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Coupling of surface temperatures and atmospheric
CO2 concentrations during the Palaeozoic era
Rosemarie E. Came1, John M. Eiler1, Ján Veizer2, Karem Azmy3, Uwe Brand4 & Christopher R. Weidman5

Atmospheric carbon dioxide concentrations seem to have been
several times modern levels during much of the Palaeozoic era
(543–248 million years ago), but decreased during the Carboniferous period to concentrations similar to that of today1–3.
Given that carbon dioxide is a greenhouse gas, it has been proposed that surface temperatures were significantly higher during
the earlier portions of the Palaeozoic era1. A reconstruction of
tropical sea surface temperatures based on the d18O of carbonate
fossils indicates, however, that the magnitude of temperature variability throughout this period was small4, suggesting that global
climate may be independent of variations in atmospheric carbon
dioxide concentration. Here we present estimates of sea surface
temperatures that were obtained from fossil brachiopod and mollusc shells using the ‘carbonate clumped isotope’ method5—an
approach that, unlike the d18O method, does not require independent estimates of the isotopic composition of the Palaeozoic
ocean. Our results indicate that tropical sea surface temperatures
were significantly higher than today during the Early Silurian
period (443–423 Myr ago), when carbon dioxide concentrations
are thought to have been relatively high, and were broadly similar
to today during the Late Carboniferous period (314–300 Myr ago),
when carbon dioxide concentrations are thought to have been
similar to the present-day value. Our results are consistent with
the proposal that increased atmospheric carbon dioxide concentrations drive or amplify increased global temperatures1,6.
The link between atmospheric CO2 concentrations and Earth surface temperatures is central to our understanding of environmental
change at many times in Earth history7. Among the most puzzling
times for our understanding of the climatic consequences of CO2 is
the Palaeozoic era (the period between 543 and 248 Myr ago) that saw
the emergence and diversification of the major classes of large-bodied
animal and plant life forms.
Modelled atmospheric CO2 concentrations between the midCambrian and latest Silurian (530–417 Myr ago; that is, the early
Palaeozoic) were 12–17 times higher than the modern atmosphere,
and were followed by far lower levels (comparable to the modern
atmosphere) during the Carboniferous period (354–290 Myr ago;
that is, the late Palaeozoic)1,2. These model estimates are supported
by independent geochemical proxies of atmospheric CO2 (refs 8–10).
In addition, the large decrease in atmospheric CO2 that these models
propose for the beginning of the Carboniferous period is a plausible
cause of the extensive Carboniferous glaciation11–13.
However, northern Africa experienced extensive glaciation during
the Late Ordovician and Early Silurian12,13, when atmospheric CO2 is
inferred to have been 12–17 times modern values1,2,10. This suggests
that either model reconstructions of atmospheric CO2 levels are
prone to large errors or that climate can vary dramatically, independent of variations in atmospheric CO2. Furthermore, Veizer et al.4

