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Abstract

Based on the evaluation of 1323 carbon isotope values for Silurian to Permian terrestrial organic carbon, measured on plant
fossils, cuticules, humic coals and bulk terrestrial organic matter (TOM), we conclude that the temporal trend in δ13CTOM records
variations in the global carbon cycle, notably an increase in the fractional burial of light (terrestrial) organic matter in Late
Palaeozoic sediments. δ13CTOM values suggest that the Late Palaeozoic pO2 peak could have been restricted to a time frame of
∼40 Ma. Carbon isotope data from four taxonomic groups reveal small differences that could be a consequence of habitat
conditions. No significant differences in organic carbon isotopic composition in relation to variable climatic conditions are
discernible. The carbon isotopic composition solely reflects C3 plant metabolism.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The last decade has witnessed an increasing number
of studies related to early land plant evolution, its effect
on the cycling of carbon and hence on the climatic
history of the earth during Palaeozoic time (Gensel and
Edwards, 2001; Hemsley and Poole, 2004). Scholle and
Arthur (1980); cited in Robinson and Hesselbo (2004)
were among the first to address that shifts in the carbon
isotopic composition of marine carbonate carbon should
be detectable in land plant organic matter due to the
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geochemical link of the marine and terrestrial realms via
atmospheric carbon dioxide. Since then, the 13C/12C
ratio of fossil plant remains and bulk terrestrial organic
matter (TOM) has been used as a proxy for reconstruct-
ing carbon cycle dynamics, palaeoecological and
palaeoclimatological conditions (Bocherens et al.,
1993; Jones, 1994; Faure and Cole, 1999; Nguyen Tu
et al., 2002; Gröcke, 2002; Beerling and Royer, 2002;
Hesselbo et al., 2003; Berner, 2004) or as a tool for
chemostratigraphic correlation (Gorter et al., 1994; Stott
et al., 1996; Hansen et al., 2000; Sephton et al., 2002;
Ando et al., 2002; Hasegawa, 2003; Heimhofer et al.,
2003; Robinson and Hesselbo, 2004).

The aim of our present study was to investigate
whether long term shifts and possibly short term
variations can be found in land plant organic matter.
Additionally we checked isotope variations due to gross
climatic conditions and differences related to plant
groups.
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The Late Palaeozoic was a time of profound
geological changes, notably the rapid colonization of
terrestrial environments by land plants since the Silurian,
a change from greenhouse conditions in the Silurian–
Devonian to icehouse conditions in the Permo-Carbon-
iferous, and the final assembly of the Supercontinent
Pangea in the Permian. The rise of land plants (as a new
carbon sink) removed the greenhouse gas CO2 from the
atmosphere and potentially ushered in the Carbonifer-
ous-Permian glacial episode (e.g. Kump et al., 2000;
Beerling and Berner, 2005). The evolutionary innova-
tions that caused the increased storage of CO2 did not
appear prior to the Devonian, although the first
significant evidence of embryophytes occupying land
is from the Middle Ordovician, and the earliest
occurrence of vascular plants is Middle Silurian (Gensel
and Edwards, 2001; Wellman et al., 2003). These
innovations include the production of lignin since the
Early Devonian (Boyce et al., 2003a) and the evolution
of wood since the Middle Devonian (Rowe, 2000).
Wood containing the biopolymer lignin is resistant to
biodegradation. Reduced decomposition contributed to
increased carbon storage in terrestrial sinks.

The evolution of the carbon isotopic composition of
terrestrial organic matter in context with the coeval
spread of plant ecosystems is reviewed in this study.

