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Abstract

Carbonate clumped isotope thermometry is based on the thermodynamically dependent relative abundance of 13CA18O
bonds (quantified as D47) within the carbonate crystal lattice. The clumping of 13CA18O in carbonates is based on a self-
reaction of isotope exchange that occurs rapidly at near neutral pH. Similar D47-temperature relationships between biogenic
and inorganically precipitated carbonate in initial studies led to the promise of a proxy free of biologically driven disequilib-
rium effects, commonly referred to as ‘‘vital effects”. This has been largely the case for most organisms investigated. Biolog-
ically mediated disequilibrium precipitation has however been reported in corals and cephalopods and brachiopod molluscs.
Echinoderms, despite their complex inter-cellular bio-mineralization strategy, large inter-skeletal fractionation of d18O, d13C
and rapid calcite precipitation have however not been previously investigated with regards to their clumped isotope compo-
sition. We present clumped isotopic composition (D47) of 25 inter-skeletal elements of 5 echinoid species with varying growth
temperatures. We found no statistically significant inter-skeletal variation in D47 in all echinoid species measured, a surprising
find given the important inter-skeletal variability reported for d13C and d18O. Our echinoid D47-temperature calibration how-
ever shows a statistically significant positive offset from D47-temperature calibration for inorganic calcite of 0.014‰. The pat-
tern of isotopic fractionation in d18O and D47 of echinoderms is not consistent with CO2 hydration or hydroxylation, diffusion
or the high-Mg calcite composition of echinoid calcite. Positive offsets in the D47 of echinoid calcite may however relate to
deviations in the pH of the calcifying fluid from the pH at which equilibrium calcite is precipitated.
� 2018 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. INTRODUCTION

Measurement of the ratio of stable oxygen isotopes
16O/18O in biogenic carbonate is a well-established proxy
for quantitative paleoclimate reconstruction (Urey, 1947;
Epstein et al., 1951; Emiliani, 1955). This technique is how-
ever based on an a priori assumption of the d18O of seawa-
ter, which can vary both geographically and through time.
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Furthermore, while the stable oxygen isotopic composition
of some taxa faithfully reflects both the temperature and the
d18O of seawater, other taxa show specific discrepancies
known as ‘‘vital effects” (Epstein et al., 1951).

Carbonate clumped isotope thermometry is a tempera-
ture based proxy examining the thermodynamically depen-
dent ‘‘clumping” of 13C and 18O within the carbonate
crystal lattice (Eiler and Schauble, 2004; Ghosh et al.,
2006; Eiler, 2007). This is based on the homogeneous iso-
tope exchange equilibrium M13C16O3 + M12C18O16O2 �
M13C18O16O2 + M12C16O3 (where M is a metal such as
Ca), a system that undergoes rapid oxygen isotope
ons.org/licenses/by/4.0/).
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exchange at a near neutral pH. At low temperatures the for-
mation of 13CA18O bonds is promoted as the vibrational
energy in a heavy-heavy bond is less than half that of the
corresponding light–light bond. Decreasing temperature
thus favors the formation of M13C18O16O2 (Schauble
et al., 2006). The excess of 13C18O16O relative to a stochas-
tic distribution, in which all isotopes are equally distributed
among isotopologues, is then measured and expressed using
the metric D47 defined as:

D47 ¼ R47

R47� � 1

� �
� R46

R46� � 1

� �
� R45

R45� � 1

� �� �
� 1000

ð1Þ
where Ri = mi/m44 and R* gives the abundance of each
isotopolgue of a gas with the same bulk isotopic composi-
tion as R but with a stochastic distribution (Affek and
Eiler, 2006). As this is a self-reaction of isotope exchange,
the estimate for the carbonate formation temperature is
independent of the oxygen isotopic composition of the par-
ent fluid (Eiler, 2007). This is particularly useful in climate
reconstruction where determination of the temperature and
d18O composition of water is important in discerning other
environmental factors such as geographic distribution of
ice, ocean circulation, and the hydrological cycle (Eiler,
2011).

The term ‘‘vital effects” refers to the offset between the
isotopic compositions of biogenic carbonates and inorganic
carbonates precipitated under identical conditions. The suc-
cess of the clumped isotope thermometer has a strong basis
in the congruence between empirical calibrations using bio-
genic carbonates (Ghosh et al., 2006; Ghosh et al., 2007;
Came et al., 2007; Eagle et al., 2010) and calibrations based
on inorganic precipitation experiments (Ghosh et al., 2006;
Dennis and Schrag, 2010). In particular groups that show
significant non-equilibrium fractionation of d18O and d13C
appear free of vital effects in their clumped isotopic compo-
sition (Tripati et al., 2010; Thiagarajan et al., 2011; Grauel
et al., 2013; Katz et al., 2017). Furthermore empirical cali-
brations are in good accordance with theoretical calcula-
tions of isotopic clumping on varying temperature
(Schauble et al., 2006; Guo et al., 2009).

Subtle non-equilibrium fractionations in the clumped
isotope composition of shallow warm-water corals
(Saenger et al., 2012), deep-sea cold-water corals
(Thiagarajan et al., 2011; Spooner et al., 2016), cephalo-
pods (Dennis et al., 2013) and molluscs (Henkes et al.,
2013) have however been reported. Deviations from equi-
librium precipitation, as defined by inorganic precipitation
experiments, are group dependent and tend to both higher
and lower D47 (Passey and Henkes, 2012; Saenger et al.,
2012; Dennis et al., 2013; Henkes et al., 2013; Kimball
et al., 2015). The drivers of group specific non-
equilibrium fractionations however remain elusive and are
complicated by uncertainties in how well inorganic calibra-
tions reflect true equilibrium values (Zaarur et al., 2013).

Improvements in data processing for clumped isotope
analysis (Daëron et al., 2016; Schauer et al., 2016) in asso-
ciation with comprehensive inorganic calibration of the
thermometer over a wide temperature range and steps
towards the development of a ‘‘universal temperature-D47
calibration” (Kluge et al., 2015; Bonifacie et al., 2016;
Kelson et al., 2017) have reduced uncertainties in the true
slope and intercept of the inorganic D47-temperature rela-
tionship. It is therefore now easier to assess non-
equilibrium fraction in the clumped isotope composition
of biogenic carbonate, notably in groups that show a strong
disequilibrium signal in d18O and d13C.

One such group is echinoderms. The stable isotopic com-
position of echinoid skeletal elements has been well charac-
terised (Weber and Raup, 1966a; Weber and Raup, 1966b;
Weber, 1968; Courtney and Ries, 2015). Inter-skeletal ele-
ments differ by several parts per thousand in d18O and
d13C with enrichment of d13C of up to 12‰ in test calcite
in comparison with spines. d18O fractionation in echinoid
spines is inversely related to temperature while d13C in
spines is positively correlated with atmospheric pCO2. Echi-
noids are capable of rapid calcification (Gorzelak et al.,
2011). d18O and d13C e also correlate with calcification rate
(Courtney and Ries, 2015). Correcting for the effects of
growth temperature, atmospheric pCO2 and calcification
rate on d18O and d13C fractionation d18O and d13C remain
positively correlated indicating the presence of un-
accounted for vital effects (Courtney and Ries, 2015).

Echinoids have a unique strategy of intercellular
biomineralization, depositing high magnesium calcite
(Chave, 1954; Schroeder et al., 1969; McClintock et al.,
2011) on an organic matrix to generate a three-
dimensional mesh known as a stereom with an initial phase
of ACC deposition (Markel et al., 1986). Demonstrated
links between calcification rate and vital effects in stable
d18O and d13C isotopic composition, unique biomineraliza-
tion strategy and large magnitude of isotopic fractionation,
especially in d13C, make the echinoids an excellent group in
which to test for ‘‘vital effects” in clumped isotope
composition.

Here we present the first systematic measurements of the
clumped isotopic composition (D47) of modern echinoderm
calcite. This study both adds to existing biogenic calibration
of the clumped isotope analysis and adds to our under-
standing of vital effects acting upon the clumped isotope
composition of calcite.

