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Oxygen isotopes of biogenic apatite have been widely used to reassess anomalous temperatures inferred
from oxygen isotope ratios of ancient biogenic calcite, more prone to diagenetic alteration. However, recent
studies have highlighted that oxygen isotope ratios of biogenic apatite differ dependent on used analytical
techniques. This questions the applicability of the phosphate–water fractionation equations established over
25 years ago using earlier analytical techniques to more recently acquired data. In this work we present a
new phosphate–water oxygen isotope fractionation equation based on oxygen isotopes determined on fish
raised in aquariums at controlled temperature and with monitored water oxygen isotope composition. The
new equation reveals a similar slope, but an offset of about +2‰ to the earlier published equations. This
work has major implications for paleoclimatic reconstructions using oxygen isotopes of biogenic apatite
since calculated temperatures have been underestimated by about 4 to 8 °C depending on applied tech-
niques and standardization of the analyses.
(E. Pucéat).
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1. Introduction

Since the pioneer work of Longinelli (1966) and Longinelli and
Nuti (1973a, 1973b), later refined by Kolodny et al. (1983), oxygen
isotopes of biogenic phosphate (δ18Op) have been used to reconstruct
the temperature of ancient oceans (Joachimski et al., 2006; Dera et al.,
2009; Trotter et al., 2008). Biogenic phosphates reveal many
advantages as (i) apatite is less prone to post-mortem alteration in
comparison to biogenic carbonate, (ii) fossil apatite like fish tooth or
conodont apatite is widely distributed both stratigraphically and
spatially, and (iii) non-equilibrium oxygen isotope fractionation has
not been observed during precipitation of biogenic apatite. Due to
the high preservation potential of biogenic apatite, isotope studies
using conodont or fish tooth δ18Op have been used to reconstruct
palaeotemperatures and to reassess anomalous temperatures inferred
from δ18O of biogenic carbonate (Pucéat et al., 2007; Trotter et al.,
2008; Joachimski et al., 2009).
However, analytical techniques have evolved since the work of
Longinelli (1966) and Kolodny et al. (1983), and recent papers have
shown that the various analytical techniques currently used can result
in significantly different δ18Op (up to several per mil; O'Neil et al., 1994;
Vennemannet al., 2002; Chenery et al., 2010). Thesedifferences in δ18Op

are based (i) on different chemical protocols used to isolate the
phosphate group from biogenic apatite (Crowson et al., 1991; O'Neil
et al., 1994), and (ii) on different methods to analyse oxygen isotopes
of phosphate-bound oxygen (Vennemann et al., 2002; Chenery et al.,
2010). Since oxygen is present in three sites in biogenic apatite, the
PO4

3− group has to be isolated prior to isotope analysis. Initially the
phosphate group was precipitated as BiPO4 (Longinelli, 1966; Kolodny
et al., 1983). More recently, trisilverphosphate is used since Ag3PO4 is
not hygroscopic and easier to prepare than BiPO4 (Crowson et al., 1991;
O'Neil et al., 1994). The δ18O of BiPO4 and Ag3PO4 has been determined
either by conventional fluorination (Longinelli, 1966; Crowson et al.,
1991), by heating Ag3PO4 with graphite in silica tubes, releasing CO2

(O'Neil et al., 1994), or by online high-temperature reduction in a glassy
carbon reactor, releasing CO (Kornexl et al., 1999; Vennemann et al.,
2002). Since fluorination, heating in silica tubes, and high-temperature
reduction of Ag3PO4 samples result in different δ18O values, phosphate
and Ag3PO4 standards are used to standardize oxygen isotope analyses
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Table 1
Published δ18O values for NBS120b and NBS120c analysed using fluorination of Ag3PO4

or BiPO4.

Author Analyte δ18Op (‰SMOW) Analytical
reproductibility (1σ)

NBS120b NBS120c

Shemesh et al. (1988) BiPO4, heated
to 130 °C

20.1 ±0.3

Shemesh et al. (1988) BiPO4, heated
to 420 °C

20.5 ±0.1

Wright and Hoering (1989) Ag3PO4 19.81 19.94 ±0.8 for NBS120b,
±0.6 for NBS120c

Crowson et al. (1991) Ag3PO4 21.33 ±0.1
Lécuyer et al. (1993) Ag3PO4 21.7 ±0.16
Bryant et al. (1994) BiPO4 19.91 ±0.39
Lécuyer et al. (1996) Ag3PO4 21.7 ±0.14
Bryant et al. (1996) Ag3PO4 21.36 ±0.18
Vennemann et al. (2001) Ag3PO4 22.1 ±0.1
Vennemann et al. (2002) Ag3PO4 22.58 ±0.09
Chenery et al. (2010) Ag3PO4 21.7 ±0.15

