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Assessing kinetic fractionation In
brachiopod calcite using clumped
Isotopes

David Bajnai® “ JensFiebig® % AdamTomasSovycH > SaraMilner Garcigl Y, ClaireRollion-
Bard®Y, JacekRaddatz® ¥ Niklas L6 «er® Y4 CristinaPrimo-Ramod® { & UweBrand® !

Brachiopod shells are the most widely used geological archive for the reconstruction of the temperature

and the oxygen isotope composition of Phanerozoic seawater. However, it is not conclusive whether
brachiopods precipitate their shells in thermodynamic equilibrium. In this study, we investigated the

potential impact of kinetic controls on the isotope composition of modern brachiopods by measuring

the oxygen and clumped isotope compositions of their shells. Our results show that clumped and

oxygen isotope compositions depart from thermodynamic equilibrium due to growth rate-induced

ecet—<.. Fit...—cA Sfet TEH f '——"1fe f'f <o Zcot ™Mc—§ <ot ZF—F SHT"f <
CO,8 Stet metcoe%oe <o'Z> —Sf— —St Ti—F"ecof—c'e " —fS'eme’f..ca... %" ™.
bulk oxygen isotope analyses is essential to ensure accurate estimates of past ocean temperatures and
seawater oxygen isotope compositions from brachiopods.

Biomineralising marine organisms serve as important geochemical archives of past climate conditions.
Brachiopods constitute one group of calcifying invertebrates that have great potential for palaeoenvironmental
reconstructions due to their common occurrences in Phanerozoic sediments since the Carsbrizigh
abundance in Palaeozoic sediments makes them particularly valuable for deep-time seawater temperature recor
structions based on shell oxygen isotope composttitimike many other biogenic archives fossil and modern
brachiopods can be found from tropical to polar environments and from a great range of watér*depths

A limitation of the conventional oxygen isotope palaeothermometer method is that it requires an assump-
tion for the oxygen isotope composition of the palaeo-seatvaterommon assumption that the seawater

180,,smow Values remained constantly betweelPo and 0%o during the Phanerozoic leads to relatively low
apparent oxygen isotope fractionation between ancient seawater and brachiopod calcite, and hence to unrealis
tically high seawater temperature estinvat@ternatively, it has been claimed that the progre$%ivdepletion
of brachiopod shells with age during the Phanerozoic re ects increasing post-depositional alteration or a secular
decline in seawatet®O values of about 6%. compared to the modern océaiio investigate the underlying
cause of presumably erroneous extremely warm Phanerozoic temperature estimates, independent constraints o
past seawater temperatures atid values are needed.

In contrast to oxygen isotope thermometry, the carbonate clumped isotope thermometer does not require an
estimate for the oxygen isotope composition of the seawater, as it considers the fractionation of isotopes exclu
sively amongst carbonate isotopologulsthermodynamic equilibrium, the clumped isotope compositiogy)(
of a given carbonate is solely a function of the carbonate precipitation temperature. Fossil brachiopod shells
have been analysed both for both their oxygen and clumped isotope composition to independently constrain
ocean temperatures and seawaté®®2. However, previous investigations into the temperature dependence of
the clumped isotope composition of modern brachiopod shells have reported inconsistent results. Came et al
reported a signi cantly steeper,~temperature slope compared to the theoretical calibritiamd to the
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empirical calibration based on brachiopods and molis€ameet al® exclusively investigated brachiopods,
whereas the calibration of Henkes ét-atas primarily based on molluscs. Di erences in phosphoric acid diges-
tion temperatures (9TC vs. 28C) were suggested as a possible explanation for the discrgparmpera-

ture slope¥ However, it remains an open question whether kinetic fractionation processes may account for the
observed discrepancies in thg—temperature slopes.