2. METHODOLOGY

2.1. Samples

Echinoid samples were collected at four different locali-
ties around the globe mostly live from the benthos with one
specimen grown by aquaculture (Table 1). Live collection of
specimens enables us to discount post-mortem mineralogi-
cal alteration from high-Mg calcite. It also minimises the
potential for post-mortem isotopic alteration in the littoral
zone, either by marine or meteoric digenesis. Echinoid spe-
cies Diadema Setosum and Tripneustes Gratilla were fished
in Indonesian waters and transported live to Imperial Col-
lege where they were maintained in an aquarium at 25�C.
Echinoid species Paracentrotus Lividus were collected live
at 1.5 m depth in the eastern Mediterranean. Deceased
irregular echinoids Dendraster Excentricus were sampled
from the foreshore at Morro Bay on the Pacific coast,



Table 1
Specimen sampling details and collection location. Growth water temperature and stable oxygen isotopic composition of analysed samples.

Sample Information Seawater properties

Sample name Order Genus Inter-skeletal element Location Temperature (�C)a d18Owater VSMOW (‰)b

GA1 Temnopleuroida Tripneustes Ambulacral Column Indonesia, Java Sea 28.4 ± 0.15 0.28 ± 0.02
GA2 Temnopleuroida Tripneustes Interambulacral Column Indonesia, Java Sea 27.8 ± 0.15 0.28 ± 0.02
GLT Temnopleuroida Tripneustes Tooth Indonesia, Java Sea 27.8 ± 0.15 0.28 ± 0.02
GS Temnopleuroida Tripneustes Spine Indonesia, Java Sea 27.8 ± 0.15 0.28 ± 0.02
GT Temnopleuroida Tripneustes Bulk Test Indonesia, Java Sea 27.8 ± 0.15 0.28 ± 0.02
BS Diadematoida Diadema sp. Spine Indonesia, Java Sea 27.8 ± 0.15 0.28 ± 0.02
BT Diadematoida Diadema sp. Bulk Test Indonesia, Java Sea 27.8 ± 0.15 0.28 ± 0.02
MA1 Clypeasteroida Dendraster Ambulacral Column Morro Bay, CA 13.4 ± 0.03 �0.57 ± 0.03
MA2 Clypeasteroida Dendraster Interambulacral Column Morro Bay, CA 13.4 ± 0.03 �0.57 ± 0.03
MB Clypeasteroida Dendraster Base of test Morro Bay, CA 13.4 ± 0.03 �0.57 ± 0.03
ML Clypeasteroida Dendraster Lantern (teeth, pyramid, rotula) Morro Bay, CA 13.4 ± 0.03 �0.57 ± 0.03
MP Clypeasteroida Dendraster Petal Morro Bay, CA 13.4 ± 0.03 �0.57 ± 0.03
MS Clypeasteroida Dendraster Spine Morro Bay, CA 13.4 ± 0.03 �0.57 ± 0.03
YA1 Camarodonta Paracentrotus Ambulacral Column San Andrea, Elba, IT 18.5 ± 0.54 1.36 ± 0.03
YA2 Camarodonta Paracentrotus Interambulacral Column San Andrea, Elba, IT 18.5 ± 0.54 1.36 ± 0.03
YLP Camarodonta Paracentrotus Pyramid San Andrea, Elba, IT 18.5 ± 0.54 1.36 ± 0.03
YLR Camarodonta Paracentrotus Rotula San Andrea, Elba, IT 18.5 ± 0.54 1.36 ± 0.03
YLT Camarodonta Paracentrotus Teeth San Andrea, Elba, IT 18.5 ± 0.54 1.36 ± 0.03
YS Camarodonta Paracentrotus Spine San Andrea, Elba, IT 18.5 ± 0.54 1.36 ± 0.03
YT Camarodonta Paracentrotus Bulk Test San Andrea, Elba, IT 18.5 ± 0.54 1.36 ± 0.03
SDA1 Strongylocentrotus Droebachiensis Ambulacral Column University of Maine 8.5 ± 0.2 �1.2 ± 0.009
SDA2 Strongylocentrotus Droebachiensis Interambulacral Column University of Maine 8.5 ± 0.2 �1.2 ± 0.009
SDS Strongylocentrotus Droebachiensis Spine University of Maine 8.5 ± 0.2 �1.2 ± 0.009
SDLT Strongylocentrotus Droebachiensis Tooth University of Maine 8.5 ± 0.2 �1.2 ± 0.009
SDT Strongylocentrotus Droebachiensis Bulk Test University of Maine 8.5 ± 0.2 �1.2 ± 0.009

a Ocean temperature estimated from the NOAAWorld Ocean Atlas 2013 (v.2) (Locarnini et al., 2013). Standard error reflects difference in seasonal temperatures over the habitual depth range of
groups listed
b Water d18O values estimated from the global gridded data set of oxygen isotope composition in water (LeGrande & Schmidt, 2006) excluding Strongylocentrotus Droebanchiensis where water

d18O was directly measured from an aliquot taken from the aquaculture tank
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USA. Only Dendraster Excentricus specimens with spines
still attached and organic components still present were
selected ensure selected specimens were recently deceased.
Stronglyocentrotus Droebachiensis, hatched and grown in
an aquaculture facility, were provided by the Centre for
co-operative Aquaculture, University of Maine. Growth
by aquaculture provides a very well constrained record of
growth temperature over the lifespan of the echinoid. Echi-
noid samples were classified by order (Table 1) and are
addressed as such in results and discussion sections for ease
of referral.

Growth temperatures for samples collected from the
benthos were estimated from the World Ocean Database
(V.2) (Locarnini et al., 2013). over estimated specimen
growth depth. This depth was 0–10 m for Diadema Setosum

and Tripneustes Gratilla (Cleary et al., 2005; Ristanto et al.,
2018) 0–5 m for Dendraster Excentricus (Merrill and
Hobson, 1970) and 0–5 m as sampled for Paracentrotus

Lividus. Average and standard deviation in annual seawater
temperature at each collection location is taken from the
World Ocean Database (V2) (Locarnini et al., 2013). The
growth temperature of Stronglyocentrotus Droebachiensis

is calculated from weekly temperature measurements within
the aquarium over the course of specimen growth.

Seawater d18O values were estimated from the global
gridded dataset of LeGrande and Schmidt (2006). Where
possible values were assumed over the depth range of the
species, otherwise sea surface measurements (0 m depth)
are used. Database d18Osw is converted into expected
d18Ocarbonate using the calibration of (Mavromatis et al.,
2012). Expected d18Ocarbonate VSMOW (‰) is then con-
verted into d18Ocarbonate VPDB (‰) using established equa-
tion d18OVPDB = 0.97001(d18OVMOW)�29.99 (Coplen,
1988).

2.2. Stable isotopic measurements

We sampled echinoid inter-skeletal elements as illus-
trated in Fig. 1. Ambulacral regions such as those shaded
red and interambulacral regions such as those shaded in
yellow (Fig. 1) were powdered using a dental drill. Elements
of the lantern were disarticulated, separated and powdered
using a pestle and mortar. The longest spines were selected
from the region of largest test diameter, removed and gently
Fig. 1. Illustration of inter-skeletal elements sampled within
crushed with a pestle and mortar. We also took ‘‘bulk” test
measurements consisting of over 3 cm2 areas of test calcite
composing both ambulacral and interambulacral regions
which were separately crushed.

Isotopic analyses were carried out in the Qatar Stable
Isotope Laboratory at Imperial College London. Typical
sample sizes were in the range of 5–8 mg per replicate.

To remove organic contaminants all samples were trea-
ted by low temperature plasma ashing under oxygen at a
flow rate of 400 ml/min power of 1000w with a treatment
time of between 30 and 45 min. Lebeau et al. (2014) recom-
mend low temperature ashing for measurement of stable
d13C and d18O as it facilitates the removal of organic matter
whilst preserving isotopic abundances. In order to ensure
low temperature oxygen plasma ashing has not affected
D47 of echinoid samples we treated carbonate standard
ETH3 using the same technique. D47 of untreated ETH3
standard (l = 0.71 ± 0.015, n = 8) is within range of
plasma treated ETH3 standard measured at Imperial over
the same measurement period (l = 0.69 ± 0.015, n = 8).
We can thus assume that positive offset in echinoid D47
from the inorganic calibration is not as a result of difference
in analytical protocol. We see no significant effect on stable
d13C and d18O of ETH3 on oxygen plasma ashing these
being d18OVPDB = �1.74, d13CVPDB = 1.70 and being
d18OVPDB = �1.76, d13CVPDB = 1.69 in non-treated and
treated samples respectively.