δ18Op is the oxygen isotope composition of the phosphate group of the analyte.
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obtained by the different analytical techniques (Vennemann et al.,
2002; Chenery et al., 2010). However, a disagreement exists on the
oxygen isotope value of the most widely used standard NBS120c
(Florida phosphate rock) which is not a certified oxygen isotope stan-
dard (Lécuyer et al., 1996; Vennemann et al., 2002; Table 1). Oxygen
isotope analyses of phosphate are currently standardized using either a
value of NBS120c of 21.7‰ (Lécuyer et al., 2003; Trotter et al., 2008), or
of 22.6‰ (Vennemann et al., 2002; Joachimski et al., 2009). The reason
for the difference in δ18O is unclear. Lécuyer et al. (1993) as well as
Vennemann et al. (2002) analysed NBS120c by conventional fluorina-
tion of Ag3PO4 with BrF5 calibrating the fluorination lines using quartz
standard NBS-28. Vennemann et al. (2002) suggested that the 0.9‰
offset in δ18O of NBS120cmay be related to different chemistry used for
precipitating Ag3PO4.

These differences have major implications for the reconstruction
of paleotemperatures. To calculate temperatures from δ18Op of fish
teeth, conodonts, or phosphatic marine invertebrates, the phosphate–
water fractionation equations of Longinelli and Nuti (1973a, 1973b)
or Kolodny et al. (1983) have been used, independently of the
analytical technique and the value of NBS120c used to standardize the
data. Yet in contrast to recent studies, the phosphate–water oxygen
isotope fractionation equations have been established by analysing
BiPO4 by conventional fluorination, without using NBS120c for stan-
dardization as this standard was not available at that time. As a result,
(i) these fractionation equations may not be applicable to data
acquired using the most recent techniques, and (ii) large differences
in reconstructed paleotemperature (4 °C using Kolodny et al., 1983)
arise between data sets analysed assuming a δ18O value of 21.7 or
22.6‰ for standard NBS120c.

In this work, we raised seabreams (Sparus aurata) in aquariums
at a controlled temperature and monitored water oxygen isotope
composition (δ18Ow). The oxygen isotope composition of the phos-
Table 2
Experimental setups.

Site Location Number of
aquariums

Temperature of
the aquariums

Origin of w

Nausicaä Boulogne sur Mer
(France)

4 8, 10, 12, 14 °C Seawater fr
in a tank b

Aquarium de La Rochelle La Rochelle
(France)

4 16, 18, 20, 22 °C Artificial se
produced f
commercia

Aquarium du Grand Lyon Lyon
(France)

3 24, 26, 28 °C Seawater fr
diluted with
phate group of fish teeth was analysed using the most recent tech-
niques for which several apatite standards have been made available.
With these data we established a new phosphate–water fractionation
equation that allows us to discuss the applicability of earlier published
equations on recently acquired data.

2. Experimental

Seabreams (S. aurata) were placed in eleven aquariums at the
Aquarium of La Rochelle (La Rochelle, France), Nausicaä (Boulogne sur
Mer, France) and the Aquarium du Grand Lyon (Lyon, France) where
they lived for 4 to 5 months, depending on the availability of the
aquariums at the different sites. Waters in the aquariums were main-
tained at constant temperatures (±0.5 °C) ranging from 8 to 28 °C.

Aquariums of 200 to 600 l were used for the experiments. The
aquariumswere filledwithwater with different δ18O values, depending
on the facilities available at each site. For the site of Nausicaä, seawater
is permanently pumped from the nearby Channel and stored in a tank
of 100 m3 before being redistributed in every aquarium of the site,
including those of our experiment. Water is then constantly renewed in
every aquarium (open system). For the site of Lyon, seawater from the
Mediterranean Sea was imported and diluted with osmosis water to
obtain a salinity of 32. For the site of La Rochelle, artificial seawater with
a salinity of 35 was produced using osmosis water and the commercial
salt Instant Ocean. In the aquariums of La Rochelle and Lyon, the water
was recycled in a closed system.Waterwith an identical oxygen isotopic
composition as the initial water was regularly added to compensate
for evaporation and to maintain aquarium water salinity and δ18O as
constant as possible. Water δ18Ow was measured once per month.
Experimental setups are summarized in Table 2.