Kinetic isotope fractionations driven by di usion, pH or incomplete oxygen isotope exchange between water
and dissolved inorganic carbonate species can cause calcite to be precipitated with isotope values thatare 0 s
from those predicted for thermodynamic equilibritfit*. Kinetic fractionation e ects have been recognised
in other important calcifying groups, including in warm and cold-water corals and in certain foraminifera spe-
cies2'416 |t has been postulated that brachiopods incorporate oxygen isotopes into shell calcite (secondary
and tertiary layers) in equilibrium with ambient seawater, although certain parts of the shell (i.e., primary layer,
uppermost part of the secondary layer, umbo and muscle scar areas) yield d€pletatlie¥’2 In these shell
areas, the observé&-depletion has been linked to growth-rate-driven kinetic isotope fractiorté&fity®

Here, we investigate the signi cance of kinetic controls (also called vital e ects) on brachiopod,shell
and '8 values. We analysed the bulk and clumped isotope compositions of eighteen modern brachiopod
shells at a phosphoric acid digestion temperature 89 studied specimens represent fourteen species
collected from di erent geographic locations and water depths that cover a substantial range of growth tem-
peratures (Supplementary Table 1). Growth temperatures and seaf@tenlues for each brachiopod were
independently-determined and we complemented our measurements with trace element and ion probe-based in
situ oxygen isotope analyses.

Results

Trace element analyses. e magnesium concentration of the studied modern brachiopod shells was
between 0.2Mol% (Terebratalia transversa) and B@% (Pajaudina atlanticaMgCQO,. Our results are con-
sistent with the expected range of modern brachiopod calcite and fall along the Global Brachiopod™g Line
(Supplementary Fig. 1a).

Bulk and clumped isotope analyses. e %,ppg values of the modern brachiopod shells analysed
in this study range between2.20( 0.02)%o and 3.92(0.02)%., while the *3C,ppg Values range between
0.88(0.02)%0 and 2.44( 0.01)%.. ese values are consistent with the range in isotope compositions of mod-
ern brachiopod shells (secondary and tertiary layers) reported elsé¥%t&fé e di erence between the
oxygen and carbon isotope composition of the shells determined using the [Gof antinthe [Brangisets of
isotopic parametef&is ~0.01%o. is is similar or less than the 1 S.E. of replicate measurements and can there-
fore be ignored (see Methods).

€  47coes 2syalues measured for the modern brachiopods shells calculated with the [Goh @atamit
eters range between 0.670(007)%. and 0.775 (0.004)%., while the 1S.E., calculated from 4-10 replicate
analyses, ranges between 0.004-0.014%o. ,8cpes 2s)values for the brachiopods calculated with the [Brand
parameters are between 0.668(007)%. and 0.767(0.004)%o, while the 1S.E., calculated from 4-10 rep-
licate analyses, ranges between 0.004-0.013%o. e di erence betwggihes osyalues calculated with the
[Gon antini] and the [Braniisets of isotopic parameters is between 0.005%. and 0.008%o.

Apparent ,temperature relationship. To obtain a ,~temperature relationship for modern bra-
chiopod calcite, a least-squares t linear regres8#was performed on the measuregcpes 2s)values and

the independently-sourced brachiopod growth temperatif@&ipplementary Tables 1 and 2). is approach
considered uncertainties arising from both the clumped isotope measurements and the growth temperatures.
e statistical analyses yielded the following,~temperature relationship (Fija and Supplementary Fig. 2a):

srcoeszs)  00454( 00033) 10°/T?  01840( 00413)
R 083 pvalue 0001 N 18 [Gorfiantini] 1)

s7(coeszs) | 00453( 00033) 10°/T?  01789( 00415)
R 083 pvaue 0001 N 18 [Brand] @

where ,;isin %o, T (temperature) is in K and the two-tailed p-values are calculated using a t-test.

e slope of our ,~temperature calibration line (efisand 2) is steeper compared to the theoretical calibra-
tion'®and to previous calibrations made &0 °C 12°32 and shallower than most 25 calibration¥. However,
the slope of our ,~temperature calibration line is indistinguishable from the brachiopod-only calibration of
Cameet al®, made at 2%5C.

