values for all

these species are within local annual temperature ranges and reproduce mean annual
or growing season temperatures within 0.2-3.8 °C, regardless of anatomical layer. Inter-layer differences in §'0 and §**C exist,
with outer layers most consistent between individuals from the same location. These results support bivalve shells being equi-
librium A,7-A4g palaeotemperature archives and underscore that anatomical position of bulk §**0 and §**C samples should be

scrutinised even for equilibrium archives.
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¥ Introduction

Biogenic carbonates are important palaeoclimate archives, provid-
ing long term perspectives on climate change and contextualising
major biosphere transitions throughout Earth history. The 80
composition of skeletal carbonates such as corals, foraminifera,
and bivalves are often measured to reconstruct marine palaecotem-
peratures (e.g., Chen and Watkins, 2025). However, this requires
knowledge of the isotopic value of formation water (§8Oyqter)-
Clumped isotope measurements circumvent the need for a priori
880 ater quantities by recording palaeotemperature independ-
ently, which can subsequently be used alongside carbonate
80 to calculate §%¥O,u; empirically (Huntington and
Petersen, 2023). In thermodynamic equilibrium, bonding between
“heavy” oxygen and carbon isotopes within the carbonate lattice
varies exclusively with mineralisation temperature (Ghosh et al,
2006; Schauble et al., 2006). Therefore, the excess abundance of
multiply substituted (“clumped”) isotopologues of CO, evolved
from CaCOj; compared to the predicted abundance based on ran-
domly arranged isotopes (A47) functions as a well calibrated palae-
othermometer (e.g. Kelson et al., 2017; Anderson et al., 2021). This
has improved records of palaeohydrological dynamics under-
pinned by reconstructed §'80,er (Huntington and Petersen,
2023 and refs therein).

Carbonates that originally precipitate out of thermody-
namic equilibrium (e.g., corals, brachiopods, coccoliths; Davies
et al., 2022, 2023; Clark et al., 2025) violate preconditions for
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A47 palaeothermometry, but can be identified less ambiguously
using dual clumped isotope analysis (A47 plus Agg) (e.g., Bajnai
etal., 2020; Davies et al., 2022, 2023). Because A4g is similarly con-
trolled by temperature but concerns different CO, isotopologues,
a temperature dependent equilibrium between A47 and Ayg exists,
which has been constrained by Fiebig et al. (2021, 2024) consid-
ering ab initio thermodynamic predictions related to bond energies
(Hill et al., 2014) plus empirical measurements of carbonates
that crystallised closest to equilibrium. Moreover, the equilibrium
Ay7-Ayg-Trelationships for calcite remain valid for other common
biomineral CaCOj; polymorphs, including aragonite (Bernecker
et al., 2025). With As7-Asg measurements, disequilibrium signals
can provide new insight into biomineralisation processes even if
not primary growth temperature.

Bivalve shells are favoured palaeoclimate archives due to
frequently good preservation in the fossil record and their ubiquity
across aquatic environments. Schlidt et al. (2025) measured the
Ay7-Ayg composition of 14 modern marine bivalve species, finding
only one analytically distinguishable from A47-Asg equilibrium.
Curley et al. (2023), Gey et al. (2024), and Lollos et al. (2025)
recently showed that some bivalves have a heterogeneous isotopic
composition in different structural layers, frequently in §*%0 and
8BC but only significantly in A7 in two fossil species. Schlidt et al.
(2025) were unable to address mixing effects from isotopically dis-
tinct layers as they crushed and homogenised valves wholesale.
Lollos et al. (2025) made the first attempt at measuring dual
clumped isotopes in different layers of modern bivalve shells,
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but problems with standardisation and low replication led to rel-
atively high uncertainty in A4g. So, to date there have still been no
high precision A47-A4g measurements on the different layers of
bivalve shells.

Here we present layer-specific dual clumped isotope mea-
surements of four bivalve species. All specimens were collected
live from natural environments with directly monitored water
temperatures at two of four locations. Time synchronous sam-
pling of the outer shell layer (OSL) and inner shell layer (ISL)
allowed robust comparison of compositions. The Asz; Ags,
8180, and 813C values were assessed for their fidelity to environ-
mental values and discussed for their implications on future
palaeoclimate applications of dual clumped isotopes in bivalves.

! Methods

Samples. Four bivalve species, aragonitic in both layers, were mea-
sured for dual clumped isotopes (Fig. 1): Arctica islandica (North
Sea, Norway), Glycymeris bimaculata (Pag Bay, Croatia), Senilia
senilis (Atlantic Ocean, Mauritania), and Geloina erosa (brackish
mangrove, Indonesia). Specimens were collected live with articu-
lated valves. Shells longer than 3 cm were selected to ensure
sufficient sample sizes.

