
Earth and Planetary Science Letters 284 (2009) 599–609

Contents lists available at ScienceDirect

Earth and Planetary Science Letters

j ourna l homepage: www.e lsev ie r.com/ locate /eps l
Devonian climate and reef evolution: Insights from oxygen isotopes in apatite

M.M. Joachimski a,⁎, S. Breisig a, W. Buggisch a, J.A. Talent b, R. Mawson b, M. Gereke c, J.R. Morrow d,
J. Day e, K. Weddige f

a GeoZentrum Nordbayern, Universität Erlangen-Nürnberg, Schlossgarten 5, 91054 Erlangen, Germany
b Department of Earth and Planetary Sciences, Macquarie University, Sydney NSW 2109, Australia
c Institut für Geologie und Paläontologie, Philipps-Universität Marburg, Hans-Meerwein-Str., 35032 Marburg, Germany
d Department of Geological Sciences, San Diego State University, 5500 Campanile Dr., MC-1020, San Diego, CA 92182-1020, USA
e Department of Geography–Geology, Illinois State University, Normal, IL 61790-4400, USA
f Forschungsinstitut Senckenberg, Senckenberganlage 25, 60325 Frankfurt, Germany
⁎ Corresponding author. Tel.: +49 9131 8529296.
E-mail address: joachimski@geol.uni-erlangen.de (M

0012-821X/$ – see front matter © 2009 Elsevier B.V. A
doi:10.1016/j.epsl.2009.05.028
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 12 August 2008
Received in revised form 11 May 2009
Accepted 22 May 2009
Available online 18 June 2009

Editor: M.L. Delaney

Keywords:
oxygen isotopes
apatite
Devonian
climate
reefs
Conodonts, microfossils composed of carbonate-fluor apatite, are abundant in Palaeozoic–Triassic sediments
and have a high potential to preserve primary oxygen isotope signals. In order to reconstruct the
palaeotemperature history of the Devonian, the oxygen isotope composition of apatite phosphate was
measured on 639 conodont samples from sequences in Europe, North America and Australia. The Early
Devonian (Lochkovian; 416–411 Myr) was characterized by warm tropical temperatures of around 30 °C. A
cooling trend started in the Pragian (410 Myr) with intermediate temperatures around 23 to 25 °C
reconstructed for the Middle Devonian (397–385 Myr). During the Frasnian (383–375 Myr), temperatures
increased again with temperatures to 30 °C calculated for the Frasnian–Famennian transition (375 Myr).
During the Famennian (375–359 Myr), surface water temperatures slightly decreased. Reconstructed
Devonian palaeotemperatures do not support earlier views suggesting the Middle Devonian was a
supergreenhouse interval, an interpretation based partly on the development of extensive tropical coral–
stromatoporoid communities during the Middle Devonian. Instead, the Devonian palaeotemperature record
suggests that Middle Devonian coral–stromatoporoid reefs flourished during cooler time intervals whereas
microbial reefs dominated during the warm to very warm Early and Late Devonian.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The Devonian Period was characterized by major changes in both
the marine and terrestrial realms. On the continents, trees and seed
plants evolved and the first multi-storied forests developed (Algeo
and Scheckler, 1998). In the marine realm, coral–stromatoporoid reef
complexes flourished in the late Early, Middle Devonian and early Late
Devonian (Frasnian) forming the most extensive reef constructions in
Earth history (Copper and Scotese, 2003). The successful coral–
stromatoporoid reef ecosystem became extinct in the late Frasnian
during the Frasnian–Famennian mass extinction event and was
replaced by calcimicrobial reefs in the Famennian (Copper, 2002a).
The Devonian reef history is generally seen as reflecting the
palaeoclimate of the Devonian, which is interpreted to have been a
warm greenhouse interval. High atmospheric CO2 levels were
modelled for the Early Devonian and decreasing CO2 concentrations
were predicted for the Middle and Late Devonian (Berner and
Kothavala, 2001; Simon et al., 2007), potentially as a consequence of
.M. Joachimski).
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land plant evolution and development of effective root systems
favouring silicate weathering and low atmospheric pCO2 (Algeo and
Scheckler, 1998). There is no geological evidence for high-latitude ice
sheets during most of the Devonian, except for the latest Devonian
with glacial sediments documented from South America (Caputo
et al., 2008).

Oxygen isotopes of calcitic biogenic hard parts have been used to
reconstruct the palaeoclimatic history of the Phanerozoic. Preference
has been given to brachiopods in the Palaeozoic since their shells
consist of low-magnesium calcite, representing a relatively stable
mineralogy with respect to diagenetic alteration. Comprehensive δ18O
datasets for the Devonian were published by Veizer et al. (1999) and
Van Geldern et al. (2006). However, interpretation of the brachiopod
δ18O records concerning the palaeotemperature history of the
Devonian is hampered by Palaeozoic brachiopods showing in general
a trend towards lower oxygen isotope values with increasing age
(Veizer et al., 1999). Veizer et al. (1999) interpreted this trend as a
secular change in the oxygen isotope composition of seawater with
the δ18O of Palaeozoic seawater differing from modern seawater. This
hypothesis initiated a debate on whether hydrothermal and weath-
ering processes at mid-ocean ridges buffered seawater δ18O at a value
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of 0±1‰ or resulted in a secular change in seawater δ18O (Land and
Lynch, 1996; Muehlenbachs, 1998; Lécuyer and Allemand, 1999;
Wallmann, 2001; Jaffres et al., 2007).