pand YT o fjed—e TVie frrfrEe— ¥ edigrénce-betiveen the measured and apparent
equilibrium values are here referred to as o set values (Supplementary Data 2). Annual mean habitat tempera-
tures (i.e., brachiopod growth temperatures) were acquired from the World Ocean Atl#s £0d3al mean
seawater®0 values representative of the sampling location and depth were taken from the Global Seawater
Oxygen-18 Databa¥eFor thirteen out of eighteen specimens, directly measured seaf#@tealues were also
available, giving actual seawater oxygen isotope compositions at the water depth where the brachiopods wer
collected® (Supplementary Table 1). To remain consistent, we distinguish between the two datasets: one using
only the seawatef®O values acquired from the Global Seawater Oxygen-18 Datadnas¢he other in which
gridded %0 values were replaced by the directly measuif@dvalues where available.
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Figure 1. Brachiopods show an o set from equilibriumy; and 8 values. (a) ,~temperature dependence
derived from the eighteen modern brachiopods analysed in this study, calculated using the [Gbeetntini

of isotopic parameters. (b) e o set %0 and o set ,;values show a signi cant negative correlation. e
brachiopods, which show apparent clumped isotope equilibrium are enriched by up to 1%o, relative to Kim

and O'Neif®. Seawater®O values were acquired from the Global Seawater Oxygen-18 Dé#tgohse

correlation between o set®O and o set 4, values is still present if, where available, the directly measured
seawater'®O values (Supplementary Table 1) were used for the calculations. For all plots: linear regression lines
tted to our data consider the errors. Corresponding two-tailed p-values are computed using a t-test. Error bars
for the o set 80 values indicate the mean deviation from oxygen isotope equilibrium calculated using the
minimum and the maximum temperature estimates. Error bars for the o getalues indicate the 1 S.E. of

the replicate measurements.
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Figure 2. Variations in % between the outer and the inner part of the secondary layer. Results of the SIMS
transects made on two Menosahells (samples 130 and 143) also analysed for clumped isotopes. Apparent
equilibrium ranges for'®0O were calculated according to Kim and O'Reising the minimum and maximum
habitat temperature estimates and the two sets of seaW@teralues (see main text and Supplementary

Table 1). Error bars for thé%0 indicate the external reproducibility (1 S.D.) based on replicate measurements
of carbonate standards.

Apparent 0., €quilibrium values were calculated using the 100Q|fe_wasrt€mperature relation-
ship of Kim and O'Nef#f (see Supplementary Information) and that of Brand & agspectively. e latter
includes a correction for the Mg-e ect, which accounts for a 0.17%. change per mol%;Mg@a® 0 values
of the calcite, in agreement with laboratory precipitation experirfferitsparent ,; equilibrium values were
calculated using the theoretical calibration of Passey and Herilestheir eq. 5, with the empirically deter
mined intercept of 0.280 (Figib,cand Supplementary Fig. 2). is equation considers a 25*®@cid fraction-
ation factor of 0.081%. and has been veri ed in the G€itemperature range by empirical and experimental
approache'd-2°3637|n addition, o set 4, values were also calculated assuming that the most recent calibrations
of Bonifacie et & or Kelson et a represent the clumped isotope equilibrium (Supplementary Fig. 3). O,set
values were computed using both the [Gon aijtanid the [Bran§iprocessed data.

Most of the analysed brachiopods in this study exhibit combined o sets from clumped and oxygen isotope
equilibrium, irrespective how the o set values were calculatedif;icand Supplementary Figs 2b,c and 3). e
largest deviations from the equilibrium,; values were observed in the temperate- to cold-water brachiopod
species, particularly those of the species Magellania vandddagasella sanguinda contrast, most of the
warm-water ( 20 °C) taxa, such as ecidellina congregadagyrothecap., Megerlia sp., anddfantica exhibit
apparent clumped isotope equilibrium.