We sampled one valve each from two different individuals
of these species to assess reproducibility. Each valve was
sectioned along the axis of maximum growth using a water
cooled saw and cut faces were polished to a ~15 um finish to
highlight growth banding and the OSL-ISL boundary. The
organic-rich periostracum and ligaments were removed before
sampling. Samples of ~100 mg were milled with a hand drill
at 3000 rpm, making consistent slow passes over the entire
sampling area and taking frequent ~10-30 s breaks to minimise
frictional heating (Fig. 2).

Clusters of at least two mid-life growth increments trace-
able across the OSL-ISL boundary under magnification were
selected (Fig. 2a). These bands were milled out in the OSL
and ISL separately, ensuring that the same part of ontogeny
was represented in both samples from the same shell, but differ-
ent years may have been sampled in the second shell for that
species based on different sizes and band visibility. The thin shell
of G. erosa required milling a strip the entire thickness of the ISL
to yield 100 mg (Fig. 2b). This represents a lifetime average of
material, so an equivalent transect from hinge to commissure
of the OSL was drilled externally. It was possible to visually
confirm that OSL and ISL material did not mix in cross sectional
view, despite coming from different faces. Powders were
manually homogenised and aliquoted in 7-9 replicates of
10.0£0.2 mg. The powders remained in a vacuum oven at
30 °C for at least two weeks prior to analysis to prevent isotopic
exchange with adsorbed water (Staudigel et al., 2025).

Isotopic analysis. Samples were digested in 108 % phos-
phoric acid in a common acid bath at 90 °C as described in
Fiebig et al. (2019). Heated (1000 °C) and equilibrated (25 °C)
gas standards were run as described in Bernecker et al. (2023).
Mass spectrometric raw data was processed using the D4xgui
app (Bernecker et al., 2026), including correction of raw m/z 47-49
intensities for the pressure baseline, data anchoring relative to
nominal Agy and Agg of equilibrated gases (Fiebig et al., 2021),
and full error propagation considering mass spectrometric mea-
surements and data standardisation. A47; and A4g are reported
in CDES90 and 95 % confidence intervals (CI) are considered
for data interpretation. When aggregating data from multiple
samples, Monte Carlo simulations (1=10,000) considering
sample means and standard error resulting from the former data
processing were used.

Environmental data sets. Environmental temperature data
for the sampling locations were compiled from various sources.
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Figure 1 Sampling locations. Symbols and colours correspond to subsequent figures. Scale bars=2 cm. Basemap: Esri World Countries
Generalised 2022 (Sources: Esri, Garmin, and U.S. Central Intelligence Agency (The World Factbook)).
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Figure 2 Example drill paths. (a) Cross sectional approach show-
ing time synchronous growth bands milled. (b) Exterior approach
showing the entire ISL thickness milled (red outline) and the entire
OSL hinge-commissure transect milled (below). Black arrows show
direction of growth (DoG).

In all but one case, the duration of these records includes the
actual lifetime of the shells based on collection dates. For G. bima-
culata, the in situ record begins the year after sample collection,
and the low inter-year variability in that record indicates that
extrapolation to the recent lifetime of the animal is reasonable.

For A. islandica, monthly mean water temperature data
(direct measurements, 5 m depth) were extracted from publicly
accessible data from the Inggya monitoring station of the
Norwegian Institute for Marine Research (https://www.imr
no/forskning/forskningsdata/stasjoner/view?station=Ingoy). We
compiled data from 2013-2020 (samples collected in 2020) to
obtain at least five observations for each month. For G. bimaculata,
daily water temperature data (direct measurements, 3—4 m depth)
from 2015-2020 (samples collected in 2014) for Pag Bay were con-
tributed by the Institute of Oceanography and Fisheries (Split,
Croatia) (e.g., Vilibic et al., 2022). For S. senilis and G. erosa, we used
the interpolated data product from the World Ocean Atlas (WOA)
2023 at 0.25° resolution (Locarnini et al., 2024). Monthly mean
temperature data for 0-10 m were extracted from the nearest
appropriate grid cell to the sampling location. The 2015-2022 and
2005-2014 data products were used for S. senilis (samples collected
in 2021) and G. erosa (samples collected in 2010), respectively.