Biogenic apatite is considered as another mineralogical phase with
a high potential for the preservation of the primordial oxygen isotope
composition. Conodonts are phosphatic microfossils (0.5 mm up to
approximately 2 mm in size) composed of carbonate–fluorapatite
(francolite; Pietzner et al., 1968) with its oxygen isotope composition
considered to be a reliable recorder of palaeotemperature (Wenzel
et al., 2000; Joachimski and Buggisch, 2002; Joachimski et al., 2004;
Bassett et al., 2007; Buggisch et al., 2008; Trotter et al., 2008). These
tooth-like elements are the only skeletal remains of the marine
conodont animal, assumed to have been one of the earliest jawless
vertebrates (Sansom et al., 1992; Donoghue et al., 2000). These
morphologically different elements, arranged in the head region of the
conodont animal, are interpreted as a feeding or filtering apparatus.
Each conodont element consists of an upper crown and a lower basal
body, both constructed of concentric lamellae. Whereas the more
densely packed lamellae of the crown consist of comparatively coarse
prismatic apatite crystallites (typically 1–30 μm in length), those of
the basal body are characterized by finer cuboidal crystallites with a
higher organic matter contentmaking them less resistant with respect
to mechanical abrasion and post-depositional alteration.

This contribution presents a comprehensive oxygen isotope record
for the Devonian based on analysis of conodont apatite; it consider-
ably expands the record published by Joachimski et al. (2004). The
composite oxygen isotope curve of conodont apatite will be discussed
in the context of Devonian climatic evolution and development of
tropical reef ecosystems.
2. Materials and methods

2.1. Studied sections

Conodonts were studied from several sections in Germany, the
Czech Republic, France, the USA and Australia spanning the time
Fig. 1. Palaeogeographic reconstruction for the Middle/Late Devonian (Golonka, 2000) and l
orange = collision belts. 1 — Iowa, 2 — France, 3 — Germany, 4 — Czech Republic, and 5 —
interval of latest Silurian (Pridoli) to Late Devonian (Famennian).
According to palaeogeographic reconstructions of Golonka (2000), all
studied locations were situated in tropical to subtropical palaeolati-
tudes between 10 and 30° southern latitude (Fig. 1). The stratigraphic
ranges of the sampled intervals of the studied sections are shown in
Fig. 2 (details concerning locations as well as references for the
studied sections are given in the Supplementary Material).

2.2. Extraction of conodonts

Conodonts were extracted by dissolving carbonate rocks in 10%
acetic or formic acid, heavy liquid separation using sodium–

polytungstate and picking conodont elements from the heavy fraction
under a binocular microscope. Only conodont elements without basal
bodies were selected for further processing since the basal bodies
have shown to be a potential source of contamination (Wenzel et al.,
2000). Several mono-generic conodont samples were studied to test
whether different conodont taxa vary in their oxygen isotope ratios. In
most cases, we used multi-generic conodont assemblages for isotope
analysis since the abundance of conodont elements was generally not
sufficiently high to allow mono-specific or mono-generic analyses.

2.3. Silver phosphate precipitation

Conodont carbonate fluorapatite (Pietzner et al., 1968; Sweet, 1988)
has the general formula Ca5Na0.14(CO3)0.16(PO4)3.01(H2O)0.85F0.73. Since
oxygen is present in different sites in the apatitemineral, thePO4

3− group
was isolated and preciptated asAg3PO4 (O'Neil et al.,1994;Wenzel et al.,
2000). 0.5 to 1 mg of conodont apatite was weighed into small PE-
beakers and dissolved by adding 5 ml 2 M HNO3. After neutralizing the
solutionswith2MKOH, Ca2+wasprecipitated asCaF2 byadding2MHF.
The solutions were centrifuged and the supernatant transferred to a
clean beaker. Silver amine solution (0.34 g AgNO3, 0.28 g NH4NO3, 1 ml
NH4OH in 30 ml aqua dest.) was added in order to precipitate the
phosphate as trisilverphosphate. The beakers were stored for 8 h in a
drying oven at 60 °C. As NH4 slowly evolves, the pH of the solution
ocation of studied sections. Gray = land, blue = continental shelf, white = open ocean,
Australia.



Fig. 2. Stratigraphic range of sampled intervals of studied sections in Germany, France, Czech Republic, USA and Australia. Absolute ages after Gradstein et al. (2004).
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decreases and Ag3PO4 crystals start to precipitate (O'Neil et al., 1994).
The Ag3PO4 crystalswere extensively rinsedwith deionisedwater, dried
at 50 °C and homogenized using a small agate mortar. Weighing of
Ag3PO4 yields allowed calculation of the PO4

3− recovery rate, typically in
the range of 92 to 99%. Processing of smaller conodont apatite samples
(<0.5 mg) gave significantly lower PO4

3− recovery rates and a poor
external reproducibility of δ18O measurements.

2.4. Oxygen isotope analysis

Oxygen isotope analyses were performed using a TC-EA (high
temperature reduction furnace) coupled online to a ThermoFinnigan
Delta Plus mass spectrometer. 0.2 to 0.3 mg Ag3PO4 was weighed into
silver foil and transferred to the sample carousel of the TC-EA. Samples
and internal standards were generally measured in triplicate (He flow
rate is 80 ml/s, reactor temperature is set to 1450 °C, column
temperature is 90 °C). At 1450 °C, the silver phosphate is reduced and
CO forms as the analyte gas (Vennemann et al., 2002). CO was
transferred in the helium stream through a gas chromatograph via a
Conflo III interface to the mass spectrometer.