Oxygen isotope analyses with ion probe. High resolution (20 m) in situ oxygen isotope analysis was
performed on two Mvenosahells using SIMS (Secondary lon Mass Spectrometry). In the secondary layer of the
two investigated Mvenosahells, the'®0 values range from2.91%o to 1.35%. (sample 130) and frora.02%o.

to 0.60%0 (sample 143; FRB). is species does not have a tertiary layer and the primary layer was too thin to be
analysed (Supplementary Fig. 6). e variation itfO between the outer and inner part of the shell was 4.3%o. for
sample 130 and 2.6%o. for sample 143 (Supplementary Data3). Fig.

Discussion

Multiple processes can lead to the deviation of measdf®dand ,; values from thermodynamic equilib-
rium. If the o set seen in the modern brachiopd8O values would arise solely from the varying Mg-content
of the analysed shells, one would expect that this o set would disappear if the equilibrium values were calcu-
lated using the equation of Brand etdhstead of Kim and O'NéHR since the former includes a correction for
the Mg-e ect. However, the scatter of the brachiopB® values around the assumed oxygen isotope equilib-
rium is even greater if the Brand ef%@quation is used, thus the o séfO values cannot be explained by the
Mg-content of the shells (compare Figp,c to Supplementary Figs. 1b,c). We also exclude a direct e ect of the
Mg-content of the shells on the,; values, considering the recent ndings of Bonifacie.&waho, for a given
precipitation temperature, did not nd any di erence in the clumped isotope composition between dolomite and
calcite reacted at 9G.



A mixture of carbonates of different compositions will mix linearly with respect@and O but
non-linearly with respect to ,;. e resulting mixture can, therefore, have a greater or lowgyvalue than the
weighted sum of the end-membey; values, introducing an arti cial bias in,;>°*°. e range of variation in

180 and 3C in modern brachiopod shells is usually not larger than 6%o., considering both the variation within
secondary layer calci#é'>*#! and between the juvenile and the adult parts of the#sReH7#143, Assuming the
most-extreme scenario of 50-50% mixing of carbonates precipitated at the same temperature with & 6%o di er
ence in both their!3C and *0 values, the maximum e ect of carbonate mixing gnin modern brachiopods
would be 0.009%4° To further investigate the role of sample heterogeneity on our data, we assessed the range o
variation in 8% values in two Mvenosahells that exhibited a high (0.024%. and 0.038%., respectivgly) -
set with respect to Passey and Helke&xur data show that the di erence itfO values in brachiopod secondary
layer calcite can be as high as 4.3%. between the outer and the inner part of the el ogariance of-€O
and C along the depth transects of modern brachiopods shells suggests that the range of vatiiovilin
be comparable to that 0022244143 A 50-50% mixing of carbonates precipitated at the same temperature with
a 4.3%o di erence in both their*C and 0 values results in a,; mixing e ect of 0.005%#8°. is bias is much
smaller than the observed maximum o sef, value of 0.038%. and unresolvable from the external analytical
precision (1 S.E.) received for most replicates. us, it is highly unlikely that a mixing of carbonates of di erent
compositions through the shell signi cantly contributes to the positive sets observed in this study.

Di erences in laboratory procedures, such as reaction temperatures, have previously been suggested as a po
sible explanation for the discrepancy in the slopes between theetathealibration, made at 2&, and the
Henkeset al'! calibration, made at €. Although, Henkes et.H also analysed brachiopods (M), their
calibration is predominantly based on molluscs (M0). Since our study and that of Came £tyatlded the
same calibration slope despite using two di erent acid digestion temperatures, we consider this slope gradient to
be characteristic of brachiopods and exclude acid digestion temperature as a valid explanation for the di erence
between the lower (2&) and the higher ( 70°C) temperature calibration slopes.