! Results

Dual clumped isotopes. All samples but one G. bimaculata OSL
were in equilibrium (i.e. the 95 % CI overlapped the equilibrium

line of Fiebig et al., 2024) (Fig. 3a). Within each valve, the differ-
ence between OSL and ISL temperatures was smaller than the
95 % CIs, which overlapped significantly, rendering them all
analytically indistinguishable. For all samples, the mean annual
water temperature (MAT) was contained within the 95 %
confidence window (Fig. 3c—f), including the disequilibrium
G. bimaculata sample, indicating that only A4g was significantly
positively biased.

Temperatures derived from sample mean A, values were
within 3.8 °C of either MAT or growing season temperature
(GST) in all cases (Fig. 3c—f, Table 1). The mean difference
between the A7 temperature and relevant environmental mean
was 1.6 £2.6 °C (2 s.d.). Binning four A. islandica samples, the
mean Ay; temperature was 7.1+4.7 °C (2 s.e.), where MAT
and GST were 6.9 °C and 7.2 °C, respectively. The total temper-
ature range from individual samples including the 95 % Cls
(3.3-10.3 °C) is almost the same size as the total annual water
temperature range (3.9-10.7 °C). Binning four G. bimaculata
samples, the mean A,; temperature was 18.9+6.0 °C (2 s.e.),
where MAT and GST temperature were 16.5 °C and 19.2 °C,
respectively. For all individual samples, the entire 95 % CI
(13.8-23.9 °C) was within the total seasonal temperature range
(6.7-28.6 °C) but skewed towards the GST. Binning four S. senilis
samples, the mean A,; temperature was 23.0+5.0 °C (2 s.e.),
where MAT was 21.1 °C. The total temperature range from indi-
vidual samples including the 95 % CIs (19.9-27.3 °C), aligned
better with warmer months within the full seasonal water tem-
perature range (16.7-27.2 °C). Binning four G. erosa samples, the
mean Ay; temperature was 28.7 + 7.0 °C (2 s.e.), where MAT was
28.3 °C. Although all 95 % CIs (23.7-34.8 °C) overlapped the
total seasonal temperature range (25.7-29.9 °C), together their
range is several degrees wider than the recorded environmental
temperatures.

Bulk isotopic composition. Absolute OSL 880 values from
the two individuals of each species were analytically indistin-
guishable in all cases (Table 1). Absolute OSL §'*C values were
all analytically indistinguishable except S. senilis, where the two
differed by 0.43 %o (2 s.d. <0.2 %o) (Table 1). In contrast, ISL
880 values were all indistinguishable except for G. erosa, where
the two differed by 1.40 %o (2 5.d. < 0.2 %o), and ISL §'3C values
were distinguishable in every case with differences ranging from
0.28 to 0.93 %o (2 s.d. 0.03-0.11 %o) (Table 1).

All but one shell (G. bimaculata) had measurable differences
between ISL and OSL 80 and/or §'3C values (A8®Org;_os1,
A8BCisp_ost) (Fig. 3b). Altogether, A8®Os; g1, values spanned
—1.66 to +0.65 %o and A8 Cysr_ost, spanned —1.22 to +1.39 %eo.
Among individuals of the same species, the magnitudes of these
offsets differed but their directionality was largely the same.
A. islandica fell in quadrant 1 (+A618015L,05L, —A613C]5L,05L).
G. bimaculata had A§"Oysyos, & 0 %0 and —A8®Cigr g1, values,
the larger of which come from the specimen biased in Ayg. S. senilis
and G.erosa fell in quadrant 4 (—A8%¥Ors; o051, +A8%Crst ost.
values).

I Discussion

Dual clumped isotopes record MAT/GST highly accurately. It is
uncertain whether the S. senilis Ay; temperatures were truly
warm season biased as it appears (Fig. 3e) because WOA data
down to 10 m were averaged, potentially including waters cooler
than the true shallow growth environment. A similar consider-
ation is true for G. erosa, plus the real seasonality in a shallow,
tidal mangrove where summer water temperatures can exceed
30 °C (Soeprobowati et al., 2023) is very likely greater than the
offshore data point. In both cases employing WOA data, density
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Figure3 (a) As7-Asg equilibrium line (Fiebig et al., 2024). Symbols and colours correspond to species: darker values the OSL, lighter values the
ISL. Internal crosses differentiate two individuals. Shaded boxes show 95 % Cl. White symbols along equilibrium line show MAT for species
with corresponding shape. (b) A§'80s,.os. vs. A§'3Cis;.0s1.- ISL colour values used arbitrarily to visually unify the two specimens, with OSL and
ISL values collapsed into single points by subtraction. Shaded boxes show propagated 2 s.e. Quadrants labelled Q1-Q4 in extreme corners.
(c-f) Environmental temperatures. Temperature curves (left) differentiate years by colour. A4; temperatures (right) show boxes spanning
95 % Cl. Grey dashed lines highlight absolute maximum and minimum environmental temperatures. Thick black lines show MAT. Thick red
lines show mean growing season temperature (GST) (A. islandica: March—-November; G. bimaculata: May-December).