A yellowish–brown precipitate was observed during the early runs
in the open split glass tube of the Conflo interface. Since this
precipitate affected reproducibility of the measurements, disassem-
bling and cleaning of the open split was required at regular intervals
(Vennemann et al., 2002). We circumvented this problem by plunging
the stainless steel capillary connecting the TC-EA with the Conflo III
interface into a dewar filled with liquid nitrogen (LN2). By this,
volatilized phosphorus compounds (PH3?) were completely retained
in the trap and no contamination of the open split of the Conflo III
interface occurred. At the end of each day, the capillary was taken
out of the LN2 dewar and the He-stream diverted to a vent by
switching a 4-way valve introduced before the Conflo III interface.
The yellowish viscous precipitate then concentrated at the end of
the vent capillary. At the same time the Conflo III interfacewas flushed
with helium.
All values are reported in ‰ relative to VSMOW. Reproducibility of
triplicate sample measurements is generally <±0.2‰ (1 std. dev.).
External reproducibility of replicate standard analysis is ±0.15‰ (1 std.
dev.). Daily drifts in δ18O values of the samples were corrected by
analyzing laboratory standards with a known oxygen isotope composi-
tion (1 standard after 5 samples). The average oxygen isotope
composition of the internationally distributed standards NBS 120c and
YR-2 (Vennemannet al., 2002)weremeasured as 22.4±0.16‰ (n=49)
and 13.2±0.08‰ (n=6), respectively. Vennemann et al. (2002)
reported a δ18O value of 22.58±0.09‰ for NBS 120c and 13.1±0.21‰
for YR-2 using conventional fluorination with BrF5.

2.5. Locfit regression analysis

Isotope trend lineswere calculated using the nonparametric locally
weighted regression method ‘Locfit’ (Loader, 1999) which produces a
‘smoothed’ curve retaining the local minima and maxima. Compared
to other smoothing methods (e.g. running average) the locally
weighted regression methods yield good results even with unevenly
spaced data points. All calculations were performed with the open
source statistic software ‘R’ (version 1.5.1, Ihaka and Gentleman,1996).

3. Results

Analyses of mono-generic conodont samples (Icriodus spp., Polyg-
nathus spp., Palmatolepis spp.) extracted either from identical samples
or from different depositional environments show no significant
differences in δ18O (Fig. 3, Table 1), taking into account an analytical
precision of ±0.2‰ (1 std. dev.). Moreover, multi-generic conodont
assemblages characteristic for specific environments showalso compar-
able oxygen isotope ratios (Fig. 3; Famennian, Early expansa Zone). In
addition, ramiform conodont elements do not differ in their δ18O values
from δ18O values measured on individual taxa.

The composite oxygen isotope curve is based on total 639
individual measurements (Fig. 4) including 162 data points from



Fig. 3. Oxygen isotope ratios of conodont assemblages characteristic for specific
environments (Famennian–Early expansa Zone) and of mono-specific samples from
shelfal and deeper water environments (Famennian, Late triangularis Zone) of the
western shelf of North America. Note that oxygen isotope ratios are comparable given
an analytical precision of ±0.2‰ (1 std. dev.) suggesting that Devonian conodonts lived
in surface waters. Palaeogeographic reconstructions from Sandberg and Dreesen
(1984).

Table 1
Oxygen isotope composition for individual conodont taxa or conodont assemblages
characteristic for specific environments.

Sample Conodont genera Age Unit/location δ18O
(‰ VSMOW)

US 5 Polygnathid–
pelekysgnathid

Famennian (Early
expansa Zone)

Glenwood Canyon
(Colorado)

17.4
US 6 17.1
US 8 17.1
US 9–13 Rockwood Quarry

(Colorado)
17.2

US 17 Palmatolepid–
polygnathid

Confusion Range
(Utah)

16.9

Nev 1 Icriodus spp. Famennian (Late
triangularis Zone)

Middle/outer
shelf (Nevada)

17.0
Nev2 Polygnathus spp. 16.8
Nev 3 Icriodus spp. Pilot Basin (Nevada) 17.2
Nev 4 Polygnathus spp. 17.4
Nev 5 Palmatolepis spp. 17.5
BT 1a Icriodus spp. Frasnian (Late

rhenana Zone)
Beringhauser Tunnel
(Germany)

17.6
BT 1a Palmatolepis spp. 17.6
LSC
13a2

Polygnathus spp. Frasnian (Late
rhenana Zone)

La Serre C (France) 17.1

LSC
13a2

Palmatolepis spp. 17.5

LSC
13a2

Ramiform
elements

17.3

UQ 26b Icriodus spp. Frasnian (Late
rhenana Zone)

Coumiac (France) 19.1
UQ 26b Polygnathus spp. 18.9
UQ 26b Palmatolepis spp. 18.9
UQ 26b Ramiform

elements
19.1
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Joachimski et al. (2004). Isotope ratios of Late Silurian and Lochkovian
conodonts are generally between 17 and 19‰. Lochkovian conodonts
from Australia are slightly depleted in 18O with values ranging from 16
to 18‰. An increase in δ18O is observed in the Pragian and Emsian
with values between 19 and 21‰ measured for conodonts from the
Czech Republic. Pragian and Emsian conodonts from Australia also
show an increase in δ18O with ratios of 18 to 19.5‰ measured for late
Emsian and early Eifelian conodonts.

Middle Devonian conodonts exhibit the highest oxygen isotope ratios
independent of provenance of the elements. Eifelian, Givetian and early
Frasnian conodonts from the Prague Basin (Czech Republic), Montagne
Noire (France) and Rheinische Schiefergebirge (Germany) show δ18O
values ranging from 19 to 21‰ VSMOW. Givetian conodonts from Iowa
(USA) reveal a relatively large spread in δ18O from 17.7 to 19.5‰.