Growth rates of the modern brachiopods analysed in this study correlate well with both the,o (&8t
0.55p-value 0.01; Fig. 3a) and the o set*®O values (R 0.52, p-value 0.01; Fig.3b,c). e slowest growing
brachiopods (TcongregatgArgyrothecap., Megerlia sp., &lanticg are in apparent clumped isotope equilib-
rium?% whereas the fastest growing brachiopodsvéMosaT. transverspshow a positive ,; 0 set. e o set

180 values show a negative correlation with growth rate. A similar deplefi# with increasing growth rate
was observed in other modern brachiopod species by Takayanai e slowest growing brachiopods that
are closest to clumped isotope equilibrium relative to Passey and Mearkesnriched idO relative to the
apparent oxygen isotope equilibrium as predicted by Kim and @®Néslstrongly implies that growth rate
exerts control on the kinetic mechanisms responsible for the observed departures from apparent clumped and
oxygen isotope equilibria.

e calcite shells of articulated brachiopods are secreted in the outer epithelium of the mantle. e primary
layer is formed by indirect secretion in the extrapallial uid, while the secondary layer is formed by-extracel
lular mineralizatiori>#6. To aid our discussion, we consider a simpli ed model of calci cation, introduced for
molluscs and corals, but that has also been applied to brachiéfi¢8sipplementary Fig. 4a). In this model,
carbonate formation occurs in a semi-isolated volume, separated from the ambient environment by an organic
membrané?®*%#°, e organism requires calcium (C&) and carbonate (CQ ) ions to enable the precipitation of
CaCaQ,. In marine calci ers, such as corals and molluscs, the organic membrane pumpzdcthe calcifying
uid using an enzyme (Ca-ATPase), while increasing the pH of the uid by removing an equivalent number of
protons (2H )3 We note that the presence of this enzyme, to the best of our knowledge, has not been reported
from brachiopods to date. As the membrane is only permeable for aqueous carbon dioxjdg, (@®CQ,
in the mineralizing uid is transformed into bicarbonate (Hg®and CQ? ions via hydration (e) and
hydroxylation (eg4) reactions:

COyag H:0 H HCO, 3)

CO,ny OH HCO, @

It has recently been demonstrated that kinetic e ects related to thg,I€dration and hydroxylation reactions,
as well as di usion, can produce a positiveand a negative®O o set from thermodynamic equilibriud#5°.5
(Supplementary Fig. 4b).

Knudsen-di usion predicts that a gas di using through a membrane will be depletéd out enriched in

47 relative to the residual gaswhen correlating the ,; and 0 o sets from equilibrium, the di used and
residual gas fractions would plot along a slope023. An identical slope would be obtained if kinetic fraction-
ations were evoked by di usion of G, through wateT.

e reaction rate of hydration and hydroxylation of the dissolved £i® orders of magnitude slower than
the reaction rate of bicarbonate dissociatfoBoth CQ, hydration and hydroxylation preferentially select
light isotopes €O, 12C) and discriminate against heavy isotop&3,(C). If the carbonate precipitation rate is
high, HCQ, can dissociate into G© and H before reaching equilibrium with Gg,in the calcifying uid,
therefore, the solid carbonate will inherit light#O value$**3 Simultaneously, incomplete G, hydration or
hydroxylation results in an increased; value of the aqueous HGQ which can be inherited by the solid-car
bonate if the precipitation rate is high eoretical calculations predict a regression slope between the o set
o set and o set 0 values in the order 0f0.05 and 0.01 for kinetic controls associated with hydration and
hydroxylation reactions, respectively*(Supplementary Fig. 4b). Carbonic anhydrase, an enzyme o en present
in calcifying organisms, such as corals, promotes rapid oxygen isotope exchange between dissolved inorgani
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respectively.q) O set ,;values, calculated using the [Gon anfisét of isotopic parameters, positively
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rates. Seawatel®O values were acquired from the Global Seawater Oxygen-18 D#talopse correlation

between o set%0 and brachiopod growth rates is still present if, where available, the directly measured
seawater'®O values were used for the calculations. For all plots: two-tailed p-values are calculated using a t-test
Error bars for the o set®O values indicate the mean deviation from oxygen isotope equilibrium calculated
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Figure 4. At conditions characteristic to modern seawater, hydration is the dominant reaction at which

