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Abstract Oxygen isotope ratios of well-preserved bra-
chiopod calcite and conodont apatite were used to re-
construct the palaeotemperature history of the Middle and
Late Devonian. By assuming an oxygen isotopic com-
position of �1‰ V-SMOW for Devonian seawater, the
oxygen isotope values of Eifelian and early Givetian
brachiopods and conodonts give average palaeotempera-
tures ranging from 22 to 25 �C. Late Givetian and Fras-
nian palaeotemperatures calculated from d18O values of
conodont apatite are close to 25 �C in the early Frasnian
and increase to 32 �C in the latest Frasnian and early
Famennian. Oxygen isotope ratios of late Givetian and
Frasnian brachiopods are significantly lower than equi-
librium values calculated from conodont apatite d18O
values and give unrealistically warm temperatures rang-
ing from 30 to 40 �C. Diagenetic recrystallization of shell
calcite, different habitats of conodonts and brachiopods,
as well as non-equilibrium fractionation processes during
the precipitation of brachiopod calcite cannot explain the
18O depletion of brachiopod calcite. Moreover, the 18O
depletion of brachiopod calcite with respect to equilibri-
um d18O values calculated from conodont apatite is too
large to be explained by a change in seawater pH that
might have influenced the oxygen isotopic composition of
brachiopod calcite. The realistic palaeotemperatures de-
rived from d18Oapatite may suggest that biogenic apatite
records the oxygen isotopic composition and palaeotem-
perature of Palaeozoic oceans more faithfully than bra-
chiopod calcite, and do not support the hypothesis that the
18O/16O ratio of Devonian seawater was significantly
different from that of the modern ocean.
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Introduction

The oxygen isotopic composition of biogenic calcite is a
powerful proxy to unravel the oxygen isotope ratio of
ancient oceans and/or to reconstruct oceanic palaeotem-
perature and salinity. Brachiopods precipitate shell cal-
cite in near-isotopic equilibrium with ambient seawater
(Carpenter and Lohmann 1995; Brand et al. 2003) and
have been a preferred tool for isotopic studies because of
the diagenetic stability stemming from their primary low-
magnesium calcite mineralogy (Bruckschen et al. 1999;
Middleton et al. 1991; Mii et al. 1999; Veizer et al. 1986,
1999; Wenzel and Joachimski 1996). Devonian bra-
chiopods were studied by Popp et al. (1986), Brand
(1989), Bates and Brand (1991), Gao (1993), Veizer et al.
(1986, 1999) and Lee and Wan (2000). Most of these
studies concentrated on the investigation of brachiopod
shells from specific brachiopod-rich intervals (Popp et al.
1986; Bates and Brand 1991; Gao 1993; Lee and Wan
2000). Veizer et al. (1986, 1999) measured the isotopic
composition of Devonian brachiopod shells and compiled
an isotope record for the Phanerozoic. The authors ob-
served a secular decrease in the oxygen isotopic compo-
sition of biogenic calcite from the present to the Cam-
brian, and interpreted this trend to reflect a secular change
in the 18O/16O ratio of seawater. Brand (1989) focused on
the secular evolution of the carbon and oxygen iso-
topic compositions of Devonian and Lower Carboniferous
brachiopod shells and observed significant variations in
the d18O values of Devonian brachiopod calcite with
average values ranging from �4.5 to �9.5‰ (V-PDB).
Again, the low d18O values were explained by assuming a
lower 18O/16O ratio of Devonian seawater and/or a sig-
nificant lowering of surface water salinity. However, the
hypothesis that the oxygen isotope ratio may have chan-
ged during the Phanerozoic and that Devonian seawa-
ter was depleted in 18O relative to modern seawater re-
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mains controversial (see discussions by Land 1995;
Veizer 1995; Muehlenbachs 1998; L�cuyer and Allemand
1999; Wallmann 2001).

Biogenic apatite represents another compound that can
be used in order to test the hypothesis of a secular change
in the oxygen isotopic composition of seawater. Con-
odonts are extinct marine early vertebrates (Sanson et al.
1992; Donoghue et al. 2000) that possessed a complex
feeding apparatus of elements composed of carbonate-
fluor apatite (francolite; Pietzner et al. 1968). The dense
microcrystalline structure of conodont apatite is similar
to tooth enamel that has been assumed to have a high
preservation potential for the primary oxygen isotopic
composition. Oxygen isotopic analysis of conodont apa-
tite was previously hampered by the very small size of
individual conodont elements, and the large number of
elements required for accurate analysis. Consequently,
only a few oxygen isotope studies of conodont apatite
have been published (Luz et al. 1984; Geitgey and Carr
1987). Microanalytical techniques have enabled us to
measure the oxygen isotopic composition of conodont
microsamples (�1 mg). Recently published studies on
Silurian and Late Devonian conodonts (Wenzel et al.
2000; Joachimski and Buggisch 2002) showed that con-
odont apatite can be used to reconstruct high-resolution
palaeotemperature curves and that secular changes in the
oxygen isotopic composition of seawater inferred from
d18O values of skeletal calcite are not necessarily mir-
rored in the d18O values of conodont apatite.