δ18O values of early Frasnian conodonts from Iowa are 19 to 20.2‰.
Late Frasnian and early Famennian δ18O values of conodonts from the
Rheinische Schiefergebirge, Montagne Noire and Iowa are between 17
and 19‰ and thus lower compared to Middle Devonian values. δ18O
values increase slightly in the late Famennian.

4. Discussion

Interpretation of the oxygen isotope values with respect to the
climatic evolution of the Devonian requires knowledge concerning the
life habitat of Devonian conodonts. Whereas some workers suggested
that conodonts lived nektobenthic (Barnes and Fahraeus, 1975) others
favoured a nektonic lifestyle within thewater column (e.g. Sweet, 1988).
Conodonts thriving in surface waters would record surface water
temperature (SST), whereas conodonts living deeper in the water
column would record cooler temperatures that would not be helpful
deciphering climatic changes. In order to constrain the life habitat of
Devonian conodonts, we studied mono-generic conodont assemblages
and multi-generic Late Devonian assemblages from the western United
States, France and Germany.

4.1. Palaeoecology of Devonian conodonts

The conodont biofacies concept is based on the observation that
specific conodont taxa preferentially occur in certain lithofacies,
which are used as a proxy of palaeoenvironment. For example,
Sandberg (1976) proposed five Late Devonian conodont biofacies belts
ranging from pelagic to shallow-water settings. This concept was
extended, inter alia, by Sandberg and Dreesen (1984), Klapper and
Lane (1988) and Sandberg et al. (1989) who discriminated 11 laterally
coexisting biofacies representing inner shelf to offshore basinal
environments. Three offshore biofacies —the palmatolepid-bispatho-
did, palmatolepid-polygnathid and polygnathid-icriodid biofacies —

were recognized. Based on the offshore–onshore conodont element
distributions, either a pelagic, free-swimmingmode of life or a benthic
to nektobenthic lifestyle (Schülke, 2003) were favoured for Devonian
conodonts. For example, representatives of Palmatolepis are generally
interpreted to have lived in offshore, pelagic environments, whereas
Polygnathus and Icriodus are considered to have lived in more shallow
waters. Though shallow-water taxa are assumed to have lived in the
upper water column and thus recorded SST, the lifestyle of pelagic
conodonts is more difficult to constrain: these forms lived either in
near-surface waters, within the water column or near the sediment-
water interface.

We compared the oxygen isotope composition of icriodid, poly-
gnathid and palmatolepid Pa elements as well as of ramiform elements
isolated from multi-generic conodont assemblages (Table 1). Different
genera showed no significant differences in their δ18O values suggesting
that conodont apatite was precipitated in waters of comparable
temperature. In addition, we analysed mono-specific samples of Icrio-
dus alternatus and Polygnathus brevilaminus and multi-specific samples
of Palmatolepis spp. (Late triangularis Zone) from middle platform and
basinal settings (Table 1, Fig. 3). The δ18O values of all taxa are
comparable within analytical reproducibility suggesting that all taxa
precipitated conodont apatite at comparable water temperatures and
thus at comparable water depth. Calculated palaeotemperatures
(assuming a δ18O value for Devonian sea water of −1‰ VSMOW)
range from 32 to 35 °C. Although these temperatures are slightly higher
than modern tropical SSTs, they accord with all taxa having thrived in
surface waters.

The comparison of the oxygen isotope ratios of Late Famennian (Early
expansa Zone) conodont assemblages from inner-shelf and basinal
environments confirms an upper water-column habitat. Assemblages



Fig. 4. Composite oxygen isotope curve (n=693) based on analysis of conodont apatite from sections in Germany, France, Czech Republic, USA and Australia. Bold line represents
locfit regression, thin lines give the 95% confidence interval.
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from the inner shelf facies are represented preferentially by Polygnathus
and Pelekysgnathus (polygnathid-pelekysgnathid conodont biofacies),
whereas the basinal association is dominated by Palmatolepis and
subordinately by Polygnathus (palmatolepid-polygnathid conodont
biofacies of Sandberg and Dreesen, 1984). The oxygen isotope ratios of
assemblages from both environments are closely comparable with
calculated palaeotemperatures between 32 and 34 °C. These tempera-
tures correspond to those reconstructed for the early Famennian and,
moreover, indicate that different conodont taxa were thriving in surface
waters. Based on these findings, we argue that Devonian conodontswere
thriving in surface waters and can be used to reconstruct SST.

4.2. Preservation of the δ18O signal in conodont apatite

Preservationof theprimaryoxygen isotope signals in conodont apatite
depends on the influence of diagenetic recrystallisation and exchange of
the phosphate-bound oxygen as a consequence of dissolution and
reprecipitation processes. The crown tissues of conodont elements are
composed of crystals ranging in size from <1 μm to >30 μm (hyaline
tissue) to several hundred micrometers (albid tissue; Donoghue, 1998;
Trotter et al., 2007). Although porosity has been recognized in both
conodont crown tissues, permeability is considered to have been
relatively low, especially in the hyaline crown tissue (Trotter et al.,
2007). The low permeability is interpreted as inhibiting interaction and
chemical exchange of phosphate-bound oxygen with oxygen from pore
fluids. Experimental studies by Blake et al. (1997) and Zazzo et al. (2004)
showed that the phosphate component of bioapatite is very resistant to
inorganic exchange with water at low temperatures. However, at higher
temperatures as well as under microbially mediated conditions (Blake
et al., 1997), the oxygen isotope exchange between apatite and water
proceeds faster and may affect the oxygen isotope composition of
biogenic apatite.