have reconstructed tropical shallow-marine temperatures during
the Palaeozoic by applying the oxygen isotope carbonate-water
thermometer to well-preserved carbonate fossils from sediments
deposited in shallow water at low latitude (less than about 30u
of latitude). Their results suggest that tropical shallow-marine temperatures were similar to each other and within ,5 uC of modern
conditions during times of high inferred atmospheric CO2, such as
the Silurian, and during times of lower inferred atmospheric CO2,
such as the Carboniferous. The Phanerozoic temperature trend
implied by Veizer et al.4 has four ‘icehouse/greenhouse’ modes and
resembles the sedimentological and palaeontological climate reconstruction of Scotese (see ref. 14 and www.scotese.com/climate.htm).
Veizer et al.4 suggest on this basis that global climate is not well
coupled with atmospheric CO2 concentrations over the timescale
of the Phanerozoic eon4.
This debate regarding climatic conditions during the Palaeozoic
suffers from two uncertainties. First, geologic evidence for the spatial
and temporal distribution of sediments and fossils provides qualitative constraints on climate, but cannot be easily translated into a
measure of global temperature and therefore does not clearly and
directly test models of global climate. Second, oxygen isotope constraints on surface temperature are vulnerable to artefacts from
diagenetic or burial-metamorphic overprints4,15 and require assumptions or independent constraints on the oxygen isotopic compositions of the waters in which carbonate fossils grew. These issues
have led to decades-long uncertainty as to whether the systematic
temporal variations in oxygen isotope compositions of Phanerozoic
marine carbonate fossils reflects climate change, variation in the d18O
of sea water, or post-depositional alteration15,16.
We address these issues by applying the carbonate clumpedisotope thermometer to aragonite and low-Mg calcite fossils of
Palaeozoic age. This thermometer examines ordering, or ‘clumping’,
of 13C and 18O into bonds with each other in the carbonate mineral
lattice. This isotope effect is temperature dependent, and can be
examined by analysis of 13C18O16O in CO2 released from carbonates
by phosphoric acid digestion. Importantly, it provides a temperature constraint that depends only on the isotopic composition of
carbonate and is independent of the isotopic composition of the
water in which the carbonate grew5 (see Methods). Furthermore,
our approach permits us to estimate the d18O of sea water on the
basis of known growth temperatures and d18O values of carbonate
fossils.
We examined two suites of relatively well preserved carbonate
shells of shallow-water marine organisms that lived at palaeolatitudes
within 20u of the Equator: (1) early Silurian brachiopods consisting
of low-Mg calcite, collected from the Telychian-age Jupiter
Formation on Anticosti Island, Canada17,18; and (2) Carboniferous
(Middle Pennsylvanian) aragonitic molluscs, collected from the
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Boggy Formation, in southern Oklahoma, USA19. Both suites include
equal numbers of samples that appear, on independent evidence
(visual, microscopic18, X-ray diffraction and/or trace-element analysis20,21), to be well preserved, and samples that appear to be moderately altered by post-depositional processes. These two sub-sets of
each suite were selected so that we could systematically examine the
effects of alteration on the isotopic record (see Supplementary
Information for further details).
Pennsylvanian samples exhibit a positive correlation between d13C
and d18O values (Table 1 and Fig. 1). The high- d18O, high- d13C end of
this trend is associated with elevated Fe abundances, Mn abundances
and/or proportions of secondary calcite, suggesting that postdepositional alteration caused increases in d13C and d18O in this suite.
The direction of this trend is contrary to common expectations that
alteration leads to decreases in d18O and d13C (refs 15, 16, 21), but the
mineralogical, textural and trace element attributes of the studied
samples argue for such an interpretation. Silurian samples exhibit
little variation in d18O but significant variability in d13C (Table 1
and Fig. 1). On the basis of visual evidence for recrystallization18, lower
d13C values are associated with increasing post-depositional alteration
(this result, though supported by relatively straightforward observations, is also contrary to common inferences regarding the isotopic
effects of diagenesis and burial metamorphism).
The apparent temperatures of carbonate growth based on clumped
isotope thermometry and the calculated d18O values of water in
equilibrium with our samples at those apparent temperatures are
presented in Table 1 and Fig. 1. Pennsylvanian samples exhibit a
positive correlation between temperature and d18O of water, and a
Table 1 | Stable isotope and temperature data
Sample
ID

Species

d18Oc
d13Cc
D47
(%; PDB) (%; PDB) (%)

Unaltered Middle Pennsylvanian samples
B81-21
Domatoceras sp.
23.15
0.49
B81-21
Domatoceras sp.
23.26
0.55
B81-21
Domatoceras sp.
22.81
0.52
B81-18
Metacoceras cornutum 22.38
1.92
B81-18
Metacoceras cornutum 22.33
1.97
B81-06x
Orthoceras unicamera
22.99
2.00
B81-06x
Orthoceras unicamera
22.74
2.02
B81-06x
Orthoceras unicamera
22.41
2.02
B81-06x
Orthoceras unicamera
22.67
2.03
Middle Pennsylvanian samples suspected of alteration
B0-01
Cephalopod fragment 21.43
3.25
B0-01
Cephalopod fragment 21.43
3.22
B0-04
Cephalopod fragment 21.13
3.50
B0-04
Cephalopod fragment 21.07
3.52
Altered Middle Pennsylvanian samples
B81-27
Cephalopod fragment 20.25
5.60
B81-27
Cephalopod fragment 20.28
5.61
B81-09
Domatoceras sp.
20.76
3.74
B81-09
Domatoceras sp.
20.78
3.66
B81-10
Domatoceras sp.
20.28
3.52
B81-10
Domatoceras sp.
20.73
3.51
B81-40
Pseudorthoceras knoxense
0.28
6.36
Unaltered Silurian samples
A1380b-30
Pentamerus sp.
25.34
1.94
A1391b-31
Pentamerus sp.
25.00
2.08
A1391b-31
Pentamerus sp.
24.94
2.03
A1391b-06
Pentamerus sp.
25.11
1.78
A1391b-06
Pentamerus sp.
25.12
1.71
A1356a-37
Pentamerus sp.
25.63
1.82
Silurian samples suspected of alteration
A1356a-07
Pentamerus sp.
25.07
1.73
A1356a-07
Pentamerus sp.
25.10
1.71
Altered Silurian samples
A-551 alt
Stricklandia planirostrata 25.22 21.13
A-958
Ehlersella davidsoni
25.12
0.18
A-958-2 alt
Ehlersella davidsoni
25.20 20.03
A-958-3
Ehlersella davidsoni
24.88
0.86
A-958-4 alt
Ehlersella davidsoni
24.88
0.21