This study focuses on the oxygen isotopic composition
of Middle and Late Devonian brachiopod calcite and

conodont apatite. The aim of this contribution is to
compare the oxygen isotope records of biogenic calcite
and apatite with respect to the palaeoclimatic history of
this specific time interval and to test the hypothesis of a
secular change in the oxygen isotope ratio of seawater.

Samples and analytical methods

Brachiopods were collected from sections in Morocco
(Antiatlas), Spain (Cantabrian Mountains), Germany
(Eifel Mountains), North America (Iowa, Manitoba),
Siberia (Altai Mountains/Salair area) and South China
(Fig. 1). The state of preservation of brachiopod shells
was assessed using cathodoluminescence microscopy
(CL). Only non-luminescent shells were investigated
further by means of trace-element (Sr, Mn, Fe) analysis,
and scanning electron microscopy (SEM). Brachiopod
shells with well-preserved microstructures, Sr contents
higher than 500 ppm, and Fe and Mn contents lower than
400 and 100 ppm, respectively, were classified as dia-
genetically unaltered (Brand et al. 2003; van Geldern
2004).

Stable isotope measurements were performed on cal-
cite powders sampled from well-preserved parts of the
shells using a Kiel I carbonate preparation device con-
nected to a ThermoFinnigan 252 mass spectrometer.
Oxygen isotope values are reported in ‰ relative to V-
PDB by assigning a d18O value of �2.20‰ to NBS 19.
Reproducibility of the oxygen isotope measurements was

Fig. 1 Palaeogeographic reconstruction for the Early Devonian
(Scotese 2001) and locations of sampled sections for brachiopods
(open circles) and conodonts (squares). Samples derive from a
latitudinal band of 30�N to 35�S. 1 Iowa Basin (USA); 2 Manitoba

(Canada); 3 Rheinisches Schiefergebirge (Germany); 4 Cantabrian
Mountains (Spain); 5 Antiatlas (Morocco); 6 Altai-Salair Region
(Siberia); 7 China
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controlled by replicate analyses of NBS19 and laboratory
standards and was better than €0.06‰ (1s).

Conodont samples were collected from sections in
Germany (Rheinisches Schiefergebirge) and eastern and
northern Iowa in central North America (Fig. 1) and
processed using standard preparation techniques. Con-
odont elements (~1 mg) were dissolved in nitric acid and
chemically converted to Ag3PO4 using a slightly modified
version of the method described by O’Neil et al. (1994).
The oxygen isotopic composition was measured on CO
generated by reducing trisilverphosphate using a high-
temperature conversion-elemental analyzer (TC-EA) con-
nected online to a ThermoFinnigan Delta plus mass
spectrometer. Samples and standards were run in tripli-
cate. Accuracy and reproducibility were monitored by
multiple analyses of trisilverphosphate prepared from
NBS120c and several trisilverphosphate reference sam-
ples received from other isotope laboratories. All phos-
phate d18O values are reported in ‰ relative to V-
SMOW. The overall reproducibility of the apatite oxygen
isotope analysis was better than €0.25‰ (1s). The mean
d18O value of NBS120c was 22.4‰ V-SMOW which is
0.7‰ higher than the values reported by Crowson et al.
(1991) and L�cuyer et al. (1993, 1996), but relatively
close to the value of 22.58‰ V-SMOW determined re-
cently by conventional fluorination with BrF5 (Venneman
et al. 2002). The oxygen isotopic composition of the
Ag3PO4 standard YR-2 (provided by R. Blake and T.
Vennemann; see Vennemann et al. 2002) was measured
as 13.2‰ V-SMOW. Palaeotemperatures were calculated
using the equations given by O’Neil et al. (1969) for
carbonate and Kolodny et al. (1983) for apatite. The
conversion from the V-PDB to the V-SMOW scale is
done by d18OV-SMOW =1.03091�d18OV-PDB +30.91 (Cop-
len et al. 1983).