In order to study the short-term variability of water δ18O for the
aquariums of Nausicaä, in which the water was constantly renewed,
the 12 °C warm water of the aquarium was sampled every day during
one week of the experiment (Table 3). In order to study the impact
of regular addition of waters in aquariums with a closed system
(La Rochelle and Lyon), the aquariums at 16, 18, 20, and 22 °C were
sampled before and after the addition of newwater during the month
of April 2008 (Table 3).

Every fish was injected in the peritoneal area with 2% calceine
(40 mg of calceine per kg of fish; Trébaol et al., 1991) when intro-
duced into the aquarium in order to identify the parts of the teeth that
formed while the fish were raised. Calceine remains less than one
week in fish internal fluids and marks precipitating apatite with a
yellow–brown colour under natural light and with a bright green
fluorescence under UV light, allowing the selection of apatite formed
during the experiment (Fig. 1).

3. Material and methods

At the end of the experiment, yellow–brown teeth in the func-
tional position can be seen very clearly on seabream jaws (Fig. 1). In
order to select with certainty apatite that mineralized when the fishes
were living in the aquariums at controlled temperature, only teeth
ater Water renewal

om the Channel, stored
efore redistribution

Open system (water constantly renewed)

awater with a salinity of 35,
rom osmosis water and the
l salt Instant Ocean

Closed system (water recycled within the aquariums,
with regular addition to compensate for evaporation)

om the Mediterranean Sea
osmosis water to a salinity of 32

Closed system (water recycled within the aquariums,
with regular addition to compensate for evaporation)



Table 3
Oxygen isotope composition of water samples.

Sample
name

Month of
sampling

Date of sampling
(day/month/year)

Days from the
beginning of
the experimenta

Aquarium
Temperature
(°C)

Site δ18Ow
(‰SMOW)