2. Samples and methods

Here we examine the δ13CTOM values of 1323 Late
Silurian to Late Permian samples from terrestrial
successions collected from >200 localities from a
variety of sedimentary basins. 617 of these isotope
data have been taken from the literature (Maass et al.,
1975; Redding et al., 1980; Botz and Müller, 1981;
Maynard, 1981; Hatch et al., 1984; Schwarzkopf and
Schoell, 1985; Wenger et al., 1988; Kotarba, 1990;
Jones, 1994; Gorter et al., 1994; Morante et al., 1994;
Faure et al., 1995; Mora et al., 1996; Yapp and Poths,
1996; Lecuyer and Paris, 1997; Ader et al., 1998; Krull,
1998; Elick, 1999; Faure and Cole, 1999; Mastalerz et
al., 1999; Hansen et al., 2000; Montañez et al., 2000;
Ghosh et al., 2001; Korte et al., 2001; Beerling, 2002;
Beerling et al., 2002; Boyce et al., 2003a; Kotarba and
Clayton, 2003; Tabor et al., 2004). The great majority of
samples originate from foreland basins in the vicinity of
the Variscan orogen or from intramontane basins in the
remnants of the Caledonian and Variscan mountain
belts. Additionally, many measurements represent plant
remains from diverse terrestrial successions of Gond-
wana. It is well known that age assignments of
Palaeozoic terrestrial sediments are extremely problem-
atic compared to the marine realm and that the
Palaeozoic fossil record continues to remain fragmen-
tary. Bearing this in mind we have chosen a compromise
between number of samples and age uncertainties.
Samples/localities with a maximum error of stratigraph-
ic age determination of ±10 Ma were considered for this
study. Fig. 1 illustrates that the error of age determina-
tion for the majority of samples is well below 10 Ma
(mean error of age for all samples is ±1.4 Ma). We used
the Stratigraphic Table of Germany (Menning and
German Stratigraphic Commission, 2002) as the basis
for assigning numerical ages due to its detailed age
calibration and a wide variety of local, regional and
global reference scales for stratigraphic correlation
between different successions. System boundaries are
defined as follows: Silurian–Devonian 417.5 Ma,
Devonian–Carboniferous 358 Ma, Carboniferous–
Permian 296 Ma, Permian–Triassic 251 Ma.

A total of 706 samples were collected from a variety
of terrestrial (mainly fluvial-limnic) successions span-
ning the time frame from the early Wenlockian
(Silurian) to the Permian-Triassic boundary. Four
different kinds of fossil plant material (humic coal,
cuticles and coalified tissue from compression fossils,
bulk organic matter) were processed using standard
chemical preparation techniques (e.g., Strauss et al.,
1992). Coal samples and coalified tissue picked from
compressional fossils were pulverized and immersed in
20% HCl in order to remove carbonate minerals.
Cuticles and small pieces of coalified tissue could be
handpicked from kerogen concentrates after repeated
treatment of whole rock samples with 48% HF and 20%
HCl. All residues were carefully rinsed in deionized
water several times until neutrality was reached and
dried at 40 °C. Bulk rock samples containing finely
dispersed organic matter were pulverized, decarbonated
with HCl, rinsed and dried.

Measurements of the carbon isotope ratios of coals,
cuticles and coalified tissue were performed using a
coupled Carlo–Erba elemental analyzer Thermo Quest
Finnigan DELTAplus isotope ratio mass spectrometer.
Bulk rock samples were further processed using the
sealed tube combustion method (Strauss et al., 1992).
Pulverized and decarbonated sample material was
sealed in a quartz glass tube under vacuum together
with CuO and combusted at 850 °C over 5 h. Liberated
CO2 was cryogenically purified, sealed in 6 mm pyrex
tubes and introduced offline into the mass spectrometer.
Replicate measurements yielded a precision of 0.3‰
(2σ). Isotopic compositions were measured against
internal standards and are reported in the standard δ-
notation as per mil (‰) deviation from VPDB.



Fig. 1. Terrestrial organic carbon isotope record for the Late Palaeozoic. Gray shading of data points illustrates error of stratigraphic age
determination. The center solid line is the moving average based on 20 Ma window and 5 Ma forward step. 95% confidence interval is shown by the
two outer solid lines.
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2.1. The effect of diagenesis and sample treatment on
carbon isotope values

The optimal way to address variations in δ13CTOM

related to plant evolution and/or changes in climate
would be through detailed molecular analysis via GC-
MS/IRMS (e.g., Poole et al., 2004). The problem
inherent in this approach is artifacts caused by laborious
processing of the sample material. Additionally, only
selected organic compounds (such as long-chain n-
alkanes) survive the advanced degree of sediment
diagenesis and thermal degradation which characterize
many Palaeozoic sediments.

We have chosen an alternative approach by
analyzing the bulk isotopic composition of different
types of organic matter (coal, cuticles, coalified tissue
from compression fossils, bulk organic matter). An
essentially random selection of a large number of
samples from different sources substantially decreases
the likelihood of misinterpretations based on extreme
individual results from a certain typed habitat. Hence,
we feel that the obtained conclusions are valid.