Results

Oxygen isotopic composition of brachiopod calcite

The oxygen isotopic composition of the well-preserved
Middle and Late Devonian brachiopod shells is shown in
Fig. 2a. The overall range of the d18O values is �2.5 to
�6.9‰. Eifelian and early Givetian shells record isotope
values ranging between �2.5 to �4.0‰, with three values
as low as �4.5‰. Average d18O values were calculated
using a 5-point running mean and are around �3.0‰. A
decrease in d18O values starts at the base of the Middle
varcus conodont Zone and culminates in the hermanni
Zone with values from �6.0 to �6.9‰. During the latest
Givetian average d18O values rapidly increase by more
than 2‰ and reveal a second more gradual decrease to
values from �5.5 to �6.0‰ during the middle Frasnian (at
or near the base of Devonian T-R cycle IIc of Johnson et
al. 1985). In the late Frasnian (Late rhenana Zone, at or
near the base of the M.N. Zone 13) average d18Ocalcite

values indicate an increase of almost 1‰ and values

around �5.5 to �4.0‰ are registered in the latest Frasnian
and early Famennian.

Oxygen isotopic composition of conodont apatite

The oxygen isotope record of Middle and Late Devonian
conodonts is shown in Fig. 2b. Eifelian and early Givetian
conodonts have d18O values of 18.5 to 20.5‰ with av-
erage values around 19.5‰. A significant shift to lower
d18Oapatite values is observed in the Upper varcus and
hermanni zones with values decreasing from 19.3 to
17.6‰. Within the latest Givetian Upper disparilis and
norrisi zones the oxygen isotope ratios increase to values
around 19.5‰. Subsequently, d18Oapatite values of 19.0 to
19.5‰ are observed in the early Frasnian. The observed
d18Oapatite values of the late Frasnian are significantly
lower ranging from 17.5 to 19.0‰. The latest Frasnian
and the Frasnian-Famennian transition are characterized
by two positive d18Oapatite excursions with amplitudes of
1.0 to 1.5‰. Those two oxygen isotope events coincide
with positive excursions in d13Ccarb and the deposition of
the Lower and Upper Kellwasser Horizons, respectively
(Joachimski and Buggisch 2002). The d18O values of
early Famennian conodonts cluster around 17.5‰. A mi-
nor increase in d18O to values around 18.0‰ is observed
in the middle Famennian.

Discussion

The comparison of the conodont and brachiopod oxygen
isotope records documents similar secular trends in the
Middle and Late Devonian. We observe relatively high
d18O values in the Eifelian and early Givetian for both
conodonts and brachiopods, followed by a pronounced
decrease in d18O values starting in the Middle to Upper
varcus Zone that culminates in the hermanni conodont
Zone, followed by an increase in d18O values in the latest
Givetian. The oxygen isotopic values of conodont apatite
and brachiopod calcite decrease in the Frasnian, but
whereas the d18Oapatite values start to decrease during the
upper part of the middle Frasnian (in the hassi Zone, M.N.
Zones 7–10), the d18O record of brachiopod calcite sug-
gests an earlier shift to lower values during the interval
of falsiovalis and transitans Zones (M.N. Zones 1–4).
Eifelian conodonts and brachiopods are enriched in 18O
by approximately 2 to 2.5‰ as compared to Famennian
conodonts and brachiopods.

Whereas the general trends in d18O appear com-
parable, the magnitudes of the Late Givetian shifts in
d18Oapatite and d18Ocalcite differ significantly. The pro-
nounced decrease in d18O values in the late Givetian is
almost –2‰ for conodont apatite, but –3.0 to –3.5‰ for
brachiopod calcite. In the latest Givetian, the d18O values
of conodont apatite increase by 2‰ and return to the
preceding Eifelian level. The oxygen isotope values of
brachiopod calcite also increase by 2‰, but do not reach
the early Givetian level.
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This discrepancy is better illustrated if the d18O values
are translated into palaeotemperatures, assuming that
seawater salinity did not change significantly. Since most
of the Devonian is generally accepted as a global green-
house climatic time period without any evidence for de-
velopment of a southern hemisphere cryosphere and as-
sociated continental ice-sheets, we adopted an oxygen
isotopic composition of �1‰ for Devonian seawater
(Savin 1977). Palaeotemperatures of 22 to 25 �C are
calculated for the Eifelian and early Givetian, from both
d18Oapatite and d18Ocalcite values (Fig. 3). The decrease in
d18Oapatite in the varcus and hermanni Zones translates
into a pronounced palaeotemperature increase with max-
imum temperatures of 32 �C, but the lowest d18Ocalcite
values give maximum temperatures around 45 �C. Both
d18Oapatite and d18Ocalcite suggest a significant cooling in
the latest Givetian coinciding to the timing of the Give-

tian-Frasnian bioevent of Walliser (1996) or the Upper
disparilis Zone bioevent of Day (1994, 1996). However,
the d18Oapatite values indicate that palaeotemperatures
returned to values around 25 �C during the very latest
Givetian and early Frasnian whereas palaeotemperatures
calculated from d18Ocalcite are around 33 �C. d18Oapatite
values of the late Frasnian give average temperatures
around 29 �C, whereas average temperatures derived from
d18Ocalcite are around 38 �C. Interestingly, the palaeo-
temperature estimates for the early Famennian are again
relatively comparable with temperatures ranging between
30 to 32 �C derived from d18Oapatite, and temperatures
from 32 to 36 �C calculated from d18Ocalcite. In conclu-
sion, d18Ocalcite and d18Oapatite give identical palaeotem-
perature estimates for the Eifelian and early Givetian and
comparable estimates for the early Famennian. However,
d18Ocalcite values from the late Givetian and Frasnian re-