T d18O of water
(uC) (%; SMOW)

0.66
0.65
0.67
0.64
0.64
0.65
0.62
0.64
0.65

21.6
24.0
19.0
26.8
26.1
25.1
30.2
27.0
24.6

22.77
22.37
22.97
20.92
20.99
21.86
20.58
20.89
21.65

0.64
0.63
0.65
0.65

26.8
27.9
23.4
24.2

0.04
0.25
20.37
20.14

0.63
0.63
0.62
0.63
0.61
0.62
0.60

29.3
29.2
30.5
29.7
34.5
32.0
37.0

1.72
1.69
1.46
1.27
2.74
1.79
3.79

0.61
0.60
0.60
0.60
0.61
0.60

33.7
34.8
35.3
35.7
34.2
35.8

21.50
20.95
20.79
20.88
21.19
21.39

0.57 42.9
0.57 43.9

0.48
0.62

0.50
0.51
0.51
0.54
0.52

3.89
3.75
3.49
2.43
3.07

63.8
62.4
61.3
53.0
56.7

d18Oc and d13Cc are the d18O and d13C of carbonate. The D47 is defined as the difference in %
between the measured 47/44 ratio of the sample and the 47/44 ratio expected for that sample
if its stable carbon and oxygen isotopes were randomly distributed among all isotopologues of
CO2 (ref. 27) (see Methods) Here T is the D47-derived temperature in degrees Celsius.