Mean δ18Ow
(‰SMOW)
per month

Mean δ18Ow
(‰SMOW)
per aquarium

1σ

N1-8 May 15/05/2008 105 8 Aquarium of Nausicaa −1.51 −1.51
N2-8 June 19/06/2008 140 8 Aquarium of Nausicaa −1.36 −1.36 −1.30 0.18
N3-8 July 29/07/2008 180 8 Aquarium of Nausicaa −1.21 −1.21
N4-8 August 27/08/2008 209 8 Aquarium of Nausicaa −1.11 −1.11
N1-10 May 15/05/2008 105 10 Aquarium of Nausicaa −1.49 −1.49
N2-10 June 19/06/2008 140 10 Aquarium of Nausicaa −1.36 −1.36 −1.26 0.20
N3-10 July 29/07/2008 180 10 Aquarium of Nausicaa −1.11 −1.11
N4-10 August 27/08/2008 209 10 Aquarium of Nausicaa −1.08 −1.08
N1-12 May 15/05/2008 105 12 Aquarium of Nausicaa −1.49 −1.49
N2-12a June 15/06/2008 140 12 Aquarium of Nausicaa −1.31
N2-12b 16/06/2008 140 12 Aquarium of Nausicaa −1.39
N2-12c 17/06/2008 140 12 Aquarium of Nausicaa −1.32 −1.35 −1.28 0.17
N2-12d 18/06/2008 140 12 Aquarium of Nausicaa −1.37
N2-12e 19/06/2008 140 12 Aquarium of Nausicaa −1.34
N3-12 July 29/07/2008 180 12 Aquarium of Nausicaa −1.16 −1.16
N4-12 August 27/08/2008 209 12 Aquarium of Nausicaa −1.14 −1.14
N1-14 May 15/05/2008 105 14 Aquarium of Nausicaa −1.44 −1.44
N2-14 June 19/06/2008 104 14 Aquarium of Nausicaa −1.38 −1.38 −1.31 0.16
N3-14 July 29/07/2008 180 14 Aquarium of Nausicaa −1.13 −1.13
R1-16 February 21/02/2008 21 16 Aquarium of La Rochelle −4.67 −4.67
R2-16 March 16/03/2008 45 16 Aquarium of La Rochelle −4.16 −4.16
R3-16ab April 24/04/2008 84 16 Aquarium of La Rochelle −3.84 −3.83 −4.14 0.57
R3-16bc 24/04/2008 84 16 Aquarium of La Rochelle −3.81
LR-16 May 19/05/2008 109 16 Aquarium of La Rochelle −3.35 −3.35
R216 June 25/06/2008 146 16 Aquarium of La Rochelle −4.68 −4.68
R1-18 February 21/02/2008 21 18 Aquarium of La Rochelle −3.92 −3.92
R2-18 March 16/03/2008 45 18 Aquarium of La Rochelle −3.34 −3.34
R3-18ab April 24/04/2008 84 18 Aquarium of La Rochelle −2.51 −2.57 −2.87 0.75
R3-18bc 24/04/2008 84 18 Aquarium of La Rochelle −2.63
LR-18 May 19/05/2008 109 18 Aquarium of La Rochelle −2.50 −2.50
R500 June 25/06/2008 146 18 Aquarium of La Rochelle −2.04 −2.04
R1-20 February 21/02/2008 21 20 Aquarium of La Rochelle −4.07 −4.07
R2-20 March 16/03/2008 45 20 Aquarium of La Rochelle −3.45 −3.45
R3-20ab April 24/04/2008 84 20 Aquarium of La Rochelle −2.79 −2.88 −3.45 −3.45
R3-20bc 24/04/2008 84 20 Aquarium of La Rochelle −2.96
LR-20 May 19/05/2008 109 20 Aquarium of La Rochelle −4.02 −4.02
R501 June 25/06/2008 146 20 Aquarium of La Rochelle −2.84 −2.84
R1-22 February 21/02/2008 21 22 Aquarium of La Rochelle −4.62 −4.62
R2-22 March 16/03/2008 45 22 Aquarium of La Rochelle −3.94 −3.94
R3-22ab April 24/04/2008 84 22 Aquarium of La Rochelle −3.28 −3.24 −4.15 0.64
R3-22bc 24/04/2008 84 22 Aquarium of La Rochelle −3.20
LR-22 May 19/05/2008 109 22 Aquarium of La Rochelle −4.88 −4.88
R502 June 25/06/2008 146 22 Aquarium of La Rochelle −4.08 −4.08
L1-24 February 19/02/2008 19 24 Aquarium Grand Lyon/Aqualand −1.20 −1.20
L2-24 March 24/03/2008 53 24 Aquarium Grand Lyon/Aqualand −0.05 −0.05 −0.20 0.58
L3-24 April 21/04/2008 81 24 Aquarium Grand Lyon/Aqualand −0.05 −0.05
L4-24 May 20/05/2008 110 24 Aquarium Grand Lyon/Aqualand 0.03 0.03
L5-24 July 03/07/2008 154 24 Aquarium Grand Lyon/Aqualand 0.28 0.28
L1-26 February 19/02/2008 19 26 Aquarium Grand Lyon/Aqualand −1.20 −1.20
L2-26 March 24/03/2008 53 26 Aquarium Grand Lyon/Aqualand −0.32 −0.32
L3-26 April 21/04/2008 81 26 Aquarium Grand Lyon/Aqualand −0.87 −0.87 −0.80 0.32
L4-26 May 20/05/2008 110 26 Aquarium Grand Lyon/Aqualand −0.73 −0.73
L5-26 July 03/07/2008 154 26 Aquarium Grand Lyon/Aqualand −0.86 −0.86
L1-28 February 19/02/2008 19 28 Aquarium Grand Lyon/Aqualand −1.73 −1.73
L2-28 March 24/03/2008 53 28 Aquarium Grand Lyon/Aqualand −0.21 −0.21
L3-28 April 21/04/2008 81 28 Aquarium Grand Lyon/Aqualand −0.53 −0.53 −0.64 0.62
L4-28 May 20/05/2008 110 28 Aquarium Grand Lyon/Aqualand −0.37 −0.37
L5-28 July 03/07/2008 154 28 Aquarium Grand Lyon/Aqualand −0.38 −0.38

a Because of aquarium availability on the different sites, the experiment begun January the 31th 2008 in La Rochelle, February the 8th 2008 in Lyon, and May the 7th in Nausicaa.
The days from the beginning of the experiments represent the number of day from the beginning in La Rochelle.

b Water sampled before addition of new water (see Section 2).
c Water sampled after addition of new water (see Section 2).
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still located inside the bone on the distal side of the jaws were
sampled. These teeth, that were located behind functional yellow–

brown teeth and mineralized after them (Rosecchi, 1985), were
completely white under natural light and did not present any bright
green fluorescence under UV (Fig. 1). They therefore mineralized
after calceine had dissipated from the internal fluid of the fish. The
seabreams in the aquarium at 14 °C died after 2 months of experiment
and did not remain in the aquarium long enough to be able to identify
with certainty teeth that were entirely mineralized in the aquarium
on the basis of calceinemarking. These teethwere not used for oxygen
isotope analysis.