Fig. 2 Evolution of Middle to Late Devonian oxygen isotope re-
cords measured from brachiopod calcite (A) and conodont apatite
(B). Trend lines correspond to 5-point moving average. Conodont
biostratigraphy after: late Givetian zones of Klapper and Johnson

(1990), Frasnian Montagne Noir Zones 1–13 of Klapper (1989),
“Standard” Late Devonian Zones of Ziegler and Sandberg (1990),
and Klapper and Becker (1998)
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sult in unrealistic high palaeotemperatures as compared
with the palaeotemperatures calculated from d18Oapatite.

Discrepancy between conodont apatite
and brachiopod calcite d18O values

Calcite is expected to be enriched in 18O relative to the
oxygen isotopic composition of apatite if both compounds
were precipitated from the same solution at a given
temperature. The difference in d18O values depends on
temperature and can be calculated using the equations:

T �C½ � ¼ 113:3� 4:38 d18Oapatite � d18Owater
� �

;

Kolodny et al: 1983ð Þ ð1Þ

103 In acalcite�water ¼ 2:78 � 106
�

T2 �K½ � � 2:89;

O0Neil et al: 1969ð Þ ð2Þ
For the temperature range of 20 to 40 �C, the calcu-

lated offset in d18O is 8.6 to 9.0‰ and increases by ap-
proximately 0.5‰ over the 20 �C temperature range. This
theoretically predicted offset is confirmed by measure-
ments of d18O values of phosphate and structurally bound

Fig. 3 Palaeotemperature records (5-point moving average) cal-
culated from the oxygen isotope record of conodont apatite (line)
and brachiopod clacite (dotted line) in comparison to changes in sea

level. Note large differences in the calculated palaeotemperatures in
the late Givetian and Frasnian and relative good correspondence in
the Eifelian, early Givetian, and the Famennian
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carbonate in apatite of recent bones and teeth. Bryant et
al. (1996) and Iacumin et al. (1996) observed a relatively
constant offset in d18O of 8.6 to 9.0‰, which is expected
since the oxygen isotopic composition in mammalian
bone phosphate and carbonate is only controlled by vari-
ations in the oxygen isotopic composition of the animals
body fluid. Consequently, a mean offset of 8.7‰ is taken
as the theoretically predicted offset between brachiopod
calcite and conodont apatite d18O values.

The offset in the d18O values of brachiopod calcite
and conodont apatite was calculated by converting the
d18Ocalcite values to the V-SMOW scale and by subtract-
ing the d18O moving average trend line of conodont ap-
atite from the brachiopod calcite trend line (Fig. 4). As
expected, the offset is not constant, but varies by almost
3‰. We observe an average offset of around 8.5‰ for the
Eifelian and early Givetian. The difference gradually
decreases during the late Givetian by almost 3‰ to
around 6.0 to 6.5‰ in the middle Frasnian. In the late
Frasnian and early Famennian, the difference between
calcite and apatite d18O values is around 7.7 to 8.0‰.
This means that the oxygen isotope values of Eifelian and
early Givetian brachiopod calcite and conodont apatite
are close to values expected for isotopic equilibrium,
whereas the late Givetian and early Frasnian brachiopods
have significantly lower d18O values as compared to those
calculated in equilibrium with d18Oapatite. Alternatively, it
could be argued that latest Givetian to Frasnian conodonts
are characterized by higher d18O values than those ex-
pected in equilibrium with brachiopod calcite d18O val-
ues.

Diagenesis tends to lower the d18O values of marine
fossils and might be a potential explanation for the ob-
served lower d18O values of brachiopod calcite. However,
a diagenetic overprint of the oxygen isotopic composition
of the brachiopod shells was excluded by means of CL,
SEM and trace element analysis to the best of our abili-
ties. In addition, it seems unlikely that the varying and
smaller than predicted difference between d18O calcite and
d18Oapatite is the consequence of a diagenetic overprint of
conodont apatite. Conodont apatite has a dense micro-
crystalline ultrastructure that is comparable to tooth
enamel. It has been shown that tooth enamel is relatively
resistant to any diagenetic modification of the primary
isotopic composition (Quade et al. 1992; Sharp et al.
2000). Most importantly, diagenesis tends to lower d18O
values as a consequence of increasing burial temperatures
and/or post-depositional interactions with meteoric waters
depleted in 18O. Consequently, diagenesis is unlikely to
account for the observed smaller-than-expected offset in
d18O values of brachiopod calcite and conodont apatite.