With increasing temperature during burial of the sediments, and
depending on the duration of burial, the colour of conodont elements
changes from pale yellow to black and finally to white as a
consequence of thermal maturation of organic material trapped in
conodont apatite. Epstein et al. (1977) introduced the conodont colour
alteration index (CAI) ranging from CAI 1 (thermally immature) to CAI
5 (low-grade metamorphism), which was later extended to CAI 8 by
Rejebian et al. (1987). Studies on the textural alteration of conodont
apatite have demonstrated that recrystallisation of apatite crystallites
may occur either on the surface or in the interior of conodonts.
Königshof (1992) described an increase in crystallite size by contact
metamorphism of conodonts with a CAI of 5 to 7, but did not observe
any signs of recrystallisation in conodonts with a CAI of 1 to 4.5. Nöth
(1998), however, showed syntaxial recrystallisation on conodont
surfaces starting at CAI 1.5, though crystallisation in the interior of
conodonts occurred only at CAI 5. Recrystallisation of low-CAI
conodonts was explained by Nöth (1998) as reflecting long-term
heating that promoted aggrading crystallization of crystallites at
relatively low temperatures.

In contrast to studies on biogenic calcite, diagenetic recrystallisa-
tion and potential alteration of the oxygen isotope signal of fossil
bioapatite are difficult to identify by other methods. Pucéat et al.
(2004) demonstrated that the crystallinity of biogenic apatite, a proxy
initially proposed by Shemesh (1990) as a tool to identify diagenetic
overprint of apatite, is a poor criterion for identifying diagenetic
alteration. Cathodoluminescence (CL) is generally used to identify
diagenetic recrystallisation of biogenic carbonates. CL intensities in
apatite are positively correlated with REE concentrations (Habermann
et al., 2000). REEs become concentrated in biogenic apatite post-
mortem (Grandjean-Lécuyer et al., 1993), but adsorption of REEs is not
necessarily related to recrystallisation and/or diagenetic exchange of
oxygen in the phosphate group of biogenic apatite. Consequently,
neither REE patterns nor CL characteristics will help to identify
diagenetic exchange of oxygen in apatite phosphate.

In order to evaluate a potential imprint on the oxygen isotope
composition of conodont apatite from thermal maturation and



Fig. 5.Oxygen isotope ratios of conodontswithdifferent conodont colouralteration indices
(CAI) from Frasnian–Famennian boundary sections. Kowala–Holy Cross Mountains,
Poland, Vogelsberg–Rheinisches Schiefergebirge, Germany, Beringhausen–Rheinisches
Schiefergebirge, Germany, Wolayer See — Carnic Alps, Austria. Records show comparable
trends independent of the thermal maturation (for further details see text).
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concomitant recrystallisation, we compared δ18O records of con-
odonts from four Frasnian–Famennian boundary sections (Fig. 5).
Conodonts from the Kowala section (Holy Cross Mountains, Poland)
have a CAI of 1 indicating a minor thermal overprint below 75 °C
(Joachimski et al., 2001). Conodonts from the Vogelsberg (Thuringia,
Gemany), Beringhausen (Rheinisches Schiefergebirge, Germany)
and Wolayer See sections (Carnic Alps, Austria) show higher CAI
values of 4, 4.5 and 5, respectively. Thermal overprint in the latter
Fig. 6. Comparison of conodont δ18O record (filled diamonds) with published δ18O data f
V−SMOW scale and a value of 8.7‰ was subtracted from the calcite δ18O values in order to
Brachiopod δ18O values: open circles - Veizer et al. (1999), open squares - van Geldern et a
sections is estimated to have been at least between 200 and 300 °C.
All four oxygen isotope records show a positive excursion in δ18O in
the earliest Famennian with an amplitude of around +1.5‰. Cono-
donts from the latest Frasnian as well as the Late triangularis Zone
show no major difference in δ18O taking into account an analytical
reproducibility of ±0.2‰ and potentially slightly different SSTs in
the various regions. This positive excursion was interpreted by
Joachimski and Buggisch (2002) as reflecting a short-term cooling
episode resulting from enhanced burial of organic carbon (Kellwas-
ser horizons) and concomitant lowering of atmospheric pCO2.
The good accordance of the four records as well as the observation
that conodonts from other time periods with different CAI values
generally show no major differences in their δ18O values suggest that
enhanced thermal overprinting up to a CAI value of 5 and potential
recrystallisation of conodont apatite did not result in oxygen isotope
exchange in apatite phosphate. We thus interpret conodont apa-
tite δ18O values as a reliable proxy for reconstruction of Devonian sea
surface temperatures.

4.3. Comparison of conodont apatite and brachiopod calcite δ18O records

Given the equations of Kolodny et al. (1983) and O'Neil et al.
(1969), calcite is expected to be enriched in 18O relative to apatite. For
the temperature range of 20–40 °C, the offset is 8.6 to 9.0‰ and
increases by almost 0.5‰ over the 20 °C temperature range. This
calculated offset was confirmed by measurements of Iacumin et al.
(1996) who observed an offset in δ18O of mammalian bone carbonate
and apatite of 8.6 to 9.0‰. In order to compare the δ18O values of
conodont apatite and brachiopod calcite, the brachiopod calcite δ18O
VPDB values were converted to the VSMOW scale and a value of 8.7‰
was subtracted from the calcite δ18O values (Fig. 6).