Stable isotope analyses were performed at the GeoZentrum
Nordbayern of the University of Erlangen-Nuremberg (Germany).
The teeth were soaked for 12 h in 2.5% NaOCl to remove soluble



Fig. 1. Pictures of (A) the lower jaw of specimen L26D2, raised at 26 °C and (B) the lower jaw of specimen 500D1, raised at 18 °C. White scale on the four detailed pictures in
(B) represents 50 μm. The plain black ellipses indicate the location of tooth L26D2dr3 and 500D1dr2 that were not yet erupted. (A) The brown-yellow teeth mineralizing after
injection of calceine at the beginning of the experiments are clearly visible. (B) The functional tooth on the detailed picture of the thin section (1) shows brown parts under natural
light, that display a bright green luminescence under UV due to the presence of calceine in the apatite. By contrast, the tooth inside the bone located under this functional tooth (2) is
white under natural light and does not show any bright green luminescence under UV but a slight deep blue luminescence that occurs naturally in fish tooth apatite.
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organic matter, washed several times in distilled water and soaked
for 48 h in 0.125 M NaOH to remove humic acids (Stephan, 2000).
After several rinse cycles with distilled water, 36 apatite samples
(0.5 to 1 mg) were dissolved in nitric acid and chemically converted
to Ag3PO4 using the method described by Joachimski et al. (2009).
Oxygen isotope ratios were measured on CO using a High Temper-
ature Conversion Elemental Analyzer (TC-EA) connected online to a
ThermoFinnigan Delta plus mass spectrometer. All δ18O values are
reported in per mil relative to V-SMOW (Vienna Standard Mean
Ocean Water). Accuracy and reproducibility (b±0.2‰, 1σ) were
monitored by multiple analyses of Ag3PO4 from NBS120c and several
Ag3PO4 standards (TUI-1, TUI-2, YR-2; n=10). The average oxygen
isotope compositions of TUI-1, TUI-2 and YR-2 standards were 21.3,
5.5, and 13.2‰ V-SMOW, respectively. The mean δ18O value of
NBS120c was 22.6‰ V-SMOW, comparable to the value of 22.6‰
V-SMOW determined by Vennemann et al. (2002) by conventional
fluorination.

Water oxygen isotope composition was analysed from 0.5 ml
water subsamples at the Leibniz Laboratory for Radiometric Dating
and Stable Isotope Research in Kiel with a Finnigan Gasbench II
connected to a Finnigan DeltaPlusXL mass spectrometer applying
the CO2-water isotope equilibration techniques. The δ18O data are
expressed versus V-SMOW. Accuracy and reproducibility was mon-
itored by analysing two laboratory standards (Kiel ground water:
−7.7‰ V-SMOW, n=10; Mediterranean Sea water: 1.05‰ V-SMOW,
n=2) that have been calibrated using the international standards
V-SMOW, SLAP, and GISP. Analytical precision was ±0.04‰ (1σ).
4. Results

4.1. Variation of the water oxygen isotope composition during the
experiment

In Nausicaä, the oxygen isotope composition of the water was very
similar in each of the 4 aquariums and remained very stable both on
short (weekly) and longer (monthly) scale, with values from about
−1.50‰ at the beginning to about −1.10‰ at the end of the
experiment (Table 3, Fig. 2). The low δ18Ow values in the aquariums of
La Rochelle range from −3.9 to −4.7‰ at the beginning of the
experiment, reflecting values of the local osmosis water that has been
used to produce artificial seawater. By contrast, the higher δ18Ow

values in the aquariums of Lyon are between −1.73 and −1.20‰
at the beginning of the experiment and reflect the oxygen isotope
composition of imported Mediterranean Sea water diluted with
osmosis water. Water oxygen isotope ratios generally tends to in-
crease in all aquariums of Lyon and La Rochelle, with some variation
observed throughout the experiment. Isotope values varied by 1.33‰
to 1.88‰ for aquariums at La Rochelle, and by 0.88‰ to 1.85‰ at Lyon
(Table 3, Fig. 2).