Different life habitats of brachiopods and conodonts
might be another possible explanation for the observed
varying offset in brachiopod and conodont d18O values.
Brachiopods are benthic suspension-feeding organisms
and were abundant in subtidal shelfs of Palaeozoic seas.
The particulars of the life habitats of the conodont animal
have not been firmly established. Whereas some workers
suggest that conodonts were living close to the sediment

surface, others favour a fully nektonic life style within the
water column (Sweet 1988). Since temperature decreases
with water depth, the deviation from the expected offset
between d18Ocalcite and d18Oapatite might be interpreted as
an effect of different palaeo-water depths (e.g. Picard et
al. 1998). However, investigated brachiopod shells record
warmer palaeotemperatures in comparison to conodonts.
Since benthic brachiopods should record similar or lower
temperatures in comparison to the nektobenthic or nek-
tonic conodont animal, the observed discrepancy cannot
be explained by a difference in palaeo-water depths.

The comparison of the oxygen isotopic compositions
of late Givetian to early Frasnian brachiopods and con-
odonts from the US Midcontinent (Iowa Basin) supports
this interpretation (Fig. 5). The late Givetian to early
Frasnian carbonates exposed in Buffalo Quarry (Scott
County, Iowa; Day 1994, 1997) represent shallow water
deposits that were deposited during Devonian transgres-
sive-regressive cycles IIa-1 to IIb-2 (Day et al. 1996). The
oxygen isotopic compositions of brachiopods from the
Rapid Member (hermanni to Lower disparilis zones) of
the Little Cedar Formation range from �6.7 to �5.3‰ V-
PDB (24.0 to 25.4‰ on the V-SMOW scale; see Fig. 5).
A significant increase in d18O values is observed at the
top of the Rapid Member with highest d18Ocalcite values
around �4.8‰ (26.0‰ V-SMOW) measured on shells
from the Coralville Formation (Upper subterminus Fauna/
Upper disparilis Zone). Interestingly, conodonts derived
from the same outcrop reflect a comparable trend in d18O
values. Relatively low d18Oapatite values are measured on
conodonts from the Rapid Member, and about 1.5 to
1.7‰ higher d18Oapatite values are observed in the early
Frasnian. Although conodont apatite and brachiopod
calcite record the same trends, the offset between
d18Ocalcite and d18Oapatite is not 8.7‰ as predicted by
thermodynamic equilibrium fractionation, but equals ap-
proximately 6.5 to 7.0‰ (Fig. 5). The smaller than ex-
pected difference between d18Ocalcite and d18Oapatite can
hardly be explained by a deeper water habitat of the
conodont animals in comparison to benthic brachiopods
since both occupied a subtidal middle shelf epicontinental
carbonate ramp on the North American craton. Addi-
tionally, we cannot assume that most species in the De-
vonian Iowa Basin spent most of their lives in deeper
water masses of Panthalassa or Palaeotethys oceans and
migrated into the vast U.S. Midcontinent sea during the
later parts of their life cycles.

Non-equilibrium fractionation may be another expla-
nation for the observed variations in the oxygen isotope
values of brachiopod calcite and conodont apatite. It is
generally assumed that brachiopods precipitate calcite of
the secondary shell layer in near-isotopic equilibrium with
ambient seawater (Carpenter and Lohmann 1995; Brand
et al. 2003). However, a high-resolution study of the
modern brachiopod Terebratalia transversa by Auclair et
al. (2003) revealed a prominent kinetic fractionation ef-
fect resulting in a significant depletion in 18O and 13C
relative to equilibrium values. Kinetic isotope fraction-
ation results in lower d18O values of biogenic calcite
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Fig. 4 Difference (Dd18O) be-
tween measured d18O of bra-
chiopod calcite and conodont
apatite. Grey shaded area cor-
responds to expected Dd18O in
case both compounds were
precipitated at identical tem-
peratures and from solutions
reflecting the same oxygen iso-
topic compositions. Note sig-
nificant deviation from expect-
ed Dd18O in the late Givetian
and Frasnian (see text for de-
tails)
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probably as a consequence of higher reaction rates of
isotopically light CO2 during hydration and dehydration
reactions prior to carbonate precipitation (McConnaughey
1989). One could argue that certain Devonian brachiopod
taxa exhibited a kinetic fractionation effect and that this
non-equilibrium fractionation might be responsible for the
observed discrepancy.