The relative abundance of the 13C18O16O isotoplogue in
acid evolved carbon dioxide is directly proportional to the
extent of 13CA18O ordering in the carbonate phase
(Ghosh et al., 2006). Powdered samples are thus reacted
individually in 105% orthophosphoric acid at 90 �C for 10
min following (McCrea, 1950) and (Swart et al., 1991).
Evolved carbon dioxide was purified using a series of water
traps and ‘‘static” Porapak -Q packed U-trap through
which gas is transferred without helium flow using both
the pull of liquid nitrogen and a pressure differential across
the trap (Davies and John, 2017).

Analyte CO2 was measured on dual inlet Thermo 253
mass spectrometer with faraday cups registered through
m/z 44–49. The dual inlet system allows rapid repeated
inter-comparison between sample and reference gas, a
CO2 standard from Oztech d13CVPDB �3.64‰, d18OVSMOW

25.01‰. Measurements comprised 8 acquisitions each with
echinoids. Echinoid pictured is Paracentrotus Lividus.
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7 cycles with 26 s integration time. A typical acquisition
time is 20 min corresponding to a total analysis time of
2.5–3 h. This measurement is repeated at least three times
per sample.

2.3. Data analysis and reduction

The 13C18O16O isotopologue constitutes approximately
97% of the abundance of CO2 measured on mass 47
(Eiler, 2007). The isotopic parameters of (Brand et al.,
2010) are used in calculation of raw D47, as these have been
shown to better account for anomalies in sample 17O thus
produce accurate D47 values independent of sample bulk
isotopic composition (Daëron et al., 2016; Schauer et al.,
2016). All calculations and corrections are carried out in
the freely available stable isotope management software
Easotope (John and Bowen, 2016).

Raw D47 is corrected in three steps. In order to correct
for non-linearity of the mass spectrometer, heated gasses
with different bulk isotopic compositions, were measured
and normalized by projecting all D47 measurements to a
d47 of 0. Heated gasses were prepared following the proce-
dure described by (Davies and John, 2017). D47 measure-
ments corrected for non-linearity were then translated
into the absolute reference frame of (Dennis et al., 2011).
Carbonate standards routinely measured to allow for trans-
lation into the absolute reference frame are Carrara Mar-
ble, ETH2 and ETH3. Full details of the heated gas and
carbonate standards run over the course of the measure-
ment period can be found in the supplementary material
(Annex 1). D47 is corrected for acid fractionation by adding
the acid fractionation factor 0.082‰ (Defliese et al., 2015).
d18O is corrected for phosphoric acid digestion at 90 �C
using an acid fractionation factor of 1.0081‰ (Kim et al.,
2007).

Supplementary data associated with this article can be
found, in the online version, at https://doi.org/10.1016/j.
gca.2018.07.038.

Masses 48 and 49 were used to detect the presence of
contaminants. Samples with D48 offset values > 1.5‰ or
49 parameter values > 0.2 were excluded from analysis fol-
lowing Davies and John (2017).

2.4. Statistical methods

Statistical analysis was carried out using the software
JMP� version 13.2.0. The appropriate application of statis-
tical methods strengthens conclusions based on available
data. The D47, d

13C and d18O values of homogenous car-
bonate standards (e.g. Carrara Marble n = 53, ETH3
n = 147) are normally distributed. Therefore, we assume
normality in the distribution of our sample data (n = 3–
4), allowing for the application of parametric statistical
tests. Average standard deviation (r) sample on D47 for
3–4 replicates is 0.0147‰.

One-way ANOVA (ANalysis Of VAriance) tests enable
us to determine if data of sample size N from a given num-
ber groups k of equal or unequal size n have a common
mean m. The null hypothesis assumes a common mean. It
is a parametric test but robust to modest violations in
sample normality. One way-ANOVA tests are reported fol-
lowing APA style (American Psychological Association,
1994). If the null hypothesis is rejected by one-way
ANOVA we carry post-hoc pairwise student t-tests to con-
firm where difference occurs between groups. We then use
effect size in association with group number, sample size
and significance level to calculate statistical power using
G*Power (Faul et al., 2007). Power values tells us the prob-
ability of detecting a ‘‘true” effect i.e. rejecting a false null
hypothesis. Low power values indicate a smaller chance
of rejecting a false null hypothesis. Further details of these
calculations are included in Appendix 1.

ANCOVA (ANalysis Of COVAriance) tests are used to
determine differences in D47-temperature relationship
between inorganic and biogenic calibrations. ANCOVA
combines ANOVA and regression analysis enabling the
user to determine if groups have a common mean m, whilst
controlling for the effect of covariates. As with ANOVA we
carry out carry post-hoc pairwise student t-tests to confirm
where difference occurs between groups and use effect size
in combination with sample size to calculate statistical
power at a significance level of 0.05 (Table 4).

3. RESULTS

The isotopic compositions (d13C, d18O and D47) of inter-
skeletal elements of all echinoids are shown in Table 2.

3.1. Variation in d13C, d18O in echinoid calcite

The d18OPDB of distinct skeletal elements in each speci-
men vary (Fig. 2). One-way ANOVA tests show that differ-
ences in the d18OPDB of inter-skeletal elements in echinoid
orders Diadematoida, Camarodonta and Strongylocentrotus

are statistically significant at the 95% confidence level
(Table 3).

Individuals from echinoid orders Camarodonta Strongy-

locentrotus and Clypeasteroida exhibit linearly correlated
inter skeletal d18O and d13C (Fig. 2). These groups also
show an overall trend of linearly correlated d18O and
d13C between different individuals (R2 = 0.785, P < 0.001).
Urchin orders Temnopleuroida and Diadematoida, collected
in the Indonesian region at similar growth temperatures,
show only small inter-skeletal variations in d18O (0.19‰
and 0.37‰ respectively), which are poorly correlated with
differences in d13C.

Inter-skeletal variation in d13C is greater than that for
d18O, individual skeletal elements exhibiting distinct d13C
signatures (Fig. 2). In measured specimen of the order
Temnopleuroida calcite sampled from spines has the lowest
d13C of 0.41‰ while test calcite has a d13C of 1.35‰. Con-
versely in the measured specimen of the order Camaro-

donta, calcite with the highest d13C is found in the spines
(0.81‰) while test and lantern calcite is much lighter in
d13C (�0.93 to-2.22‰).

The natural logarithm of the oxygen isotope fractiona-
tion factor (ln1000a calcite-H20) between echinoid calcite
and seawater is positively correlated (R2 = 0.857,
P < 0.001), with a least-squared regression best fit equation
of ln1000a calcite-H20 = 14.70 � (1000/T) � 20.13, where ‘T’

https://doi.org/10.1016/j.gca.2018.07.038
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Table 2
Sample stable and clumped isotope composition.