It is widely known that during early diagenesis plant
organic matter is subject to chemical variation with each
moiety having its own δ13C signature which can affect
the average isotopic composition of plant remains
(Hedges et al., 1985; Benner et al., 1987; Hayes,
2001; Van Bergen and Poole, 2002). Late diagenetic and
metamorphic processes are known to potentially alter
the isotopic composition of fossil organic matter (Hoefs
and Frey, 1976; Monin et al., 1981). Recent studies
suggest a rather complex and sometimes contradictory
relationship between the chemical modification of
original organic compounds during early diagenesis
and concurrent alteration of δ13CTOM. The actual
amount and direction of isotopic shifts due to modifi-
cation and destruction of organic moieties is apparently
more complicated than initially envisaged (Tyson,
1995). A number of studies have been conducted
which attempt to simulate natural alteration processes
by laboratory experiments that apply chemical and
thermal catalysis of “modern” or subfossil plant
material. Schleser et al. (1999) found that the δ13C of
wood samples heated in a sealed tube filled with water
initially decreased and subsequently increased. Maxi-
mum isotopic change after several months of heating at
180 °C was 1‰. Lehmann et al. (2002) conducted a
series of oxic and anoxic incubation experiments of



Table 1
Influence of chemical processing on δ13C of terrestrial organic matter
of different quality

Sample Rm

(%) a
Organic
matter type

δ13CTOM (‰)
untreated

δ13CTOM (‰)
maceration
treatment

0001b 0.60 Cuticles −24.6 −24.8
0071 n.d. Coal −22.2 −22.4
0074 0.70 Coal −24.8 −24.5
0075 0.62 Coal −24.1 −23.9
0082 0.70 Coal −24.1 −24.2
0083 0.40 Coal −21.4 −21.7
0085 0.55 Coal −22.6 −22.9
0091 0.57 Coal −22.8 −22.4
0093 0.54 Coal −23.1 −23.2
0094 0.54 Coalified tissue −23.8 −23.6
109 1.00 Coal −23.2 −23.0
0161 n.d. Cuticles −23.6 −23.3
0201 n.d. Coalified tissue −23.7 −23.3
0204 n.d. Coalified tissue −24.9 −24.6
0214 2.00 Coalified tissue −23.6 −23.4
0218 1.90 Coalified tissue −23.2 −23.0
0236 3.14 Coalified tissue −24.4 −24.4
0237 3.20 Coalified tissue −25.3 −25.3
0246 0.70 Coalified tissue −23.9 −23.5
0256 n.d. Coal −24.0 −23.6
0258b n.d. Coalified tissue −23.6 −23.4
0270 n.d. Coal −23.0 −22.8
0278 0.80 Coal −23.0 −22.9
0280 0.70 Coal −22.5 −22.2
0281 0.70 Coalified tissue −23.0 −22.7
0283 0.70 Coalified tissue −23.9 −23.4
0284 0.70 Coal −23.9 −23.7
0287 0.90 Coal −27.2 −27.2
0310 0.69 Coal −23.6 −23.5
0440 n.d. Coal −21.7 −21.7
0565 n.d. Cuticles −22.9 −22.9
0671 1.30 Coalified tissue −23.4 −23.3
a Rm is mean random vitrinite reflectance of the host rock (e.g.,

Taylor et al., 1998).
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lacustrine particulate organic carbon and recorded a
decrease in δ13C value by 1.6‰. In a study by
Fernandez et al. (2003), changes in the δ13C value of
solids at successive stages of biodegradation showed
enrichment in 13C followed by decrease and final
increase.

Researchers investigated the effects of artificial
coalification under controlled laboratory conditions as
a simulation of thermal alteration. Experimental labora-
tory burns of C3 and C4 vegetation conducted by
Turekian et al. (1998) revealed a minor enrichment in
13C for temperatures up to∼230 °C. Jones and Chaloner
(1991) also recorded a slight increase in δ13C (0.5‰) in
wood at temperatures of up to 150 °C. This was followed
by a decrease in δ13C values of 1‰ at temperatures of up
to 600 °C. Similar results were found by Czimczik et al.
(2002) and Poole et al. (2004) who also noted initial
increases in δ13C values followed by decrease of up to
1.4‰ and 2‰ at higher temperatures (∼500 °C).