COyq transforms into HCQ@ in the brachiopod calcifying uid. e balance between the rates of hydration

and hydroxylation reactions is de ned as(R coJ(Kcoz k onfaH) 100, where kg, and kg, are the rate

constants for CQ,, hydration and hydroxylation, respectively and aH is theaktivity®>. R is calculated for

three salinity (S) — temperature (T) scenarios, characteristic to modern seawater. e shaded area represents the
internal pH range of modern brachiopdés

carbon specié®™®. If this enzyme was present in brachiopods, it could reduce or eliminate the kinetic isotope
e ects caused by the slow hydration and hydroxylation reactions. However, carbonic anhydrase has not been
identi ed in the calcifying uid of modern brachiopoefs

Our data exhibits an o set ,~ 0 slope of 0.017( 0.03) if the o set 0 values are calculated using the
seawater oxygen isotope compositions acquired from the Global Seawater Oxygen-18*Diabask If the
o set %0 values are calculated using directly measured wé@walues where possible, the o sgt— %0
slope becomes as steep as 0.039( 0.01) (Em. Both slopes are signi cant and stay consistent, irrespective of
data processing, i.e., [Gon anfjnis. [Brandl parameters, and the clumped isotope calibration we used to calcu-
late the o set values (Supplementary Figs 2b,c and 3).

e observed correlation slopes (0.017 to 0.039, depending on the seawatéD dataset) between o set

47and o set 80 point to the importance of kinetic e ects associated with di usion and incomplete hydration
and hydroxylation of CQ,,, € hydration and hydroxylation reactions occur superimposed onto the di usion
of CO,4qy Consequently, di usion alone cannot be the sole kinetic mechanism responsible for the observed
trend in our data. If heterogeneous oxygen isotope exchange between watepgydrGeeeds to equilibrium,
it would erase the o sets from equilibriumy; and 80 generated during di usion. Tang et#lprecipitated
calcites at a pH 9 and 10 and observed that,; values increased by approximately 0.016%. for every 1%o
decrease in*®0 at high ( 10) pH. ey suggested that a combined e ect of di usion and hydroxylation could be
responsible for the observed slope. Interestingly, their slope is indistinguishable from the one we observe wher
we exclusively use the Global Seawater Oxygen-18 Dé&fdbadster seawater®0. However, pH 10 would
be inconsistent with the internal pH range of modern brachiopods, which is likely to be between 7.7 and 8.2,
calculated from*'B value$. Hydration is more prominent at low ( 8.4) pH while hydroxylation is more prom-
inent at high ( 8.4) pH, assuming temperature and salinity values characteristic of modern s&24(&igr4).
In the pH range characteristic for modern brachiopods, only 10-40%. of the oxygen isotope exchange between
water and CQq should occur via the hydroxylation reaction, whereas 60-90% should proceed via the hydration
reactior?? (Fig.4). Such a dominance of hydration over hydroxylation would result in an o get*% slope
of 0.034to 0.046, assuming estimated slopes @05 and 0.01 to be characteristic of the hydration and
hydroxylation reactions, respectivef. is range of slopes is in agreement with our result based on the dataset
that combines gridded seawat#iO data with directly measured values (Eigand Supplementary Figs 2¢ and
3b,d).

e 0 values of the temperate modern brachiopod shells analysed in this study correlate welt with cor
responding °C values (R 0.89p-value 0.001; Figha). Brand et & showed that parallel correlations are
present between shelfO and 3C among tropical (latitudes 30°), temperate (latitudes 30°-60°) and polar
(latitudes 60°) brachiopods, respectively. ese parallel trends are related to the distinct habitat seawater tem-
peratures and oxygen isotopic compositions of these gfoWpith the exchange of the sheffO values for
the o set 80 values, the seawater and temperature e ect on the 3f@Itan be eliminated. e o set %0
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