clear association of altered samples with higher temperatures and
higher water d18O. The data reinforce our interpretation of the correlation between d18O and d13C for these samples, and indicate that
the low-Fe, low-Mn, aragonite-rich sub-set of this suite (samples
B81-21, B81-18 and B81-06x) most closely preserve their depositional isotopic compositions. Silurian samples yield a bimodal distribution of apparent temperatures and values of water d18O: all but
one of the nominally unaltered samples (based on visual inspection;
that is, samples A1380b-30, A1391b-31, A1391b-06 and A1356a-37)
group tightly around a mean temperature near ,35 uC. Visibly
altered samples exhibit a positive correlation between temperature
and d18O of water, and an association of altered samples with higher
temperatures and higher water d18O. These data also reinforce our
interpretation that alteration is associated with low carbonate d13C in
this sample suite.
We suggest that the average apparent temperatures and water d18O
values recorded by the least altered subset of each sample suite best
represent the original fossil growth conditions. These data yield
nominal growth conditions of 24.9 6 1.7 uC and seawater d18O
of 21.6 6 0.5% (both 61 s.e.) for the Middle Pennsylvanian, and
34.9 6 0.4 uC and seawater d18O of 21.2 6 0.1% for the Early
Silurian. It is possible that even these averages are influenced by
subtle post-depositional alteration and thus over-estimate depositional temperatures and seawater d18O values. It is not clear how
one could ever strictly disprove this possibility. Nevertheless, all
samples that contribute to these averages pass conventional criteria
for a high level of preservation, each group is homogeneous within
analytical precision, the Silurian data are consistent with previous
measurements of the d18O values of well-preserved conodont
fossils22, and both of our suites yield seawater d18O similar to that
of the modern ocean, after adding back the water currently stored as
polar ice. This is in accord with models of the global water isotopic
budget that suggest nearly constant d18O of sea water throughout the
Phanerozoic eon23,24 (but see ref. 25 for an alternative model that
permits variations in the d18O of sea water). Finally, we also note
that average growth temperatures and water d18O values for nominally unaltered samples from each suite may be influenced by ecological variability, and thus may be offset from true averages for their
respective palaeolatitudes and ages. This possibility could be investigated further through more detailed studies covering a wider range
of locations and depositional conditions for a given time period.
Our results provide a basis for discriminating between previous
competing hypotheses regarding the character of Palaeozoic climate
change and the d18O of the Phanerozoic ocean. First, we find that
when atmospheric CO2 is inferred to have been highly elevated compared to modern levels—that is, during the Early Silurian—shallowmarine temperatures were markedly elevated, and when atmospheric
CO2 was nearly as low as modern values—during the Middle
Pennsylvanian—shallow-marine temperatures were similar to modern values1,2. This result is consistent with the proposition that variations in atmospheric CO2 concentration from the Silurian to the
Pennsylvanian drove large variations in Earth surface temperatures1
(Fig. 2; but note this raises a new question as to how such warm
temperatures could be consistent with geological evidence for highlatitude glaciation during the earliest Silurian12,13). More generally,
our results are consistent with the hypothesis that elevated CO2
concentrations are capable of producing Earth surface temperatures
substantially (5–11 uC) higher than modern values. Second, our
results support previous arguments that the d18O of sea water has
varied within a narrow range throughout the Phanerozoic eon23,24
and argue against suggestions that it was several per mil lower during
the Palaeozoic15,17. Although there are many differences between
Palaeozoic and modern climates, the suggestion our results give of
a link between increased CO2 and a large temperature increase provides a point of reference for models of projected climate change
associated with currently rising concentrations of atmospheric
greenhouse gases.
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Figure 1 | Isotopic compositions and inferred crystallization temperatures
of Pennsylvanian and Silurian fossils. a, Mean d18O of carbonate versus
mean d13C of carbonate (PDB) for Pennsylvanian aragonitic molluscs;
b, same for Silurian calcitic brachiopods. c, Mean D47-derived temperatures
versus the calculated d18O (SMOW) of sea water and/or diagenetic waters for

Pennsylvanian aragonitic molluscs; d, same for Silurian calcitic brachiopods.
In all panels, well-preserved samples are represented by half-filled diamonds;
diagenetically altered samples by filled diamonds; and samples suspected of
alteration by open circles. Error bars represent 61 s.e. on replicate analyses.

Note that the discrepancy between our results and the more subtle
temperature variations in the reconstruction of Veizer et al. (Fig. 2)
primarily reflects the fact that this previous study assumed large
ice volume variations in the d18O of the ocean, whereas our data
suggest such changes were minimal. Thus, our results suggest both
positive and negative things about previous attempts at palaeothermometry based on the d18O of Palaeozoic carbonate fossils. On the

one hand, we confirm that carefully selected fossils of this age are
characterized by isotopic compositions that reflect their conditions
of deposition (that is, the previously proposed criteria for identifying
well-preserved samples are mostly predictive for samples that have
experienced minimal re-crystallization and/or isotopic exchange).
On the other hand, these earlier studies suggested that the variable
and, on average, low values of d18O of well-preserved Palaeozoic
fossils should be interpreted as evidence for secular variation in the
d18O of sea water in an ocean that varied little in average temperature,
whereas our data suggest the converse (Figs 2 and 3); that is, the
results of this study support the data but contradict the interpretation
of Veizer et al.
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Figure 2 | Estimates of tropical temperature anomalies relative to today.
The grey4 curve represents temperature estimates based on d18O of wellpreserved carbonate fossils from palaeotropical seas; the black2 curve
represents GEOCARBIII model estimates of mean global temperatures
based on reconstructions of atmospheric CO2 levels; black bars
(www.scotese.com/climate.htm) at the bottom represent time intervals
during which global temperatures were as much as 10 uC warmer than today
based on the climate reconstruction of Scotese; filled diamonds represent
our estimates of carbonate fossil growth temperatures. Error bars represent
61 s.e. on the D47 temperatures of well-preserved samples.
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Figure 3 | Estimates of the oxygen isotopic composition of Phanerozoic sea
water. The black4 and grey28 curves represent previous model estimates; the
dashed line represents modern seawater d18O (SMOW); filled diamonds
represent new estimates of Pennsylvanian and Silurian seawater d18O
calculated from carbonate d18O and D47 temperatures. Error bars represent
61 s.e. on the seawater d18O of well-preserved samples.
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Our re-interpretation of the d18O values of Silurian and
Pennsylvanian carbonate fossils also may apply to other parts of
the Palaeozoic. However, there remain several marked discrepancies
between climate reconstructions using the GEOCARB model versus
those implied by the Scotese geological record and the Veizer et al.
oxygen isotope record (which generally agree with each other, at least
in timing of climate variations), and it is difficult to imagine that all
time periods will be resolved in the same way as those examined in
this study. For example, many carbonate fossils from the Cambrian
and early Ordovician are so negative in d18OPDB (in the range 28%
to 210%) that they cannot plausibly represent precipitation from an
ocean with seawater d18OSMOW < 0%, because in that case they
would imply growth temperatures (54–67 uC) far in excess of the
maximum temperature at which shallow-marine organisms can survive (37 uC)26. Application of carbonate clumped isotope thermometry to these extreme samples could reveal whether their low
d18O values reflect consistently high levels of post-depositional
alteration or low d18O values of sea water.
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16.