Sample name Order Genus n d18O VPDB (‰) S.E d13C VPDB (‰) S.E D47CDES (‰) S.E

GA1 Temnopleuroida Tripneustes 3 �1.59 0.04 1.16 0.02 0.710 0.006
GA2 Temnopleuroida Tripneustes 3 �1.39 0.05 1.20 0.02 0.703 0.005
GLT Temnopleuroida Tripneustes 5 �1.69 0.07 0.67 0.02 0.713 0.011
GS Diadematoida Diadema sp. 3 �1.64 0.18 0.28 0.01 0.696 0.012
GT Diadematoida Diadema sp. 3 �1.32 0.17 1.25 0.06 0.710 0.012
BS Temnopleuroida Tripneustes 3 �1.39 0.06 0.01 0.06 0.713 0.005
BT Temnopleuroida Tripneustes 3 �1.75 0.10 �2.03 0.02 0.727 0.004
MA1 Clypeasteroida Dendraster 3 1.41 0.09 �0.19 0.05 0.771 0.005
MA2 Clypeasteroida Dendraster 3 1.49 0.10 �0.03 0.02 0.760 0.004
MB Clypeasteroida Dendraster 3 1.29 0.14 �0.16 0.01 0.743 0.005
ML Clypeasteroida Dendraster 3 1.12 0.15 �1.35 0.01 0.756 0.010
MP Clypeasteroida Dendraster 3 1.18 0.03 �0.69 0.05 0.763 0.012
MS Clypeasteroida Dendraster 3 1.03 0.08 �0.55 0.01 0.746 0.006
YA1 Camarodonta Paracentrotus 3 0.86 0.13 �1.22 0.01 0.711 0.012
YA2 Camarodonta Paracentrotus 4 0.69 0.07 �1.48 0.05 0.697 0.015
YLP Camarodonta Paracentrotus 3 1.33 0.05 �1.51 0.08 0.732 0.015
YLR Camarodonta Paracentrotus 3 1.00 0.05 �2.22 0.01 0.726 0.006
YLT Camarodonta Paracentrotus 3 0.85 0.12 �0.93 0.03 0.721 0.011
YS Camarodonta Paracentrotus 3 1.79 0.21 0.81 0.03 0.726 0.010
YT Camarodonta Paracentrotus 3 0.60 0.11 �1.64 0.02 0.735 0.005
SDA1 Strongylocentrotus Droebachiensis 3 �0.30 0.05 �3.23 0.02 0.784 0.007
SDS Strongylocentrotus Droebachiensis 3 0.07 0.09 �1.32 0.01 0.755 0.002
SDA2 Strongylocentrotus Droebachiensis 3 �0.24 0.02 �3.02 0.04 0.782 0.007
SDLT Strongylocentrotus Droebachiensis 3 0.03 0.10 �2.40 0.02 0.767 0.009
SDT Strongylocentrotus Droebachiensis 4 �0.51 0.11 �3.46 0.03 0.766 0.009

n is number of replicates.

Fig. 2. Correlation between stable d18O and d13C in echinoid
calcite. 90% confidence ellipses for each echinoid order are shown
as shaded areas.
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is temperature in K. Although oxygen isotope fractionation
is correlated with temperature, d18O values of echinoid cal-
cite are offset from temperature dependent equilibrium as
established by inorganic precipitation experiments
(Mavromatis et al., 2012)(Fig. 3). Four of five echinoid
groups measured exhibit positive offsets in d18O in compar-
ison with inorganic d18O calibration. The value of the offset
varies between 0.65–1.25‰ in measured specimens of
orders Temnopleuroida and Diadematoida to >3.7‰ in Cly-

peasteroida. The measured specimen of order Strongylocen-
trotus however exhibits a negative offset in d18O from the
inorganic calibration of up to 1.34‰. As importantly, the
slope of the ln1000a calcite-H20 in echinoids differs from that
of inorganic precipitation experiments (Mavromatis et al.,
2012) (Fig. 3).

3.2. Inter-skeletal D47

Individual D47 measurements of inter-skeletal elements
lie within 95% confidence intervals for all echinoid species,
most falling within 1r (on average 0.0147‰, Fig. 4). One-
way ANOVA tests show there is no statistically significant
difference in D47 values of echinoid inter-skeletal elements at
the 95% confidence level (Table 3). This is however associ-
ated with a low power value indicating low likelihood of
rejecting the null hypothesis as a result of sample size. There
is correspondingly no correlation between inter-skeletal
d18O and D47 (Fig. 4) or d

13C and D47.

3.3. Echinoid D47–temperature relationship

Mean D47 values of 24 inter-skeletal measurements of 5
echinoid groups are plotted versus mean annual growth
temperatures (Fig. 5). A linear least squares regression of
this data yields the following relationship:

D47 ¼ 0:03922� 106

T2
þ 0:2365 ð2Þ

(R2 = 0.62, P < 0.001) where T is temperature in K.



Table 3
Summary of ANOVA statistics for the effect of inter-skeletal element on d18O and D47 for echinoid groups measured.

ANOVA

DF (Groups) DF (Error) F-value p-Value

Inter-skeletal Element vs. d18O
Diadema sp. 1 4 9.2783 0.0382
Tripnesutes 4 12 2.303 0.1182
Dendraster 5 12 2.6687 0.0759
Paracentrotus 6 15 12.8547 <0.001
Droebachiensis 4 11 7.6471 0.0034

Inter-skeletal Element vs. D47

Diadema sp. 1 4 5.0797 0.0873
Tripneustes 4 12 0.4471 0.7727
Dendraster 5 12 2.1503 0.1287
Paracentrotus 6 15 1.4311 0.2669
Droebachiensis 4 11 2.3054 0.1232

Fig. 3. Comparison of temperature dependant fractionation
between calcite and water in echinoids and inorganic precipitation
experiments of Mavromatis et al. (2012).
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4. DISCUSSION

4.1. Echinoid D47 vs. combined inorganic calibrations

We compare the echinoid T-D47 with expected values
based on the inorganic D47-temperature calibration experi-
ments. We chose to compare the calibrations of Kluge et al.
(2015) and Kelson et al. (2017) with our echinoid dataset.
These inorganic calibrations have been selected as they
encompass multiple precipitation methods, cover a wide
temperature range and incorporate a high density of mea-
surements in the low temperature range (Fig. 6).

In order to allow direct comparison with other calibra-
tions and with our own study, the Kluge et al. (2015) data-
set has been re-processed using the Brand et al. (2010). 17O
correction parameters, and presented in the D47CDES25�C
reference frame using the acid fractionation factor of
Defliese et al. (2015) (Annex 2). This yields the following
equation:
D47 ¼ 0:03998� 106

T2
þ 0:2423 ð3Þ

where T is temperature in K. The Kluge et al. (2015) cal-
ibration re-proccessed using the parameters of Brand et al.
(2010) is particularly useful as it was generated at Imperial
College London following almost identical CO2 purifica-
tion and IRMS analyses as our echinoids measured.

An ANCOVA test conducted indicates there is signifi-
cant difference between the inorganic calibrations of
Kluge et al. (2015) and Kelson et al. (2017) (F(1,81) =
2.4510, P = 0.1214) correcting for temperature. Kluge
et al., 2015 and Kelson et al., 2017 have no statistical differ-
ence in slope (F(1,81) = 1.2953, P = 0.2585) A student’s t-
test of difference in regression by least squares means
between (a = 0.05, t = 1.98969) verifies that there is no sig-
nificant difference in intercept between the two calibrations
(Table 4). Kluge et al. (2015) and Kelson et al. (2017) are
thus combined to form a general inorganic calibration with
equation

D47 ¼ 0:04028� 0:00076� 106

T2
þ 0:23776� 0:00759 ð4Þ

where T is temperature in K.
There is a positive offset from expected D47 values, based

on our combined inorganic D47-temperature calibration, in
just over 90% of measurements of echinoid calcite. An
ANCOVA test conducted indicates there is a significant dif-
ference between echinoid D47 and expected D47 based on
inorganic precipitation (F(1,108) = 15.39, P = 0.002) cor-
recting for temperature. There is however no difference in
slope between the inorganic and echinoid calibrations (F
(1,108) = 0.0456, P = 0.8314). We see an offset in the least
squared mean value of the echinoid D47-temperature rela-
tionship of 0.015% to higher D47 in comparison with our
new combined inorganic calibration (Fig. 6).

Inter-skeletal D47 values of echinoid species based range
up to 0.035‰ higher than expected based on inorganic cal-
ibration (Fig. 6). We see a much larger range in D47-
observed-expected in the measured specimen of order
Camarodonta than in specimens of other orders. In addition
converse to all other echinoid inter-skeletal measurements



Table 4
Summary of ANCOVA and sutdent t-test statistics for variation in d18O and D47 for all echinoid groups measured.