of instrumental measurements affects the fidelity of tempera- Both the OSL and ISL record comparable temperatures.
tures, and the multi-year monthly averaging masks extremes The one non-equilibrium sample could be strictly fortuitous
in given months/years that the instrumental data resolves. (a5 % probability) or might indicate slightly elevated levels of
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Table 1 Summary of collection locations, isotopic results for OSL and ISL, and environmental water data.

813C 3180 Au7 A AT (°C)
(VPDB) (VPDB) | (CDES90) | (CDES90) n‘gn_max Water
Mean + Mean * Mean * Mean * (- T (°C)
ID Lat Long 2s.d. 2s.d. 95 % CI 95 % CI
Arctica islandica (collected 11/1/2020)
AL-A 71.06 24.10 OSL | 205+0.12 | 258+0.07 | 0.65+0.01 | 027+0.02 | 56-9.4 (74) | Range | 3.9-10.7
ISL 144+0.06 | 3.14+0.08 | 0.65+0.01 | 0.27=0.02 | 3.3-7.5 (5.4) MAT 6.9
AI-B 71.06 24.10 OSL [ 1.89+0.05 | 255+0.17 | 0.65+0.01 | 0.27+0.02 | 5.4-9.8 (7.6) GST 72
ISL 1.72+0.05 | 320+0.11 | 0.65+0.01 | 0.27+0.02 [ 5.9-10.3 (8.1)
Glycymeris bimaculata (11/1/2014)
GB-A 44.46 15.03 OSL | 151+0.08 | 1.27+0.12 | 0.61+0.01 | 027+0.02 [17.1-21.4 (19.2)| Range | 6.7-28.6
ISL 0.29+0.06 | 1.27+0.17 | 0.62+0.01 | 0.25+0.02 [13.8-18.0 (15.9)| MAT 16.5
GB-B 44.46 15.03 OSL | 1.46+0.05 | 1.21+0.08 | 0.60+0.01 | 0.24+0.02 [19.2-23.9 21.5)| GST 19.2
ISL 1.22+0.03 | 1.14+0.15 | 0.61=0.01 | 0.26=0.02 | 16.7-21.3 (18.9)
Geloina erosa (collected 2010)
GE-A -7.71 108.88 OSL 1213+ | —456+ [059+0.01 |025+0.02 |23.7-27.8 (25.7)| Range | 25.7-29.9
ISL 0.05 007 |0.59+0.01 | 0.22+0.02 |245-29.2 (26.8)| MAT 28.3
1074+ | —477+
0.04 0.10
GE-B -7.71 108.88 OSL ~1226+ | —451= |0.58+0.01 | 0.25+0.02 |29.5-34.8 (32.1)
ISL 0.15 011 [ 058+0.01 | 0.23+0.02 |27.7-32.6 (30.1)
-11.26+ | —6.17%
0.08 0.10
Senilia senilis (collected 9/1/2021)
SS-A 19.90 -16.25 OSL 098+ |0.95+0.17 | 0.60=0.01 | 0.25+0.02 |21.0-25.1 23.0)| Range | 16.7-27.2
ISL 0.08 | 0.90+0.12 | 0.60+0.01 | 0.25+0.02 [19.9-24.0 (21.9)| MAT 21.1
—0.81+
0.11
SS-B 19.90 -16.25 OSL ~141+ | 1.09+0.20 | 0.60=0.01 | 0.24=0.02 |19.9-24.6 (22.2)
ISL 003 | 081+0.11 [ 0.60+0.01 | 0.25+0.02 |22.5-27.3 (24.9)
-0.16 =
0.06

organics (Fiebig et al., 2024). Even with accurate equilibrium
clumped isotope temperatures, different bulk §'%0 in the two
layers would still bias 880 ey reconstructions. Inter-layer
homogeneity should be assessed prior to using A47 and §'%0 to
calculate 8'80, e Good agreement between OSL values from
the same location across different specimens suggests that the
OSL is better for reconstructing §'¥0,, 41, than the ISL (Table 1).