METHODS SUMMARY
CO2 was extracted from all samples by phosphoric acid digestion using the
laboratory methods described in ref. 5. Product CO2 was analysed using a
Finnigan MAT 253 gas source mass spectrometer configured to collect masses
44–49, inclusive, and standardized by comparison with CO2 gases of known
isotopic composition that had been heated for two hours at 1,000 uC to achieve
a stochastic isotopic distribution27 (see Methods). Several heated gas standards,
spanning a range of bulk stable isotope compositions, were analysed to minimize
the potential errors associated with mass spectrometric nonlinearities, which are
observable when the compositions of samples and standards differ by more than
20–30% in any given isotope ratio27 (see Methods). Masses 48 and 49 were
monitored to assure adequate sample purification. Each measurement consisted
of 6–9 acquisitions, with typical standard deviations (acquisition-to-acquisition) of 0.02% to 0.05% in D47 (see Table 1 footnote). Values of d18O and
d13C were acquired as part of each analysis. Measured values of D47 were used
to estimate carbonate growth temperature (T, in kelvin) using the relationship5:
6

17.

18.

19.

20.
21.
22.

23.

22

D47 5 0.0592(10 T ) 2 0.02.
Analyses of modern molluscs and brachiopods establish that this relationship
holds for these forms of biogenic carbonate (see Methods). Paired temperature
and carbonate d18O data were used to calculate the d18O value of formation and/
or diagenetic waters using previously published calibrations of the temperature
dependence of carbonate-water fractionations (see Methods).
Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Clumped isotope geochemistry. The carbonate ‘clumped isotope’ palaeothermometer involves the temperature-dependent ‘clumping’ of 13C and 18O (that is,
the formation of bonds between these two rare isotopes) within the carbonate
mineral lattice. The abundance of 13C–18O bonds in carbonate minerals depends
on a thermodynamically controlled stable isotopic exchange equilibrium among
various carbonate isotopologues, for example,:

Paired temperature and carbonate d18O data were used to calculate the d18O
value of water from which the carbonates grew using the equation32:
103lnacalcite-water 5 18.03(103T21) 2 32.42 1 0.25
for calcitic brachiopods, and33:
103lnaaragonite-water 5 18.45(103T21) 2 32.54
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We report variations in R47 by comparison with the ‘stochastic distribution’; that
is, the relative abundance of isotopologues expected for a random distribution of
all rare isotopes among all possible isotopologues. For a given set of d18O, d17O
and d13C values, R47 for the stochastic distribution is defined by27:
R47stochastic 5 (2[18][16][13] 1 [17]2[13] 1 2[18][17][12])/([16]2[12]) (3)
where [12] and [13] are the concentrations of 12C and 13C within the pool of all
carbon atoms in the analysed CO2, and [16], [17] and [18] are the concentrations
of 16O, 17O and 18O within the pool of all oxygen atoms in the analysed CO2.
Finally, we use D47 to report how measured values of R47 differ from the stochastic distribution. D47 is defined as the difference in % between the measured R47
value of the sample and the R47 value expected for that sample if its stable carbon
and oxygen isotopes were randomly distributed among all isotopologues27,29:
D47 5 (R47measured/R47stochastic 2 1) 3 1,000