4.2. Variations of phosphate–water oxygen isotope fractionation with
temperature

Due to the observed fluctuations in δ18Ow in the aquariums and
because it is not possible to constrain the exact time of tooth apatite



Fig. 2. Variations of the oxygen isotope composition of aquarium waters during the experiment.
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precipitation during the experiment, we calculated the mean δ18Ow

value for each aquarium and used the mean values to calculate
δ18Op–δ18Ow values (Table 3, Table 4). Values of δ18Op–δ18Ow vary
from 25.2‰ on average at 8 °C to 21.7‰ at 28 °C.

For each aquarium water temperature, δ18Op–δ18Ow values scat-
ter by up to 2‰ (Fig. 3). Despite this scattering, a clear relation
between δ18Op–δ18Ow and temperature is observed, with the frac-
tionation between water and phosphate increasing with decreasing
temperature.
Table 4
Oxygen isotope composition of fish teeth.

Sample Name Number of
teeth analysed
altogether

Aquarium
temperature
(°C)

δ18Op
(‰SMOW)

Mean
δ18Ow
(‰SMOW)

δ18Op–δ18Ow
(‰SMOW)

N8D1dr1 1 8 24.0 −1.3 25.3
N8D1dr3dr8 2 8 23.8 −1.3 25.1
N10D1dr4dr5 2 10 23.6 −1.26 24.8
N10D1dr1dr2 2 10 23.0 −1.26 24.3
N10D1dr5 1 10 23.7 −1.26 25.0
N12D1dr5 1 12 24.0 −1.28 25.3
216D1dr1 1 16 18.8 −4.14 22.9
216D1dr1a 1 16 19.2 −4.14 23.3
216D2dr2 1 16 19.8 −4.14 24.0
500D1dr2 1 18 20.7 −2.87 23.5
500D1dr2a 1 18 20.0 −2.87 22.8
500D2dr1 1 18 21.3 −2.87 24.2
501D1dr1 1 20 19.9 −3.45 23.4
501D1dr2 1 20 19.6 −3.45 23.0
501D1dr5 1 20 20.2 −3.45 23.7
501 D1dr5a 1 20 19.7 −3.45 23.1
501D1dr6 1 20 20.2 −3.45 23.7
501D1dr7 1 20 19.7 −3.45 23.1
501D2dr3-4 3 20 20.0 −3.45 23.5
502D1dr1 1 22 18.2 −4.15 22.3
502D1dr1a 1 22 18.3 −4.15 22.5
502D2dr1 1 22 20.0 −4.15 24.2
L24D2dr1 1 24 22.8 −0.2 23.0
L24D2dr2dr4 2 24 21.2 −0.2 21.4
L24D2dr5 1 24 22.4 −0.2 22.6
L26D1dr4 1 26 20.9 −0.8 21.7
L26D1dr3 1 26 21.2 −0.8 22.0
L26D2dr3 1 26 20.9 −0.8 21.9
L26D2dr1-2-4 3 26 21.1 −0.8 21.9
L28D1dr1 1 28 20.6 −0.64 21.3
L28D1dr1a 1 28 20.7 −0.64 21.4
L28D3dr1-2-3 3 28 21.9 −0.64 22.6

δ18Op is the oxygen isotope composition of apatite phosphate group.
δ18Ow is the mean oxygen isotope composition of water in every aquarium (see Table 1).

a Duplicates from different fragments of the same tooth.
5. Discussion

5.1. Comparison with earlier published fractionation equations

The observed scattering in δ18Op–δ18Ow of up to 2‰ for each
aquarium water temperature (Fig. 3) arises from the combination of
(i) analytical errors on both δ18Op (±0.2‰) and δ18Ow (±0.04‰)
analyses, and (ii) variable evolution of δ18Ow in the different aquar-
iums during the experiment (Fig. 2). In Nausicaä, the relative stability
of δ18Ow is likely related to water storage in the large tank before
redistribution in the aquariums resulting in a buffering of possible
δ18O fluctuations of the pumped nearby seawater. By contrast, the
aquariums in both La Rochelle and Lyon, working in a closed system,
encountered larger fluctuations in δ18Ow. These variations likely result
from uncontrolled evaporation processes that were not entirely com-
pensated by the regular addition of water during the experiment.