Ancova Student t-test

DF (Groups) DF (Error) F-value p-Value a t Effect size (d) Power

Effect of inorganic calibration,
Kluge et al. (2015) vs Kelson et al. (2017)

1 81 2.451 0.1214 0.05 1.98969 0.020200463 0.0505

Vital effects in D47-T calibration,
echinoids v.s inorganic calibration

1 108 15.39 0.002 0.05 1.9826 0.4251 0.3135

Fig. 4. Correlation between echinoid d18O and D47 for different echinoid groups. Black error bars indicate 1 SE red error bars reflect margin of
error at the 95% CI. Note that D47 CDES is presented at an acid digestion temperature of 25 �C by adding a correction factor of 0.082‰
(Defliese et al., 2015). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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in all groups ambulacral and inter-ambulacral calcite of the
measured specimen of the order Camarodonta are lower D47

in comparison with expected values. We propose that this is
an artifact of our method of growth temperature estimation
which is based on an average of seasonal temperatures.
There is much greater seasonal SST variation in the
Mediterranean Sea than at other collection localities. This
may explain the greater variation in D47 of inter-skeletal
calcite in the measured specimen of order Camarodonta

assuming different inter-skeletal growth periods. Skeletal
growth in warm summer periods may also explain apparent
depletion D47 in comparison with expected values in the
measured specimen of order Camarodonta.

4.2. Echinoid D47 vs. other biogenic calibration data sets

We compare our echinoid D47 dataset with biogenic
datasets presented in the absolute reference frame
(Fig. 7). In order to allow direct comparison between data
sets we re-process our echinoid dataset using the Santrock
et al. (1985) 17O correction parameters and compare with
the Kelson et al. (2017) and inorganic calibration processed



Fig. 5. Correlation between temperature and D47 in echinoids.
Black data circles represent clumped isotope measurements of
inter-skeletal elements of each echinoid order comprising 3–4
replicates.

Fig. 6. Correlation between temperature and D47 in echinoids, the
combined inorganic calibration of Kluge et al. (2015) and Kelson
et al. (2017) and Evans et al. (2018). D47 CDES is presented at 25 �
C acidification temperature by adding the acid fractionation factor
0.082 (Defliese et al., 2015). Note the negligible overlap in
confidence fits between the echinoid inorganic calibrations and
0.015% positive offset of the echinoid calibration.

Fig. 7. Correlation between temperature and D47 in echinoids (red
line) compared to other biomineralizing groups with D47 CDES in
the absolute reference scale of Dennis et al. (2011). All data are
presented in the 25 �C reference frame adjusting the acid fraction-
ation factor to a common 0.082‰(Defliese et al., 2015) using
Santrock et al., 1985 17O correction parameters. Shaded errors
reflect 95% confidence limits on regression. (For interpretation of
the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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using the Santrock parameters. All values are corrected to
acid digestion at 25 �C using the AFF 0.082‰ (Defliese
et al., 2015). The positive offset in D47 in echinoids is in
the in the same direction but 0.025‰ lower than the posi-
tive offsets observed in aragonitic scleractinian corals
(Kimball et al., 2015) shallow water corals (Saenger et al.,
2012) and brachiopods (Came et al., 2014) at 25 �C. Cepha-
lopods (Dennis et al., 2013) are offset to lower than
expected values of D47 by 0.02‰ and , an offset in the oppo-
site direction but of similar magnitude to that observed in
the echinoids (Table 5).
4.3. Sources of positive offset in D47

4.3.1. Potential effects of sample preparation, processing and

IRMS analysis

Measurement of echinoid D47 made at Imperial College
following similar laboratory procedure as Kluge et al.
(2015) enables us to discount difference in sample process-
ing and IRMS analysis as a potential cause in deviation
of echinoid D47 from inorganic values. Most analysis of
Kluge et al. (2015) and all analysis of Kelson et al. (2017)
were acidified at 90 �C, the acidification temperature used
in this study. This removes the complication of accurately
determining the difference in acid fractionation factor
between 90 and 25 �C in comparing inorganic and biogenic
calibrations. Our study also uses the same acid digestion
technique, purification by a static PPQ trap without helium
flow at �35 �C, 17O correction parameters in raw data pro-
cessing and carbonate standards for translation into the
absolute reference frame as the inorganic calibration of
Kluge et al. (2015). This enables us to make a more mean-
ingful comparison of inorganic and biogenic datasets.

There is no systematic offset to higher D47 in ambulacral
and interambulacral elements drilled with a low speed den-
tal drill in comparison with bulk test samples powdered
with a pestle and mortar (Table 2). It may therefore be con-
cluded that sample preparation by low speed drilling does
not result in resetting of calcite D47.

4.3.2. Effect of mineralogy

Echinoderm skeletal elements are composed of Mg-
enriched calcite, content ranging between 3.0–18.5 mol%
magnesium (Clarke and Wheeler, 1917; Chave,
1954; McClintock et al., 2011) with up to 43.5 mol%



Table 5
Overview of differences between biogenic D47-T calibration datasets processed using the Santrock et al. (1985) parameters.

Equation of the Calibration Line

Calibration Gradient (a) Intercept (b) D47 offset (‰)a Temperature
offset (�C)b

Higher (H) or lower (L)
apparent temperature

Brachiopods (Came et al., 2014) 0.03873 0.2908 0.041 6.73 L
Cephalopods (Dennis et al., 2013) 0.03123 0.3131 �0.027 �4.64 H
Coccoliths (Katz et al., 2017) 0.03307 0.3232 0.006 0.95 L
Echinoids (this study) 0.0407 0.2422 0.017 2.76
Gorgonian Corals (Kimball et al., 2013) 0.02526 0.4059 �0.006 �0.97 H
Inorgnaic (Kelson et al., 2017) 0.04097 0.2224 0.000 0.00 n/a
Scleractinian corals (Kimball et al., 2013) 0.06158 �0.0102 0.016 2.61 L
Shallow water corals (Saenger et al., 2012) 0.02226 0.4827 0.035 5.72 L

Calibration equations in the linear form a = mx + b.
a,b offset calculated at 15 �C.

Fig. 8. Correlation between fractionation in d18O and D47 in
echinoids. Vector trajectories for effects of different processes on
stable isotope signatures such as pH effects (Tripati et al., 2015),
CO2 diffusion (Thiagarajan et al., 2011), CO2 hydration and
hydroxylation reactions (Guo et al., 2008). Y-error bars represent
propagated error on calculated expected D47 based on calibration
error, error in growth temperature and standard error on D47

observed. X-error bars represent propagated error on expected
d18O based on error in d18Osw at growth location, error on d18O
calibration and observed d18O measured at Imperial College
London.
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‘‘proto-dolomite” measured in axial zones of echinoid teeth
(Schroeder et al., 1969).

Equilibrium constants for the equilibrium exchange
reaction M13C16O3 + M12C18O16O2 � M13C18O16O2 +
M12C16O3, where M is Ca or Mg in calcite, dolomite and
aragonite have been calculated to be relatively constant
with crystal chemistry. The equilibrium constant for the
above reaction is 0.004‰ lower in dolomite than in calcite
(Schauble et al., 2006). This deviation equates to differences
in mineral D47 one order of magnitude smaller and in the
opposite direction to observed D47 excesses in echinoid
high-Mg calcite. Mineral specific differences in isotopic
fraction during phosphoric digestion have also been pre-
dicted (Guo et al., 2009; Tripati et al., 2015). At 25 �C the-
oretically predicted D47calcite � D47dolomite � 0.022‰, a
deviation of the same order of magnitude but again in the
opposite direction to differences observed between echinoid
D47 and inorganically precipitated calcite (Guo et al., 2009;
Tripati et al., 2015) (Fig. 9). We therefore conclude that the
discrepancy in the biogenic calibration of the echinoids
does not relate to mineralization as high-Mg calcite. This
is further supported by the lack of offset between benthic
forams measured by Evans et al. (2018), also composed
of high Mg-calcite, and the combined inorganic calibration
of Kluge et al. (2015) and Kelson et al. (2017) (Fig. 6).