(4)

Laboratory methods. CO2 was extracted from all samples using the laboratory
methods described in ref. 5, which are an extension of well-established methods
of phosphoric-acid digestion30,31. Product CO2 was analysed using a Finnigan
MAT 253 gas source mass spectrometer configured to collect masses 44–49 and
standardized by comparison with CO2 gases of known isotopic composition that
had been heated for two hours at 1,000 uC to achieve a stochastic isotopic distribution27. Several heated gas standards, spanning a range of bulk stable isotope
compositions, were analysed to minimize the potential errors associated with
mass spectrometric nonlinearities, which are observable when the compositions
of samples and standards differ by more than 20–30% in any given isotope
ratio27. Masses 48 and 49 were monitored to assure adequate sample purification.
Each measurement consisted of 6–9 acquisitions, with typical standard deviations (acquisition-to-acquisition) of 0.02% to 0.05% in D47. As part of the
analyses, d18O and d13C were simultaneously acquired. The D47 values were
converted to carbonate growth temperature using the relationship5:
D47 5 0.0592(106T22) 2 0.02

(7)

(1)

Importantly, the temperature-dependent equilibrium constant for this reaction
can be calculated on the basis of the isotopic composition of carbonate alone and
does not require knowledge of the isotopic composition of the water in which the
carbonate formed5. For this reason, carbonate clumped isotope thermometry
can be applied rigorously to times and settings where the oxygen isotope composition of water is unknown.
The equilibrium constant for reaction (1) is reconstructed by isotopic analysis
of CO2 produced by reaction of carbonate with anhydrous phosphoric acid.
These analyses involve simultaneous collection of ion beams corresponding to
masses 44, 45, 46 (as for conventional measurements of the d13C and d18O values
of carbonates) and 47. The mass-47 ion beam includes contributions from three
isotopologues: 18O13C16O, 17O12C18O and 17O13C17O. This population is overwhelmingly dominated by 18O13C16O, and so largely reflects the abundance of
13
C–18O bonds in reactant carbonate. We define R47 as the ratio of the mass-47
isotopologues of CO2 to the light isotopologue of CO2 (16O12C16O)27:
R47 5 (mass 47)/(mass 44)

(6)

(5)

for aragonitic molluscs, where a is the fractionation factor, T is temperature (in
K) and d18O values are versus SMOW.
Appropriateness of the inorganic D47-temperature calibration for brachiopods and molluscs. Ghosh et al. 5 determined the relationship between D47 and
temperature (equation (5)) by analysing the CO2 extracted from synthetic calcites grown in the laboratory at known, controlled temperatures. In addition,
they analysed natural surface-dwelling corals (Porites) and deep-sea corals
(Desmophyllum dianthus), which grew at known, approximately constant temperatures5. Their results indicate that the vital effects that influence the d18O and
d13C of surface-dwelling and deep-sea corals do not influence the D47 values of
the CO2 extracted from that carbonate5. This result is consistent with models for
vital effects34, which describe the d18O and d13C offsets as reservoir effects, rather
than kinetic fractionations. Recent calibration work35 reveals that fish otolith
carbonate, which also suffers from vital effects in d18O and d13C, does not exhibit
a significant offset from the Ghosh et al. 5 calibration of the relationship between
growth temperature and the D47 of CO2..
As part of the current study, we analysed naturally occurring brachiopods and
molluscs (the two phyla from which we obtained Palaeozoic temperatures based
on carbonate clumped isotope thermometry) that grew at known temperatures
in the modern ocean (see Supplementary Table 1 and Supplementary Fig. 1).
Our modern calibration materials agree very well (mean deviation of 60.009%
in D47 of CO2) with the Ghosh et al. 5 temperature relationship for synthetic
calcites.
Previous work on brachiopods and molluscs has shown that these organisms
generally precipitate carbonate shells in isotopic equilibrium with the waters in
which they form36,37, without any apparent vital effects. Given this previous
evidence for equilibrium carbonate growth in molluscs and brachiopods, and
our new calibration results (see Supplementary Information), we suggest that
vital effects do not influence the temperature estimates obtained for fossil molluscs and brachiopods based on carbonate clumped isotope thermometry.
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