With respect to a possible alteration of the original
isotopic composition of plant remains from the
Palaeozoic it is utterly impossible to differentiate
between taphonomic/early diagenetic effects and late
diagenetic alteration resulting mainly from thermal
degradation. Strauss and Peters-Kottig (2003) have
attempted to identify a possible influence of late
diagenetic thermal alteration through vitrinite reflec-
tance measurements. No significant correlation of
δ13CTOM to mean vitrinite reflectance values was
detected. This observation is in agreement with other
studies suggesting that a systematic increase in δ13C
values does probably not occur at temperatures below
∼250 °C or possibly even ∼350 °C (Schwarzkopf and
Schoell, 1985; Whiticar, 1996; Watanabe et al., 1997).
To summarize all these studies, diagenesis causes an
isotope change of less than 2‰, commonly less than
1‰. Hence, no clear systematic variation in δ13C values
as a consequence of post-depositional, diagenetic
alteration is discernible.

We conducted a very simple laboratory experiment in
order to examine the effect of further oxidation on the
δ13C value of fossil organic C. To do so, we modified a
standard maceration technique used by palaeobotanists
to isolate plant cuticles from the sediment (e.g., Kerp,
1990). A random batch of 35 pulverized samples
representing different kinds of organic matter (see
Table 1) was heated (80 °C) with Schulze's reagent,
an extremely oxidative agent (65% nitric acid contain-
ing few crystals of potassium chlorate). Subsequently,
the samples were repeatedly rinsed with deionized
water, dried and analyzed for their carbon isotopic
composition. This experiment admittedly renders a
rather simplistic simulation of diagenesis. However, it
also provides an opportunity to check whether the
standard chemical treatment of fossil organic carbon
(maceration) prior to isotope analysis alters the isotopic
composition in a systematic way when compared to
δ13CTOM results of unprocessed samples (Table 1 and
Fig. 2). The experimental data reveals that strong
chemical treatment does not alter the carbon isotopic
composition of consolidated organic matter. We inter-
pret this as a qualitative measure of resistance to
diagenesis.

A subset of samples used in this study has been
previously investigated by Strauss and Peters-Kottig
(2003). These authors showed that no systematic
difference in average isotopic composition exists
between the four types of organic matter identified:



Fig. 2. Effect of chemical maceration treatment on δ13C.

Fig. 3. δ13C of organic matter from compression fossils (cuticles and
coalified tissue) and bulk organic matter from the same rock specimen.
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plant fossils, cuticules, humic coal and bulk organic
matter. Also, no effect of rock lithology was found.
Additionally, as shown in this study (Fig. 3) the
δ13CTOM values of organic carbon from compression
fossils are generally well correlated with results for bulk
organic carbon from the same specimen. This observa-
tion was also reported by Arens and Jahren (2000). It
can be summarized that different forms of diagenetic
alteration did not affect the primary isotopic signal in a
systematic and, moreover, a significant way.

2.2. The Palaeozoic record of δ13CTOM

Palaeozoic TOM generally reflects a range in organic
carbon δ13C that is quite comparable to modern C3-
plants which clusters between −34‰ and −20‰ (mean
−27.1±2‰; O'Leary, 1988). Today, plants that use the
C3-type photosynthetic pathway include more than 95%
of the plant species on earth. A set of δ13CTOM values of
Permo-Carboniferous age depicted in Fig. 1 appear to be
substantially different. These cannot easily be accounted
for by a C3-plant physiology but instead lie in the range
of δ13C values for modern C4 or CAM plants (i. e.
δ13CTOM higher than −20‰). To date it is assumed that
C4 plants, which prefer drier and warmer habitats
probably appeared sometimes during the Oligocene
against the background of declining atmospheric pCO2

and drier environmental conditions, and, that they did
not become ubiquitous prior to the Late Miocene (Sage,
2004). Still, it should be noted that the biochemical steps
involved in Carbon Concentrating Mechanisms (CCM)
were possibly widespread in flowering plants long
before this pathway was fully expressed (Raven, 2002;
Keeley and Rundel, 2003). Due to carbon isotope
measurements on various materials, some authors have
postulated that C4 or CAM plants might have been
present already in the Cretaceous (Bocherens et al.,
1993; Kuypers et al., 1999).