4.3.3. Effects of CO2 source and diffusion into calcifying sites

Echinoid biomineralization occurs in a vacuole enclosed
in a syncytial pseudopodium composed of skeletal cells
(sclerocytes), a membrane envelope produced by many
cells. The mineralization site is thus isolated from the envi-
ronment, sclerocytes controlling of ion balance and liquid
volume (Wilt, 2002; Politi et al., 2004). Skeletal tissue is sep-
arated from the external medium by an epidermis and the
inner medium (body cavity) by a mesothelium.

The process of diffusion of CO2 dissolved in seawater
across the calioblastic membrane into the calcifying fluid
has been suggested as a potential mechanism causing
kinetic fractionations in D47 in corals (Thiagarajan et al.,
2011; Saenger et al., 2012). Thiagarajan et al. (2011) calcu-
lated resultant fractionations of liquid phase diffusion
amounting to 1.6‰ in d18O and +0.036‰ for D47
(Fig. 8). The positive offset in D47 is similar to our observa-
tions in the echinoids, however we observe a correlated
enrichment in d18O in contrast to depletion (Figs. 3 and
8). Stumpp et al. (2012) demonstrate that the outer epider-
mis in echinoid larvae is semi-porous, allowing seawater
DIC to pass directly and to flood the extracellular compart-
ment surrounding calcifying scelerocytes. This may con-
tribute to the lack of a diffusive signature in echinoid
d18O and D47.

Stable isotopic data from Courtney and Ries (2015)
illustrates that increasing pCO2 affects the correlation
between d13C and d18O in echinoid calcite. At higher
pCO2 concentrations we observed a steeper correlation in
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the d13C and d18O relationship. Echinoids lack a struc-
turally complex respiratory system, where CO2 transport
is facilitated by perivisceral coelomic fluids, the fluids com-
posing the main body cavity of the echinoid (Weber, 1968).
We propose that more positive d13C at increased pCO2 may
occur as a result of increased diffusion of environmental
CO2 into calcifying sites mixing linearly with lighter respira-
tory CO2 produced at a constant rate independent of cellu-
lar pCO2.

4.3.4. Kinetic effects during hydration/hydroxylation

Intra-specimen correlation between d18O and d13C
reported here (Fig. 2) has been previously documented. Lin-
early correlated variations in skeletal d18O and d13C in
cidaroid urchins are purported to relate to kinetic effects
during the hydration and hydroxylation of CO2

(McConnaughey, 1989a; McConnaughey, 1989b) calcu-
lated to be the rate-limiting step in inorganic carbon speci-
ation (Johnson, 1982).

If kinetic effects during hydroxylation and hydration of
CO2 purported to offset biogenic calcite d18O and d13C
from equilibrium precipitation have a measurable effect
on echinoid D47, we might expect to see correlated rela-
tionships between these variables and echinoid D47 both
inter-skeletally and between species. Hydration affects
the isotopic composition of CO2 diffusing into the calcify-
ing site, thus the overall composition of the DIC. Likewise
dehydration followed by degassing also effects the overall
composition of the DIC. The hydration/dehydration of
CO2 has been demonstrated to occur at the same rate
for D47 as d18O suggesting disequilibrium in one system
will also manifest in the other (Affek, 2013) and is postu-
lated to be a contributory factor in measured positive D47

offsets in surface corals (Saenger et al., 2012). Kinetic
effects during hydration/dehydration result in enrichment
in D47 and associated depletion d18O. This is converse to
the enrichment in both d18O and D47 observed in most
echinoid data (Fig. 8). Inter-skeletal calcite from the
cold-water echinoid Stronglyocentrotus grown at 8.5 �C
does however show more depleted d18O and enriched
D47 compared to inorganic calcite equivalent, implying
the potential action of kinetic effects during precipitation
particularly in d18O. The manifestation of kinetic effects
is dependent on the ratio of the rate of precipitation to
the rate of isotopic equilibration of the DIC pool. The
timescale of equilibration of DIC in solution is longer at
lower temperature (Zeebe and Wolf-Gladrow, 2001) thus
it is a reasonable assumption that kinetic effects may play
a role in observed ‘‘vital effects” in echinoids growing fast
at lower water temperatures.

4.3.5. pH effects

The fluid composition of isolated environments such
as calcification sites in echinoids has the potential to
yield significant deviation in fluid composition from sea-
water values, including variable pH and ion concentra-
tion. This allows for significant variation in the DIC
pool from with the mineral precipitates compared to
external seawater.
The calcifying fluid DIC solution consists of carbonic
acid (H2CO3) dissolved carbon dioxide (CO2(aq)), bicarbon-
ate (HCO3

�) and carbonate (CO3
2�) ions. Theoretical mod-

elling by Hill et al. (2014) indicates each DIC species has
a distinct equilibrium clumped isotope signature, D47

(H2CO3) > D47 (HCO3
�) > D47 (equilibrium calcite) > D47

(CO3
2�), thus speciation within the parent DIC pool has

the potential to affect clumped isotope composition of pre-
cipitating carbonate minerals (Hill et al., 2014). The differ-
ence between D47(HCO3

�) and D47 (CO3
2�) at 25 �C is

predicted to be 0.018‰ (Guo et al., 2008) to >0.033‰
(Hill et al., 2014). The effect of varying pH alters the parti-
tioning of DIC species according to equilibrium constants
pK1 and pK2. A decrease in pH would shift equilibrium
to the left favouring the formation of H2CO3 over HCO3

�

(Eq. (5)) and HCO3
� over CO3

2� (Eq. (6)) (Millero et al.,
2006; Hill et al., 2014). Calculations of the D63, defined as
the per mil deviation in the abundance of all CO3

2� isotopo-
logues from the abundance predicted by random mixing,
for the composite DIC pool, indicates increased D63 with
decreases in pH. This effect is amplified at increased salini-
ties (S = 35,50) (Hill et al., 2014).

CO2 + H2O ��� Hþ + HCO3
� ð5Þ

HCO3
� ��� Hþ + CO3

2� ð6Þ
It has been hypothesized that pH effects could explain

observed variations in D47 and d18O in deep-sea corals
(Thiagarajan et al., 2011). Coral calcification is associated
with an increase of the pH of the calcifying fluid (pHcf)
from seawater pH (pHsw � 8.1) (Marion et al., 2011). The
pHcf in corals has been investigated using the boron iso-
topic pH proxy and has been found to range between 8.3
and 8.5 (McCulloch et al., 2012; Holcomb et al., 2014;
Sutton et al., 2017) while microelectrode measurements of
scleractinian coral species indicate they elevate pHcf by
1–2 units relative to pHsw (Al-Horani et al., 2003; Ries,
2011). The effects of pHcf in corals thus tend to a general
decreases in D63 (Fig. 10) (Hill et al., 2014). Using the boron
isotope proxy, tropical echinoids pHcf has been shown to be
only 0.1 units greater than pHsw, whereas temperate echi-
noids pHcf tends to be 8.0, lower than pHsw (Sutton
et al., 2017). Assuming the D63 signature of the DIC is
directly inherited during mineral precipitation i.e. precipita-
tion occurs fast enough that calcite crystals do have time to
come to internal bulk equilibrium, a decrease in pHcf in
echinoids is in agreement with higher than expected D47

of echinoid calcite (Hill et al., 2014) (Fig. 10). It must be
noted however that based on the model of Hill et al.
(2014) the offset in D47 from equilibrium at pH values
�8.6 is at its maximum 0.009‰, almost 3 times lower than
D47 enrichment observed in the echinoids.

Experimental results however indicate a difference in D47

(thus D63) between CO3
2 and HCO3

� of 0.063 ± 0.006‰
(Tripati et al., 2015), twice that of theoretical predictions,
suggesting greater magnitude effects of variations in pHcf

on D47. The observed slope of D47 observed-expected
against d18O observed-expected, excluding anomalous
Stronglyocentrotus samples, is remarkably similar to the



Fig. 9. Echinoid D47-temperature relationship in comparison with
theoretical calcite and dolomite (Guo et al., 2009).

Fig. 10. pH dependence of D63 of DIC (Hill et al., 2014). Shaded
boxes show pHcf echinoids (Sutton et al., 2017) and corals
(Al-Horani et al., 2003; Ries, 2011).
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observed slope of regression (0.011 ± 0.001) of synthetic
witherite precipitation at variable pH (Fig. 10) (Tripati
et al., 2015).