Comparison with the brachiopod δ18O dataset published by Veizer
et al. (1999) shows that calcite δ18O values are in general depleted in
or brachiopod calcite. Brachiopod calcite δ18O V−PDB values were converted to the
account for different thermodynamic oxygen isotope fractionations of calcite and apatite.
l. (2006). Locfit regression for conodont apatite δ18O as in Fig. 4.
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18O compared with conodont apatite. In addition, brachiopod δ18O
values reveal a significantly higher variance compared with the values
of conodont apatite. The variance in δ18O of conodonts from specific
time intervals is generally in the range of 2‰ and is explained by
regional short-term variations in SST and/or salinity. Elrick et al.
(2009) suggest that variations in δ18O of Early to Middle Devonian
conodonts reflect climatic changes and the formation and melting of
continental ice masses.

Instead, brachiopod δ18O values vary by 6 and 8‰ in the
Lochkovian and Frasnian, respectively (Fig. 6). This large variance
cannot be explained by differences in water temperature and/or
salinity: it suggests that brachiopod shells with low δ18O values were
probably affected by diagenetic recrystallisation. This interpretation is
supported by the comparison of different brachiopod δ18O records;
brachiopod δ18O values of Van Geldern et al. (2006) are generally
higher and show minor variance compared with the brachiopod δ18O
values of Veizer et al. (1999).

Interestingly, the conodont δ18O record (this study) and the
brachiopod δ18O record of Van Geldern et al. (2006) show comparable
trends with relatively high values in the late Emsian to Givetian, a
decrease in the Frasnian and relatively low values in the late Frasnian
to Famennian (Fig. 6). However, the brachiopod δ18O values are
generally lower and result in unrealistically high palaeotemperatures
especially in the Frasnian and Famennian (assuming an oxygen
isotope composition of Devonian sea water of −1‰ VSMOW).
Different life habitats of benthic brachiopods and nektonic conodonts
cannot account for this offset (Joachimski et al., 2004). Further,
diagenetic recrystallisation of the brachiopod shells studied by Van
Geldern et al. (2006) seems unlikely since the shells were screened for
a diagenetic overprint using cathodoluminescence microscopy, sec-
ondary electron microscopy and trace element analysis. Non-equili-
brium fractionation presents another potential explanation for the
observed offset. However, a kinetic oxygen isotope fractionation
during apatite precipitation would result in a depletion in 18O and
lower δ18O values: it cannot explain the generally higher δ18O values
Fig. 7. Palaeotemperature record for the latest Silurian and Devonian calculated from δ18O
of conodont apatite (for detailed discussion see Joachimski et al.,
2004).

The observation that the highest brachiopod δ18O values agree
relatively well with the conodont δ18O values suggests that these
samples may represent the best-preserved shells and that all other
shells showing significantly lower δ18O values were affected by
diagenesis. This interpretation underlines our earlier conclusion that
oxygen isotopes of conodont apatite are a more reliable palaeotem-
perature proxy than oxygen isotopes of Palaeozoic biogenic calcite.
4.4. Palaeotemperature of the Devonian

The oxygen isotope composition of biogenic apatite is dependent
on the temperature during apatite precipitation and the δ18O of
seawater fromwhich the apatite is precipitated (Kolodny et al., 1983).
The latter depends on salinity and ice volume. Since almost all of the
Devonian is generally considered a non-glaciated time interval, a value
of−1‰ VSMOW is a realistic estimate for the δ18O of Devonian open-
ocean water (Savin, 1977). However, the oxygen isotope composition
of surface waters in epeiric seas may be influenced by higher
evaporation or enhanced freshwater input. Whereas enhanced
evaporation will result in higher salinities and δ18O values, freshwater
input will lower salinity and δ18O of surface waters.

Assuming a δ18O value for Devonian seawater of −1‰ VSMOW,
Late Silurian to Lochkovian average low-latitude SSTs are calculated to
have been between 30 and 32 °C (Fig. 7). Average SSTs start to
decrease in the early Pragian and showminimum values around 22 °C
in the late Emsian to Givetian. Temperatures reconstructed for the
middle to late Frasnian and early Famennian were again significantly
warmer with average temperatures ranging between 30 and 32 °C;
this accords with the low latitudes warming considerably during the
Frasnian. During the middle to late Famennian a moderate cooling
trend is apparent culminating in the short-term glaciation at the
Devonian–Carboniferous boundary, documented by a positive δ18O
of conodont apatite assuming a δ18O value for Devonian sea water of −1‰ VSMOW.
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excursion in conodont apatite (Kaiser et al., 2006; Buggisch et al.,
2008).

Regional differences in SST and/or salinity become obvious when
comparing the δ18O data sets from Australia, North America and
Europe. High SSTs and/or lower salinities are reflected in the δ18O data
of conodonts from the epicontinental seas in southeastern Australia
and the US Midcontinent (Iowa). In comparison, δ18O values of
conodonts from shelfal seas bordering the western Palaeotethys
(France, Germany and Czech Republic) indicate lower SSTs and/or
higher salinities (higher δ18O values in comparison to δ18O values of
conodonts from Australia and Iowa). However, since the same long-
term δ18O trend is recognized in δ18O datasets measured on conodonts
from different palaeocontinents, we argue that the reconstructed
long-term temperature record represents global climatic change
within the Devonian.