In order to establish the relationship between temperature and
δ18Op–δ18Ow, we applied a linear regression model to our data set.
Because temperature was held constant at ±0.5 °C in each aquarium,
the error/range ratio of this parameter is low by comparison to the
one of δ18Op–δ18Ow. Instead of a classical approach (Davis, 2002),
we directly searched for the T=f(δ18Op–δ18Ow) equation as already
applied in previous studies (Longinelli and Nuti, 1973b; Erez and Luz,
1983; Kolodny et al., 1983). Although this procedure is supposed to
provide a biased model, several authors concluded that predictions
derived from this procedure, called inverse calibration, are more
reliable than those operated on the basis of the seemingly more
appropriate classical approach (Centner et al., 1998; Grientschnig,
2000; Tellinghuisen, 2000). The linear regression calculated from our
data set provides the following equation:

T -Cð Þ = 124:6 �9:5ð Þ –4:52 �0:41ð Þ ðδ18Op−δ18OwÞ;
r = 0:8848;p b 0:001:

ð1Þ

The errors on coefficients are given at 1σ. Both parameters
correlate significantly and should be regarded as varying jointly.
This property is depicted by the ellipse in Fig. 4 which represents the
95% confidence region of both estimates (slope and intercept), so that
any attempt in considering their errors independently to each other,
in other terms as possibly varying within a rectangle region, would be
wrong (Draper and Smith, 1998). From Fig. 4, it becomes clear that the
fractionation equations previously reported by Longinelli and Nuti
(1973b) and Kolodny et al. (1983) are significantly different from
Eq. 1. The slope of the new equation (4.52) is not significantly
different from the slopes of 4.38 and 4.30 calculated by Kolodny et al.
(1983) and Longinelli and Nuti (1973b). By contrast, our data present

image of Fig.�2


Fig. 3. Temperature versus δ18Op–δ18Ow for fish teeth measured in this study (black
closed circle). Values published by Longinelli andNuti (1973b) andKolodny et al. (1983)
are shown as white and grey triangles, respectively. The linear regression (black bold
line) has been computed for the present study data as well as its 95% confidence interval
(long dashed lines). Fractionation equations provided by Kolodny et al. (1983) and
Longinelli and Nuti (1973b) are shown for comparison (grey line and black dotted line,
respectively). Regression analysis has been computed using the method implemented
in R (http://www.r-project.org).
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an offset of +1.7 to +1.9‰ in the 5–35 °C range in comparison to the
previously published equations (Fig. 3).

Kolodny et al. (1983) and Longinelli and Nuti (1973b) did not
provide a value for NBS120c since this standard was not available at
Fig. 4. Joint confidence area for the slope and intercept of the linear regression (95%
confidence level) using our data (grey dashed ellipse) and pooled data (black ellipse).
Joint confidence region is significantly reduced if our data are pooled with values
of Kolodny et al. (1983) and Longinelli and Nuti (1973b), corrected by adding 2.2‰ (see
section 5.2). Least squares estimates of both slope and intercept for pooled data and
their 95% individual confidence intervals are plotted as black circle and dashed black
line, respectively. The slope and intercept of the fractionation equations published
in Longinelli and Nuti (1973b) and Kolodny et al. (1983) are given as white and grey
square, respectively. Joint confidence regions of estimates were computed with R using
the ELLIPSE package, following an adapted version of the procedure described in
Cornillon and Matzner-Løber (2007).
that time. However, Shemesh et al. (1988) and Bryant et al. (1994)
using the same laboratory and techniques (fluorination of BiPO4)
as Kolodny et al. (1983) reported values for NBS120b of 20.1±0.3‰
and 19.91±0.39‰, respectively. NBS120b and NBS120c are different
aliquots of a Florida phosphate rock and previous studies reported
differences in δ18O of NBS120c and NBS120b between 0.1 and 1.7‰
dependant on used analytical methods (Wright and Hoering, 1989;
Stephan, 2000; Chenery et al., 2010). Analyses of NBS120b using
the trisilverphosphate and TC-EA methodology (this study) gave a
value of 22.2±0.2‰ (adopting a δ18O of NBS120c=22.6‰). In com-
parison, Chenery et al. (2010) reported a value of 21.4‰ for NBS120b
(adopting a δ18O of NBS120c=21.7‰). This 1.4‰ offset in δ18O with
earlier analyses of NBS120b using fluorination of BiPO4 (Shemesh
et al., 1988; Bryant et al., 1994) would increase by 0.9‰ and total
2.3‰ if all data are normalized using a value of 22.6‰ for NBS120c.
A comparable offset has also been reported by O'Neil et al. (1994)with
an average offset of +1.2‰ being observed for biogenic apatites
analysed as Ag3PO4 by sealed tube combustion and as BiPO4 by con-
ventional fluorination. Since O'Neil et al. (1994) reported a value of
21.7‰ for NBS120c, this offset would increase to 2.1‰ if normalized
using a value for NBS120c of 22.6‰ (Fig. 5). The average difference of
2.2‰ calculated from the work of Chenery et al. (2010) and O'Neil
et al. (1994) is comparable to the offset documented between the
temperature equation reported in this study and by Kolodny et al.
(1983) and Longinelli and Nuti (1973b).