It may therefore be concluded that pH effects relating to
direct inheritance of the D63 signature from the DIC may
contribute to but may not be the sole cause of enrichments
in echinoid D47 from expected values. The potential for
observable pH effects is greater at increased salinities
(Tripati et al., 2015, Hill et al., 2014).

4.3.6. Precipitation/calcification rate

Echinoid D18O (D18O = d18Oe � 18ODIC) is weakly nega-
tively correlated with calcification rate (Courtney and Ries,
2015). Likewise in inorganic precipitation experiments, oxy-
gen isotope fractionation has been demonstrated to depend
on precipitation rate (R) (1000 ln acalcite–water = 1.094 log R
+ 30.87 (Dietzel et al., 2009). As echinoids measured as part
of this study were mostly collected live from the benthos,
measurement of precipitation rate and comparison with
D47 offset has not been possible. Previous studies however
indicate that echinoids are capable of rapid calcite precipi-
tation, the inner stereom of snapped spines calcifying at a
longitudinal rate of 125 lm/day (Gorzelak et al., 2011).
Courtney and Ries (2015) give an approximation of growth
rate of the bulk shell reporting up to a 0.504% d�1 change
in buoyant weight over a 60 day period in adult Echinome-

tra viridis while juvenile Tripneustes gratilla calcify at up to
2.75% d�1. If calcite crystals precipitate slowly enough to
reach internal bulk equilibrium, their D47 will remain inde-
pendent of the D63 of the DIC and by extension of the pH
of the parent solution (Tripati et al., 2015). This may
explain why correlated d18O-D47 effects relating to pH of
the calcifying fluid appear to manifest in rapidly calcifying
echinoids but not in other groups.

Crystal growth models such as the growth entrapment
model (Watson and Liang, 1995; Watson, 2004; Gabitov,
2013) and surface kinetic models (DePaolo, 2011) link net
precipitation rate to potential disequilibrium in isotopic sig-
natures when growth rates are high. Ion-by-ion growth
models (Watkins and Hunt, 2015), assuming attachment
and detachment rate coefficients for HCO3

� and CO3
2� iso-

topologues, are useful in explaining disequilibrium signa-
tures in biological carbonates considering predicted
differences in bond ordering between the two ions. Experi-
mental results based on inorganic precipitation under vary-
ing conditions however do not capture differences in D47 as
a result of growth effects eg precipitation rate (Tang et al.,
2014) whilst others indicate temperature dependent D47-
d18O co-variance indicating additional fractionation in fast
growing minerals that effects in d18O but not D47 (Affek and
Zaarur, 2014).

4.3.7. Other potential effects

A notable feature of echinoid biomineralization is crys-
tal formation via an initial amorphous calcium carbonate
(ACC) phase on an organic matrix. ACC is formed as a
transient precursor phase both in echinoderms (Beniash
et al., 1997; Politi et al., 2004) and some bivalve molluscs
(Weiss et al., 2002). The appearance of this biomineraliza-
tion mechanism on two different branches of the phyloge-
netic tree indicates that, although difficult to diagnose, it
may be widespread amongst invertebrates (Raz et al.,
2003). The formation of ACC and hindrance of conversion
to more stable crystalline phases requires unique conditions
such as the creation of a microenvironment disfavoring
organization of nuclei (Addadi et al., 2003) or the introduc-
tion of additives for example ions or organic macro-
molecules add that interfere with crystal growth (Raz
et al., 2003). Despite our lack of understanding of exactly
how ACC forms (Addadi et al., 2003) it is conceivable that
either of these mechanisms may act to promote a unique
D47 signature independent of environmental conditions.

The mechanism by which ACC is converted into calcite
remains uncertain (Addadi et al., 2003). Further knowledge
of how this occurs is important as it may determine whether
the potentially unique D47 composition in ACC is inherited.
If ACC is converted to calcite by dissolution and re-
precipitation in interaction with water in an open system
then D47 composition of ACC will be lost. If however this
conversion occurs under closed conditions, i.e. within a
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closed cellular compartment, or without breaking of CAO
bonds, preservation of a unique non-environmentally repre-
sentative D47 signal may still occur. In urchin larval spicules
the growing spicule is initially composed of ACC prior to
the propagation of a single crystal through the ACC phase
without evidence of an identifiable crystallisation front
(Beniash et al., 1997). This occurs within the isolated envi-
ronment of the confining vesicle so the ACC is not in con-
tact with the surrounding aqueous solution. Likewise
CaCO3 is delivered to the spicule forming compartment
as pre-formed ACC, also confined to vesicles thus prevent-
ing interaction with the surrounding environment (Beniash
et al., 1997). Stabilisation to calcite is thought to occur by
breakdown, conversion or rearrangement of macro-
molecules (Raz et al., 2003). The occurrence of this process
in isolation favours preservation of the initial D47 signal of
ACC.

Matrix macromolecules in the presence of magnesium
ions have been demonstrated to be responsible for the for-
mation and stabilization of ACC in sea urchin larval spi-
cules (Raz et al., 2003). An experimental study by Wang
et al. (2009) indicates that Mg content in biogenic ACC is
regulated by macromolecules including carboxylated
(acidic) proteins. Mg/Ca ratios appear to be controlled by
a predictable dependence on binding properties of organic
molecules related to electrostatic topology. It is reasonable
therefore to assume that electrostatic topology of the
organic mineralization matrix in groups such as echinoids
could have an influence in the adsorption of CO3

2� and/or
HCO3

� isotopologues into the calcite surface thus impacting
D47. We however do not observe any relationship between
offsets in D47 and Mg/Ca ratio in echinoid inter-skeletal ele-
ments as reported by Weber (1969). Kimball et al. (2015)
measured the clumped isotope composition of Gorgonian
corals that, like the echinoids, form high-Mg calcite on an
organic matrix. The gorgonians display an offset in D47

opposite in polarity to that observed in the echinoids
(Kimball et al., 2015) thus it is difficult to reconcile the
two with the same mechanism. It is however notable that
both display discernable offsets from the inorganic D47 cal-
ibration in comparison with equilibrium precipitators such
as coccoliths (Katz et al., 2017) and benthic forams (Evans
et al., 2018).

4.4. Perspective for the use of echinoderm D47 in paleoclimate

reconstruction

Echinoderms offer good targets for paleoclimate recon-
struction as a result of their relatively high abundance
and ubiquitous distribution in most marine facies
(Lebrato et al., 2010) and long fossil record, dating back
to the Early Cambrian (Bottjer et al., 2006). The echino-
derm origin of sediment particles can be recognised by their
characteristic microstructure. They are an important com-
ponent of Cenozoic carbonate systems and can compose
between 5 and 30% of sediment particles (Kroh and
Nebelsick, 2009). Echinoids are particularly common in
Oligo-Miocene carbonates, clyperasteroids forming mass
occurrences in shore face sequences, which can be up to sev-
eral metres in thickness (Nebelsick and Kroh, 2002).
The high-Mg calcite composition of echinoderms is ther-
modynamically metastable under environmental condi-
tions, however recrystallization during early diagenesis is
often inhibited by organic and inorganic linings (Berner,
1966; Weber, 1969). Cement coating plays an important
role in preservation, forming so called ‘‘crystal caskets” that
prevent ion exchange with echinoderm calcite and sur-
rounding pore water (Dickson, 2001). Dickson et al.
(1995, 2004) report examples dating back to the Silurian
where echinoderm high Mg-calcite has been preserved
enabling the application of stable isotope techniques. Fur-
thermore diagenetic recrystallization is easier to detect in
organisms composed of high-Mg calcite as this is rapidly
converted to low-Mg, low-Sr calcite with no continuum in
Mg/Ca-Sr/Ca space between well-preserved and poorly pre-
served samples. Mg/Ca and Sr/Ca ratios can thus been used
to identify recrystallized samples (Evans et al., 2018).