Lee and Wan (2000) compared the isotopic values of
11 species, 6 genera and 2 families of Middle Devonian

brachiopods. The authors observed no species-specific
differences in the d18O and d13C values and concluded
that Devonian brachiopods secreted shell calcite in iso-
topic equilibrium with ambient seawater. Brachiopods of
different families and orders were available for the pres-
ent study and representatives of each group were inves-
tigated from the Middle Devonian as well as from the
Frasnian. It is difficult to imagine why the late Givetian
and Frasnian representatives should reflect a vital frac-

Fig. 5 Comparison of d18O values measured on brachiopods and
conodonts from Buffalo Quarry (Iowa Basin/USA). d18Ocalcite scale
was shifted by +8.7‰ in order to account for expected difference
between d18Ocalcite and d18Oapatite. d18Ocalcite and d18Oapatite records

reflect identical trends; however, Dd18O is smaller than predicted
by thermodynamic equilibrium fractionation. Unit numbers corre-
spond to units given in Day (1997)
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tionation effect whereas the Eifelian and early Givetian
members of the same families precipitated shell calcite in
isotopic equilibrium with d18O values calculated from
conodont apatite. Consequently, we argue that non-equi-
librium fractionation seems unlikely and does not account
for lower d18O values of late Givetian and Frasnian bra-
chiopod shells.

The fact that we observe comparable trends in the
oxygen isotopic composition of conodont apatite and
brachiopod calcite suggests that both organisms record
the same environmental change. However, the oxygen
isotope values of late Givetian and Frasnian brachiopod
calcite are lower than equilibrium values calculated from
the oxygen isotopic composition of conodont apatite, and
translate into unrealistic warm palaeotemperatures. The
offset in the d18O shifts recorded in brachiopod calcite
can hardly be explained by non-equilibrium fractionation
processes, different life habitats of brachiopods and
conodonts, and/or a diagenetic alteration of the primary
isotope signals. We speculate that another factor might
have been of importance during the precipitation of
brachiopod shell calcite. Culture experiments on modern
foraminifera (Spero et al. 1997) and inorganic precipi-
tation experiments (McCrea 1950; Usdowski et al. 1991)
revealed that seawater carbonate chemistry influences the
oxygen isotopic composition of calcite. A decrease in
d18O values of calcite is observed with an increase in
pH or increasing CO3

2– concentrations. Zeebe (1999)
proposed that the oxygen isotopic value of total dissolv-
ed inorganic carbon (SCO2=[CO2]+[H2CO3]+[HCO3

�]+
[CO3

2�]) decreases with increasing pH since HCO3
�—

the predominant carbon species at intermediate pH—is
enriched in 18O in comparison to the oxygen isotope ratio
of CO3

2�, the predominant carbon species at high pH. If
calcite is formed from a mixture of bicarbonate and
carbonate ions in proportion to their relative contribution
to total dissolved inorganic carbon, the d18O value of
calcite is expected to decrease with increasing pH (Zeebe
1999). According to Zeebe (1999), an increase of sea-
water pH of 0.2 to 0.3 units results in a decrease of d18O
values of calcite by 0.22 to 0.33‰. The additional 1 to
1.5‰ negative shift observed in d18Ocalcite in comparison
to d18Oapatite during the late Givetian could be explained
by an increase of seawater pH of approximately 1 to 1.5
units. We are aware of the fact that such an increase in
seawater pH seems implausible, and hence this inter-
pretation is speculative given the current state of knowl-
edge. However, if seawater pH increased during the late
Givetian, calcite is expected to show a larger decrease in
d18O than coeval apatite.

In summary, we are unable to give a satisfactory ex-
planation for the observed discrepancy in the oxygen
isotope records of brachiopod calcite and conodont apa-
tite. The fact that the oxygen isotope values of conodont
apatite give more realistic palaeotemperatures for tropical
to subtropical surface waters lets us assume that biogenic
apatite records Palaeozoic palaeotemperatures more faith-
fully than brachiopod calcite. Consequently, the conclu-
sions concerning the palaeoclimatic change during the

Middle and Late Devonian are based preferentially on the
palaeotemperature record derived from the oxygen iso-
tope record of conodont apatite.