Our accurate temperature reconstructions evidence the val-
idity of drilling as a preparation method, despite previous experi-
ments where frictional heating induced with high drill speeds in
small areas partially reset Ay7; temperatures (e.. Staudigel and
Swart, 2016; Staudigel et al., 2023). Although there still may be
some reordering or aragonite-to-calcite conversion (Staudigel
and Swart, 2016 noted 95-100 % aragonite at drill speeds of
4000 rpm), comparisons between our hand drilled samples and
environmental temperatures indicate that any effect from this
preparation bias is dwarfed by analytical uncertainty and natural
seasonality. Frictional heating from drilling should be a minimal
concern when following cautious procedures as done here (low
speed and pressure, constant motion, and short intermittent con-
tact periods), especially when the sample material is not very resist-
ant to milling as are most recent and well preserved fossil bivalves.

Considering the near total lack of intra-specific differences
in 8'80 and 8'3C values deriving from the OSL, it appears that
external dissolved inorganic carbonate (DIC) is likely composi-
tionally identical for the two specimens collected at each loca-
tion. Different OSL §'*C among the two S. senilis shells could
be due to the samples reflecting different growth years wherein
bottom water 8'3C varied, but indistinguishable §®0 and

Q) EAc

temperatures limit confidence in upwelling or freshening as
potential causes. Alternatively, variable DIC of porewaters sur-
rounding the burrowing shells could be important and tend to
vary in §'*C more than §'80 due to microbial activity.

The intra-specific variation in A8SCisi ost and
A8"01s1..0s1. could be driven by either kinetic or source effects.
Considering all samples, there is no strong correlation between
A8¥O0rs1..0sr. and AS3Crsr o1, not supporting prevalent kinetic
control on the bulk isotopic composition. Some evidence sug-
gests that 8’80 may be more susceptible to kinetic effects than
Ay7 or Ayg due a combination of higher measurement precision
and slower equilibration at the CaCO3-H,O interface depending
on mineral surface characteristics (Schlidt et al., 2025), but even
if minor kinetic effects exist here, source effects likely over-
shadow them.

The immediate DIC source for the ISL might become
measurably distinct from ambient water firstly by isotopic modi-
fication of internal DIC by numerous metabolic processes (e.g.,
respiration, tissue maintenance, digestion, reproduction), and
secondly when that modified internal DIC is transformed into
extrapallial (calcifying) fluid. If the same or different fractionating
processes occur when secreting the outer extrapallial fluid (which
may or may not be the case), mixing with ambient water may
overprint this physiologically derived signal, leading to very
consistent OSL 880 and §'°C values, whereas the ISL values
preserve it.

Members of the same species occupying the same quad-
rant in Figure 3 demonstrate an inherent consistency in the path-
ways fractionating internal DIC on the species level due to
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shared physiology, but the differences in absolute magnitudes of
AS”OISLOSL and A6]3CISL-OSL values could be due to individual
level factors like metabolic rate, diet, reproduction, and valve clo-
sure variably influencing internal DIC (e.g., Curley et al., 2023 and
refs. therein). Additionally, the spread of values further affirms
that these fundamental fractionating pathways can vary among
different species of bivalves, as previously reported (e.g., Lollos
et al., 2025; Curley et al., 2023).

Some of G. erosa’s large A8"®Oss1 _os1. and A8®Crsy_ost.
values could be due to their unique ecology as a tidal species
(Purba et al., 2025), where in different years they may have expe-
rienced more meaningfully different behaviours, freshwater
inputs, and DIC sources. They also have §'3C values in either
layer consistently at least 10 %o lower than any of the other spe-
cies (Table 1), possibly consistent with relatively high incorpora-
tion of metabolic DIC in the calcifying fluid carbon budget due to
more time spent with valves closed during low tide (e.g., Gillikin
et al., 2007).

! Conclusions

A47 temperatures from hand drilled A. islandica, G. bimaculata, S.
senilis, and G. erosa shells were consistently within 3.8 °C (on aver-
age 1.6 °C) of environmental mean temperatures. Ay;-Ayg values
fell on the equilibrium line in all except one case, wherein the A4
temperature remained accurate. Temperatures reconstructed
from either OSL or ISL carbonate in the same shell were analyti-
cally indistinguishable, but §'¥0 and §'°C varied systematically.
Inter-layer §'30 and 8'3C offsets indicate some amount of physio-
logical influence, likely driven by source effects. The directionality
of these is consistent among individuals of the same species, sug-
gesting a common mechanism. In some cases, AS88Org1 o1, val-
ues are great enough to meaningfully bias reconstructed 880 ater
if the ISL is sampled, despite accurate A,; temperatures, high-
lighting the importance of considering intra-shell variability when
using bivalve shells as hydroclimate archives.
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