Variability in fractionation of d18O both inter-skeletally
and between individuals combined with uncertainties in the
d18Osw of ancient oceans however serves to complicate pale-
otemperature reconstruction based solely on stable oxygen
isotopic composition of skeletal calcite. Previous studies
indicate strong vital effects in d18O and d13C with high
inter-specific, inter-specimen and inter-skeletal variation.
This variation is controlled by a variety of factors, largely
genetic but also including temperature, depth of growth,
food supply and ambient d13C- level and is thus non-
predictable (Weber and Raup, 1966a; Weber and Raup,
1966b; Weber, 1968). The most significant correlation of
d18O with temperature is observed in test calcite
(r2 = �0.34, N = 153) (Weber and Raup, 1966b).

The clumped isotope composition of echinoid calcite is
shown to be homogenous inter-skeletally (Fig. 4). Addition-
ally, although the clumped isotopic composition of echi-
noid calcite shows a positive small offset from expected
values based on inorganic precipitation experiments, the
positive D47 offset is consistent among echinoid groups.
The offset in echinoid D47 may thus be corrected for either
by deducting 0.015‰ from echinoid D47 values prior to
applying our inorganic D47-T calibration. This offset,
although small, is statistically robust at 0.0146
± 0.0042‰. The error calculated on this offset using a least
squared means student t-test adds only a ±0.31 �C uncer-
tainty on the total propagated temperature error of our
inorganic calibrations (Kluge et al., 2015; Kelson et al.,
2017). Moreover in contrast to echinoid d18O calibration,
the offset in echinoid D47 from the inorganic calibration is
constant across the range of measured temperatures (i.e.
both the echinoid and inorganic calibrations have indistin-
guishable slopes). This predictable offset makes echinoid
D47 a more reliable temperature proxy than echinoid
d18OVPDB. Vital effects in echinoid d18O however still
remain a barrier to the use of combined D47 and d18OVPDB

to back calculate d18Osw. The positive 0.015‰ offset of echi-
noid calcite from the organic calibration is only demon-
strated here within a 8.5 �C to 28 �C range of growth
temperature, and thus applications beyond this range
requires extrapolation of the data or further study to vali-
date the application of the clumped isotope proxy to echi-
noids growing at very low sea temperatures (1�2 �C).
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5. CONCLUSIONS

This study is the first to systematically measure echinoid
D47. The inter-skeletal variation in D47 is insignificant. We
find however a positive offset of 0.014‰ in D47 relative to
the inorganic calibration of the clumped isotope thermome-
ter, corresponding to approximately a 4.5 �C underestima-
tion of precipitation temperature at 15 �C. Although
small the 4.5 �C underestimate in growth temperature
observed based on clumped isotopic composition is consis-
tent across echinoid orders, both regular and irregular. The
magnitude of positive D47 offset in the echinoids is approx-
imately half that of the positive D47 offsets reported in bra-
chiopods and shallow water corals (Saenger et al., 2012;
Came et al., 2014). This offset is however statistically signif-
icant and cannot be explained by inter-laboratory differ-
ences in calibration or mineralogical differences. Four of
five echinoid species measured in this study show enrich-
ment in D47 of echinoid calcite associated with correspond-
ing enrichment in d18O. Neither kinetic effects during
hydroxylation of CO2 nor isotopic fractionation during
CO2 diffusion into calcifying sites can explain this pattern.
Enrichments in D47 and d18O of the magnitude observed
may however correspond to pH effects on DIC speciation
in the calcifying fluid in association with rapid precipitation
rate and potential effects relating to ACC precipitation on
an organic matrix. Depletion in d18O and enrichment in
D47 of skeletal elements of echinoid Stronglyocentrotus

may also imply potential kinetic effects during rapid precip-
itation at very low growth temperatures.

Based on our results, we suggest that the echinoids may
be added to a growing list of calcifying groups that show
evidence of an offset in clumped isotope composition in
comparison with inorganic precipitation experiments. This
offset is however constant across growth temperature range
of species measured and can thus easily be corrected. This
suggests that D47 in echinoids may be a more reliable tem-
perature proxy than d18OVPDB. The addition of a further
group to the growing list of organisms showing statistically
distinguishable ‘‘vital effects” in D47 is proof that these
effects are more widely spread than at first conceived.
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APPENDIX 1

Statistical methods

In one way-ANOVA tests we report DF(Groups), DF
(Error), F-values and p-values following APA style
(American Psychological Association, 1994). DF(Groups)
gives the between group variation calculated as k-1, DF
(Error) gives the within group variation N-k. The F-
Statistic gives variation between sample means/variation
within samples thus comparing the variability between
groups to the variability within groups. Low F-values indi-
cate close group means however in order to interpret F-
values we present the p-value. The p-value gives the proba-
bility of obtaining a value above the F-value on the F-
distribution, which follows the ratio of between group vari-
ability to within group variability assuming the null
hypothesis is true. P-values of >0.05 or >0.01 enable us
to reject the null hypothesis at the confidence level of 95%
or 99% respectively.

When assessing suitability of one-way ANOVA in anal-
yses we must consider the effect of sample size. The ‘‘effect
size” quantifies the difference between groups emphasizing
the size of the difference free of sample size effects. We
can calculate the effect size between groups g2.

g2 ¼ SSðBetween groupsÞ=SSðTotalÞ ð1Þ
where SS(Between groups) is the sum of squares for the
effect of the independent variable and SS(Total) is the total
sum of squares (Richardson, 2011).

In one-way ANOVA analyses we, on average, test 5–6
groups, each representing a skeletal element with 3–4 repli-
cates in each group. Effect size varies from 0.2 to 0.29, a
medium effect size (Cohen, 1992). Power values for
ANOVA analyses in this study are <0.2 at a significance
level of 0.05. Low power values indicates a high probability
of type II errors manifested and less than a 0.2 chance of
rejecting the null hypothesis. We however present the
results of these statistical tests as a first step to more quan-
titative analysis of clumped datasets.

The coefficient of determination (R2) (Eq. (2)) is used to
quantify the significance of association between two contin-
uous variables x and y such as temperature and D47. Assess-
ment of correlation is important in identifying covariates.

R2 ¼ n Rxyð Þ � Rxð Þ Ryð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nRx2 � Rxð Þ2
h i

nRy2 � Ryð Þ2
h ir

0
BB@

1
CCA

2

ð2Þ

ANCOVA is a parametric test assuming independent
observations and that the covariate and dependent variable
are linearly related with equal slope. In the case of this
work, this implies testing the difference in D47-temperature
calibrations where inorganic and biogenic calibrations form
independent categorical variables, D47 is the dependent
variable and temperature is the covariate. As in one way
ANOVA analyses we report DF(Groups), DF(Error), F-
values and p-values.

To further verify ANCOVA results we carry out student
t-tests on least squared mean difference between the two
groups tested. As for ANOVA can test for effect size

d ¼ ma �mb=r ð3Þ
where d is effect size ma is group a mean mb is group b mean

and r is pooled standard deviation r ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ra � rbð Þ=2½ �p

.



Fig. 1a. Correlation between temperature and D47 in echinoids and
the inorganic precipitation experiments of Kluge et al. (2015) and
Kelson et al. (2017). D47 CDES is presented at 25 �C acidification
temperature by adding the acid fractionation factor 0.082 (Defliese
et al., 2015) Note that while the shaded confidence fits of inorganic
calibration regression lines coincide there is only some overlap
between confidence fit on the echinoid calibration regression and
that of the inorganic calibrations.
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Creation of a re-processed inorganic D47 calibration

We choose to compare our echinoid calibration with the
inorganic calibrations of Kluge et al. (2015), re-processed
using the Brand et al. (2010) 17O correction parameters
and Kelson et al., 2017. In order to determine if combining
these calibrations to form a combined low temperature
inorganic calibration was a valid approach we carry out sta-
tistical tests determining there is no significant difference
between the two calibrations. Fig. 1a plots both
calibrations.

The T-D47 calibration of (Bonifacie et al., 2016) for dolo-
mite is also shown (Fig. 1a) however is not incorporated
into the combined inorganic calibration owing to the devi-
ation from Kluge et al. (2015) at high temperature.
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