By assuming an oxygen isotope composition for Devonian sea-
water of−1‰ VSMOW, the δ18O values of Devonian conodont apatite
translate into temperatures fully consistent with modern tropical to
subtropical SSTs. This observation clearly contradicts the idea that the
oxygen isotope composition of seawater has changed through time
(Veizer et al., 1999; Wallmann 2001; Jaffres et al., 2007) but agrees
well with studies on the oxygen isotope composition of ancient
ophiolites which indicate that the δ18O of Palaeozoic seawater was
near 0±1‰ VSMOW (Gregory, 1991; Muehlenbachs et al., 2003).
4.5. Devonian climate and reef evolution

Palaeotemperatures calculated from the conodont δ18O record
suggest that the earliest Devonian as well as the late Frasnian and
most of the Famennian were relatively warm climatic periods,
whereas the Middle Devonian represented a cooler interval. We
suggest that these climatic changes resulted from variations in
Devonian atmospheric CO2 levels. For example, the GEOCARB III
model (Berner and Kothavala, 2001) indicates a continuous decrease
in pCO2 during the Devonian. Simon et al. (2007) suggested that CO2

concentrations decreased from about 2000 ppmv in the Early
Devonian to 900 ppmv in the Middle Devonian. These predictions
agree well with climatic cooling indicated by the conodont δ18O
record. However, both models do not show an increase in pCO2 during
the Frasnian that might be expected in context with the inferred
climatic warming. In addition, CO2 proxy data (e.g. soil carbonate
δ13C) are too sparse to reconstruct shorter-term variations in atmo-
spheric CO2 during the Middle to Late Devonian.

Interestingly, the reconstructed temperature record is mirrored in
the Devonian 87Sr/86Sr record. A continuous decrease in 87Sr/86Sr is
observed in the Early Devonian. Relative uniform unradiogenic 87Sr/
86Sr values are observed in the Eifelian and early Givetian. 87Sr/86Sr
values start to increase in the late Givetian with most radiogenic
values observed at the Devonian–Carboniferous boundary (McArthur
et al., 2001; Van Geldern et al., 2006). The increase in 87Sr/86Sr during
the late Middle Devonian and Frasnian was interpreted to result from
intensified continental weathering as consequence of the Eovariscan
orogeny, enhanced volcanic CO2 degassing and climatic warming (Van
Geldern et al., 2006). Global warming in the Frasnian is supported by
palaeontological data. According to Streel et al. (2000), tropical (non-
equatorial) floras were spreading into higher latitudes during the
Frasnian. Miospores reached their maximum latitudinal distribution
in the latest Frasnian consistent with warm to very warm climatic
conditions during the Frasnian–Famennian transition (Streel et al.,
2000). Léthiers and Raymond (1991) suggested that Late Frasnian
benthic ostracods were adapted to very warm temperatures. In
conclusion, although modelled atmospheric CO2 concentrations and
sparse CO2 proxy data are not in accord with climatic warming in the
Frasnian, palaeontological as well as geochemical data support the
reconstructed Late Devonian palaeotemperature record.
Our climate reconstruction contradicts the classical view that the
Middle Devonian was characterized by a supergreenhouse climate
(Copper, 2002b; Copper and Scotese, 2003) based partly in latitudinal
increase in coral–stromatoporoid reefs in theMiddle Devonian. Instead,
during the Early Devonian, coral–stromatoporoid reefs occurred only
rarely as small patch reefs. During the middle Emsian to Givetian, reef
expansion was rapid, culminating in development of coral–stromato-
poroid mega-reef complexes (Flügel and Flügel-Kahler, 1992; Copper,
2002b; Kiessling, 2002). For example, the Middle Devonian coral–
stromatoporoid reef belts of Western Canada, the Urals and the Russian
Platform extendedover 3.100, 3.000 and 2.600 km, respectively (Copper
and Scotese, 2003). These reefal build-ups are considered to be among
themostextensive reef constructions inEarthhistorywith a surface area
up to 10 times those in the modern ocean (Copper, 1994).

In the Frasnian, coral–stromatoporoid reefs became more restricted
and finally disappeared globally during the Frasnian–Famennian crisis.
Almost no coral–stromatoporoid reefs are known for the following
15 million years. Instead, microbial reefs started to flourish during the
Frasnian and were widespread in the Famennian (Tsien, 1988; George
et al., 1995; Wood, 2000; Whalen et al., 2002). Early Devonian (late
Lochkovian to early Emsian) reefs in the Urals consist mainly of algal and
microbial communities with low-diversity metazoan assemblages
(Antoshkina and Königshof, 2008). These reefs extend from Novaya
Zemlya to the southern Urals over a distance of 2.500 km. Thus, Early
Devonian (Lochkovian–Pragian) and Late Devonian (Famennian) reefs
seem to have been dominated by microbial (cyanobacterial) commu-
nitieswhereas corals and stromatoporoidswere themain reef builders of
the Middle Devonian mega-reefs. Comparison of Devonian reef history
with the palaeotemperature record suggests that the microbial reefs
predominated during periods characterized by warm to very warm
tropical SSTs, whereas coral–stromatoporoid mega-reefs flourished
during the cooler Middle Devonian time interval. As shown in Fig. 8,
the percentage of autotrophic reefs was relatively high in the Lochko-
vian–Pragian and in the Famennian (Kiessling, 2002). At the same time,
the diversity of tropical reefs was relatively low (Flügel and Kiessling,
2002). Paralleling low-latitude cooling in the Pragian–Eifelian, the
percentage of autotrophic reefs decreased whereas diversity of coral–
stromatoporoid reefs increased. With increase in tropical SSTs in the
Frasnian, the percentage of autotrophic reefs increased againwhereas the
diversity of tropical reefs decreased. Although the PalaeoReef database
(Kiessling et al., 1999; Flügel and Kiessling, 2002) gives only a low-
resolution record of Devonian reef evolution, the correlation between
tropical SST, reef diversity and reef type suggests that temperature may
have been a controlling factor in the development of the Devonian reefs.