Secular change of the oxygen isotope composition
of Palaeozoic seawater

The Middle to Late Devonian palaeotemperature record
presented in this study for the low latitudes is based on the
assumption that the oxygen isotopic composition of sea-
water during the Devonian, a time period without any
significant continental ice sheets, was �1‰ V-SMOW.
With this estimate, the oxygen isotope values of Middle
and Late Devonian conodont apatite give realistic sea
water palaeotemperatures. However, the low d18O values
of late Givetian and Frasnian brachiopods give unrealis-
tically high temperatures. Low d18O values of Palaeozoic
brachiopods that translate into unrealistic high palaeo-
temperatures initiated the discussion with respect to a
potential secular change in the oxygen isotopic compo-
sition of seawater from the Cambrian to the present
(Veizer et al. 1999). If we assume that Devonian seawater
was more depleted in 18O (e.g. d18Oseawater=�3‰), as
suggested by Veizer et al. (1999), the oxygen isotope
values of late Givetian and Frasnian brachiopods would
give realistic palaeotemperatures. However, the d18O
values of conodont apatite from the late Frasnian and
early Famennian, a time interval generally accepted as a
very warm climatic period, would result in low palaeo-
temperatures around 22 �C. In addition, palaeotempera-
tures calculated from the d18O values of Eifelian and early
Givetian conodonts as well as brachiopods would be
around 14 to 16 �C. These temperatures are definitely too
low to explain the widespread distribution of Middle
Devonian carbonate platforms and reefs in low latitudes.
Consequently, we argue that the assumption of a Devo-
nian seawater 18O/16O ratio of �1‰ V-SMOW seems
reasonable and that the oxygen isotope values of conodont
apatite reflect the environmental conditions more faith-
fully than the oxygen isotope values of brachiopod cal-
cite. Similar observations were made on Silurian bra-
chiopods and conodonts by Wenzel et al. (2000). Those
authors observed comparable trends in the d18Oapatite and
d18Ocalcite records with the magnitude of the secular d18O
variations measured on Silurian brachiopod calcite being
much larger in comparison to the variations recorded by
conodont apatite. Low-latitude sea-surface temperatures
calculated from d18Ocalcite ranged from 24 to 41 �C,
whereas d18Oapatite values gave a minor spread in calcu-
lated palaeotemperatures ranging from 26 to 33 �C. The
latter were interpreted to represent realistic temperatures
for Silurian tropical to subtropical oceanic surface waters.
In conclusion, the Silurian d18Oapatite data presented by
Wenzel et al. (2000) and d18Oapatite values presented in
this study seem to be at odds with the hypothesis of a
secular change in oxygen isotopic composition of sea-
water during the Phanerozoic.
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Palaeoenvironmental significance
of the oxygen isotope record of conodont apatite

The oxygen isotope values of Eifelian to early Givetian
conodonts from the Rheinische Schiefergebirge (Ger-
many) give mean palaeotemperatures ranging from 22 to
25 �C. These estimates are similar to those determined by
the oxygen isotope values measured on brachiopods from
the Eifel (Germany) and Cantabrian Mountains (Spain),
as well as from the Antiatlas (Morocco) which translate
into mean palaeotemperatures for tropical surface waters
of 22 to 23 �C. The d18Oapatite values of conodonts from
Iowa (USA) start to decrease in the Upper varcus Sub-
zone, show lowest values in the hermanni Zone, increase
again in the upper part of the hermanni Zone and return to
the Eifelian to early Givetian level in the disparilis Zone.
This d18O excursion is currently only documented by
conodonts from the US Midcontinent and, as a conse-
quence, we cannot rule out the possibility that this short-
term and prominent excursion in d18O represents a re-
gional signal. The 2‰ lower d18Oapatite values of con-
odonts from the hermanni and disparilis Zones in com-
parison to d18Oapatite values measured on Eifelian and
early Givetian conodonts can be interpreted either as a
temperature increase, a salinity decrease or as the com-
bined effect of increasing temperature and decreasing
salinity. If the 2‰ decrease is interpreted to result from a
change in temperature, late Givetian surface waters of the
U.S. Midcontinent (Iowa) would have been up to 8 �C
warmer in comparison to Eifelian and early Givetian
surface waters of the northern (Rheinisches Schieferge-
birge) or southern (Morocco) shelf of the Palaeotethys.
Alternatively, enhanced continental runoff and lower
salinities of surface waters on the U.S. Midcontinent
carbonate shelf may have contributed to the 2‰ de-
crease in d18Oapatite. However, a major decrease in surface
water salinity would be required if the 2‰ decrease in
d18Oapatite is to be explained exclusively by a lower
salinity. This assumption seems implausible since the
faunal composition of the carbonates deposited in the
Iowa Basin during the latest Givetian do not indicate
any major change in salinity (Day et al. 1996). In addi-
tion, Palaeozoic brachiopods are considered to have been
stenohaline and did not tolerate significant changes in
salinity. As a consequence, we preferentially interpret the
observed shift in d18Oapatite as a change in temperature,
with a decrease in salinity as a possible subordinate effect.
Analysis of coeval intervals from other parts of the world
will have to be done in order to demonstrate whether the
observed excursion in d18O is of global significance and
whether the decrease in d18O represents a global warming
event.