5.2. A new phosphate–water fractionation equation

In order to better constrain the regression parameters of the new
phosphate–water fractionation equation, we corrected the δ18O data
given by Longinelli and Nuti (1973b) and Kolodny et al. (1983) by
adding 2.2‰ and pooled these data with our data set (Fig. 4 and
Fig. 6).The linear regression calculated from the pooled data is given in
Eq. (2). This new equation is not significantly different from Eq. (1),
but pooling of the data reduces the errors of estimates considerably
(Fig. 4):

T -Cð Þ = 118:7 �4:9ð Þ –4:22 �0:20ð Þ δ18Op−δ18Ow

� �
;

r = 0:9192; p b 0:001:

ð2Þ

Various laboratories either use a δ18O value for standard NBS120c
of 21.7‰ (e.g. Lécuyer et al., 1993) or 22.6‰ (Vennemann et al., 2002).
In order to account for this problem, we modified the phosphate–
water fractionation equation (Eq. 2) by including a correction term
for the used δ18O value of NBS120c:

T -Cð Þ = 118:7–4:22 δ18Op + 22:6−δ18ONBS120c

� �� �
−δ18Ow

h i
: ð3Þ

With this equation, temperatures can be calculated independently
of the adopted value of NBS120c used for standardization of the
analyses.

5.3. Implication for previously published paleotemperatures

The new paleotemperature equation has major implications for
marine paleotemperatures calculated from oxygen isotopes mea-
sured on biogenic phosphate using the most recent techniques. Our
results imply that calculated paleotemperatures in all studies using
a value for standard NBS120c of 21.7 or 22.6‰, which is the case
in most studies since the work of O'Neil et al. (1994), have been
underestimated by about 4 or 8 °C, respectively. For example,
palaeotemperatures calculated from δ18O of Palaeozoic conodont
apatite (Joachimski et al., 2009, Trotter et al. 2008) will increase
substantially. Trotter et al. (2008) reported an increase in δ18O of
conodont apatite from low δ18O values in the Early to high δ18O values
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Fig. 5. Analytical and data normalization bias for oxygen isotope ratio of standard NBS120b and biogenic apatite samples based on O'Neil et al. (1994), Chenery et al. (2010), and this
study. See section 5.1 for details.
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in the Middle/Late Ordovician. This increase in δ18O was interpreted
as evidence for major climatic cooling that gave rise to the Ordovician
biodiversification event. Using the revised phosphate–water equation,
Early Ordovician palaeotemperatures will increase to 42° to 50 °C.
These high sea surface temperatures exceed the lethal temperature
limit of modern marine invertebrates and question whether the Early
Ordovician δ18O values mirror a secular decrease in the oxygen iso-
tope composition of the Early Palaeozoic oceans as well as tem-
perature as suggested by Veizer et al. (1999). This question is of
importance and has been intensively debated, as such a secular
evolution of the δ18O of seawater would require changes in oceanic
hydrothermal processes (Shields et al., 2003; Kasting et al., 2006).
Fig. 6. Temperature versus δ18Op–δ18Ow for pooled data (black circles), that include
both data from this study, Kolodny et al. (1983) and Longinelli and Nuti (1973b).
Data from Kolodny et al. (1983) and Longinelli and Nuti (1973b) were corrected by
adding +2.2‰ (see text). The computed linear regression and its 95% confidence
interval are represented as black bold and dashed lines, respectively. Regression
analysis computed as in Fig. 1.
6. Conclusion

The new phosphate–water fractionation equation obtained from
fish raised in aquariums at a controlled temperature and monitored
oxygen isotope composition of ambient waters, shows a similar slope
but an offset of about 2.2‰ with earlier published fractionation
equations. Analyses of standard NBS120b confirm that this offset is
the consequence of different techniques used to analyse phosphate
δ18O. Our new data imply that most of previously published marine
palaeotemperatures have been underestimated by 4 to 8 °C depending
on the adopted value of standard NBS120c. The new fractionation
equation integrates the value of NBS120c used for data standardization
and allows to correct previously publishedmarine palaeotemperatures.
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