That Middle Devonian reefs extended to very high palaeolatitudes
of 40 to 50° was taken as another argument for warm climatic
conditions during the Middle Devonian (Copper, 2002b). However, as
noted by Kiessling (2002), the palaeolatitude of the northernmost
Middle Devonian reefs in Siberia seems to be too high given the great
volume of co-occurring evaporites (Witzke and Heckel, 1988)
according with a position of Siberia in the subtropics. Accepting a
corrected palaeolatitude of 40°N for Devonian Siberia (Kiessling,
2002), the Early Devonian tropical reef zone (Lochkovian) stretched
from 46°S to 40°N, whereas the Emsian and Givetian to Early
Famennian tropical reef zones ranged from 43°S to 45°N and 38°S to
45°N, respectively (Kiessling, 2002). Although the Early and Middle
Devonian were characterized by a large percentage of reefs occurring
in high latitudes (>35°), the estimated latitudinal ranges for tropical
reefs do not indicate that Middle Devonian reefs were spreading into
higher latitudes compared with Early Devonian tropical reefs.

Riding (1992) suggested that cyanobacterial calcification episodes
(e.g., Late Devonian) reflect periods of enhanced carbonate precipitation
and that temperature was a main controlling factor for formation of
microbial reef carbonates. In contrast, high tropical SSTs may not have
been favourable for growth of coral–stromatoporoid reefs. Interestingly,
coral–stromatoporoid reefs declined during the Frasnian, and finally



Fig. 8. Comparison of the Devonian palaeotemperature record with the percentage of autotrophic reefs on the total number of reefs (Kiessling, 2002) and the diversity of coral–
stromatoporoid reefs in the Devonian (Flügel and Kiessling, 2002).
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became extinct during the Frasnian–Famennian mass extinction event.
However, it is an open question whether climatic warming during the
Frasnian in conjunction with short-term cooling pulses in the latest
Frasnian and at the Frasnian–Famennian boundary (Joachimski and
Buggisch, 2002) were the ultimate cause of the extinction of many
Devonian reef builders and the decline of the Devonian reef ecosystem.

In comparison,modern scleractinians arehighly sensitive to increasing
SSTs, this being one of the reasons for coral bleaching andmass mortality
(Brown, 1997; Pockley, 2000). It is debatable, however, whether mid-
Palaeozoic corals had symbionts and were as sensitive to higher SSTs as
modern corals. Whereas Wood (1999) assumes that only modern
scleractinians had symbionts, Talent (1988) and Copper (2002b) believe
that probably all hermatypic tabulate and rugose corals were zooxanthel-
late. Most important and independent of this issue, Palaeozoic corals and
stromatoporoidsareexpected tohavehadanupper thermal limit andmay
have suffered from high tropical SSTs in the Early and Late Devonian.

5. Conclusions

The conodont apatite oxygen isotope record is interpreted as reflecting
the palaeotemperature of Devonian tropical to subtropical sea surface
waters. Salinity variations that might have affected δ18O of sea-surface
waters areunlikely tohave contributed to the observed secular trend since
the composite oxygen isotope curve based on analyses of conodonts from
different palaeocontinents shows a consistent pattern. Comparison of the
conodont δ18O record with published δ18O records measured on
brachiopod calcite reveals that some of the δ18O values of brachiopod
calcite are in part significantly depleted in 18O compared with conodont
apatite. The brachiopod calcite record shows much greater variations not
explicable by temperature variations.

Assuming an oxygen isotope composition of −1‰ VSMOW (non-
glaciated world) for Devonian sea water, conodont δ18O values
provide realistic temperatures for tropical to subtropical surface
waters. The generally lower δ18O values of brachiopod shell calcite
give unrealistically high palaeotemperatures. This discrepancy, plus
the large variance in the brachiopod calcite δ18O values can only be
explained by diagenetic resetting of the oxygen isotope ratios of
brachiopod calcite. Most importantly, the data presented in this study
suggest that the oxygen isotope composition of Devonian seawater
δ18O was not significantly different from modern sea water.

The reconstructed Devonian palaeotemperature record contradicts
earlier views that the Devonian represented a supergreenhouse
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interval. Our data suggest that the Early Devonian (Lochkovian; 416–
411 Myr)) and Late Devonian (late Frasnian and Famennian; 377–
359Myr)were verywarm intervals, whereas the late Early andMiddle
Devonian (405–385 Myr) were characterized by cooler climatic
conditions. The climax of coral–stromatoporoid reef development
was during the Middle Devonian, an interval characterized by cool to
intermediate tropical SSTs. Coral–stromatoporoid reefs were rare in
the Early Devonian, finally becoming extinct in the latest Frasnian.
Microbial reefs were abundant in the Early and Late Devonian
suggesting that warm to very warm SSTs in the Early and Late
Devonian were unfavourable for the development of coral–stromato-
poroid reefs, but promoted growth of autotrophic reefs that were
abundant during these time intervals. Our data suggest that SST
exerted a control on Devonian reef development and that climatic
warming in the Late Frasnian in conjunction with short-term cooling
pulses may have contributed to the extinction of coral–stromatopor-
oid reef ecosystems during the Frasnian–Famennian life crisis.
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