The lowest d18Oapatite values that translate into high-
est palaeotemperatures and/or lower salinities of surface
waters in the Iowa Basin are measured on conodonts from
the Rapid Member of the Little Cedar Formation which is
biostratigraphically contemporaneous with the Geneseo
black shale of the Appalachian Basin. The deposition of
the Little Cedar Formation was marked by a significant

expansion of the seaways on the U.S. Midcontinent car-
bonate shelf, with open-marine facies spreading across
most of Iowa with direct connections with the Cordilleran
continental margin through central Canada and an influx
of cosmopolitan benthic faunas (Day et al. 1996). The
onset of this transgression is dated into the upper part of
the Middle varcus Zone, and coincides directly with the
Devonian T-R cycle IIa of the sea-level curve of Johnson
et al. (1985; = Taghanic onlap of Johnson 1970). How-
ever, it is difficult to establish whether the increase in
surface water temperature coincided with this prominent
transgression since d18Oapatite data from the Middle-Upper
varcus Zones are limited.

Palaeotemperatures calculated for the latest Givetian
and early Frasnian are around 25 �C and compare rela-
tively well to temperatures calculated for the Eifelian and
early Givetian. Both records (conodont apatite and bra-
chiopod calcite) suggest that the late Frasnian and early to
middle Famennian low latitude surface waters were
warmer by 8 �C to 10 �C in comparison to the Middle
Devonian and early Frasnian surface waters. This warm-
ing trend is supported by palaeontological data. Accord-
ing to Streel et al. (2000), tropical (non-equatorial) ter-
restrial floras extended their range into higher latitudes
during the Frasnian and a hot greenhouse climate was
inferred for the latest Frasnian when equatorial miospore
assemblages seem to have reached their maximum lati-
tudinal distribution. L�thiers and Raymond (1991) con-
clude that the late Frasnian benthic ostracods may have
been adapted to very warm water temperatures. In addi-
tion, middle Frasnian metazoan reefs reached 45�N and
30�S of the equator and had a wider latitudinal distribu-
tion than Holocene reefs (Copper 2002).

This very warm greenhouse climatic period is inter-
rupted by two short-term cooling events, evidenced by
two positive excursions in d18O of conodont apatite
measured in the Late rhenana Zone (at or near the base of
M.N. Zone 13) and at the Frasnian-Famennian transition
(at or just below the base of the Lower triangularis Zone)
that biostratigraphically coincide with the Lower and
Upper Kellwasser Horizons (Joachimski and Buggisch
2002). The Kellwasser Horizons represent two short-
term anoxic events characterized by positive excursions
in carbonate d13C. Enhanced burial of organic carbon
and inferred lowering of atmospheric and oceanic CO2
concentrations were taken as evidence to suggest two
short-term episodes of climatic cooling during the latest
Frasnian (Joachimski et al. 2002). Indeed, the positive
d18Oapatite excursions indicate cooling of the low latitudes
of up to 7 �C. The conodont oxygen isotope data pre-
sented in this paper—in conjunction with the data pre-
sented by Joachimski and Buggisch (2002)—suggest that
during the Late Frasnian and early to middle Famennian
tropical to subtropical surface waters may have been
much warmer in comparison to the Middle Devonian, and
warmer than modern tropical to subtropical surface wa-
ters. These warm surface water conditions in conjunction
with two superimposed short-term cooling events may
have had a severe impact on the low-latitude shallow-
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water faunas that were severely decimated during the
Frasnian-Famennian mass extinction event.

Conclusions

The d18O values of brachiopod calcite and conodont ap-
atite were measured in order to reconstruct the palaeo-
temperature history for the Middle and Late Devonian
time interval. Eifelian and early Givetian low-latitude sea-
surface temperatures derived from both oxygen isotope
records are around 23 to 25 �C. A major warming event is
indicated by the conodont d18O record to occur in the
middle Frasnian with palaeotemperatures reaching 30 to
32 �C in the late Frasnian. Average Frasnian palaeotem-
peratures calculated from d18O values of brachiopod
calcite range from around 35 to 40 �C and are close to or
above the lethal thermal limit for marine invertebrates
(Brock 1985). The discrepancy in the d18O values of late
Givetian and Frasnian brachiopod calcite and conodont
apatite can currently not be explained satisfactorily.
Neither diagenetic alteration, nor non-equilibrium isotope
fractionation, nor different life habitats of brachiopods
and conodonts can account for the observed minor offset
between d18Ocalcite and d18Oapatite in comparison to the
thermodynamically predicted difference. The fact that the
d18O values of conodont apatite translate into realistic
palaeotemperatures lets us assume that conodont apatite
records Palaeozoic temperatures more faithfully than
brachiopod calcite.
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