Several factors render a search for early C4/CAM
plants in the fossil record difficult. Typical anatomical
features older than Pleistocene have only been found in
Miocene and Pliocene plants so far (Nambudiri et al.,
1978; Thomasson et al., 1988). In general, the
preservation potential of C4 and CAM plants is very
reduced in the fossil record, because terrestrial organic
matter is preferably preserved under humid/wet condi-
tions (Kerp, 1996) whereas C4 and CAM plants favor
drier habitats or even microsite aridity (Keeley and
Rundel, 2003). Nevertheless, Palaeozoic plants with a
Carbon Concentrating Mechanism (CAM, C4 or
intermediate) should be detectable through expected
less negative δ13CTOM values (possibly >−10‰). But,
to date, no such extreme values have been measured.

In summary we consider one of the following
situations characteristic for the Palaeozoic. (1) C4/
CAM pathways or intermediate evolutionary innova-
tions didn't exist yet. (2) The biochemical inventory was
present but did not become manifest in the bulk isotopic
composition of plant tissue. (3) Plants with a Carbon
Concentrating Mechanism predominantly or even
exclusively occupied drier habitats in extrabasinal
hinterland areas where organic matter preservation is
rather unlikely. Single positive isotope data most
probably represent extreme habitat conditions or
possibly singular short lived isotopic events in the
global carbon cycle that have not been detected in other
records to date.
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The overall average composition of δ13CTOM for the
Silurian–Devonian samples is −25.3‰ and for the
Permo-Carboniferous samples −23.4‰. Smoothing of
the data with a moving average (Fig. 1) documents a
temporal trend from δ13CTOM values of about −25‰ to
−26‰ during the Silurian and Devonian to more 13C
enriched values of −22‰ to −23‰ in the Permo-
Carboniferous. There are two longer phases in the
Pennsylvanian and to the end of the Permian that
display more negative values near −24‰. The
difference between the δ13C values for recent C3 plants
and the isotopically heavier fossil material is related to
the observation that during the Late Palaeozoic, δ13C of
atmospheric CO2 exhibited values several per mil less
negative than at present (Mora et al., 1996; Beerling et
al., 2002). Because plants reflect the carbon isotopic
composition of the atmosphere (Farquhar et al., 1989)
the underlying reason for the enrichment of 13C in the
carbon cycle in the Late Palaeozoic is an incremental
growth of the isotopically light sedimentary organic
carbon pool due to carbon burial. Terrestrial organic
matter is isotopically light due to its biological origin.
The increase in organic carbon burial has been
attributed to the increasing carbon storage in land
plant organic matter and, subsequently, coal (e.g.,
Berner and Raiswell, 1983; Berner, 2003). This long
term trend of increasing δ13C values has also been
detected in the marine realm, both for organic and
carbonate carbon (Hayes et al., 1999; Veizer et al.,
1999).

2.3. Silurian–Devonian δ13C values

A close inspection of the dataset for Silurian and
Devonian δ13CTOM values (Fig. 1) reveals the relative
scarcity of measurements in the older part of the
record. A total of 103 measurements for the Silurian–
Devonian indicate the apparent difficulty to obtain a
sufficient number of well-dated samples that could be
identified as originating from terrestrial sediments. The
oldest material has been collected from terrestrial-
lacustrine settings from Silurian inliers along the
southern margin of the Midland Valley of Scotland
(Charles Wellman, pers. comm., 2000). Due to the
absence of recognizable plant remains, this material
was processed as bulk rock samples (circles in Fig. 4).
We cannot rule out the possibility that the organic
matter did not originate from true vascular plants, but
terrestrial plant microfossils have been found in these
sediments (Wellman and Richardson, 1993). Some
very limited HI–OI data (Hydrogen-Index, Oxygen-
Index) from Rock-Eval-Pyrolysis conducted on sub-
samples of this material point to Type-III kerogen,
which originated from land plants, as the main carbon
source.

The temporal distribution of organic matter types
shows that cuticles and coalified tissue are common in
the sample set compared to bulk OM, whereas coal is
scarcely represented in the Devonian (Fig. 4). Thus, we
assume that the isotopic composition of Silurian–
Devonian TOM mainly reflects δ13C of land plants.
However, OM contributions from non-vascular land
plants of equivocal systematic position cannot be ruled
out, particularly when they tend to be isotopically
indistinguishable from vascular plants (for example
Spongiophyton; Jahren et al., 2003; Fletcher et al.,
2004). Fossil remains of the common, yet enigmatic
Devonian organism Prototaxites which produces a wide
variety of carbon isotope values that are mostly heavier
than δ13C of contemporaneous vascular plants (Boyce et
al., 2003b) is also a possible carbon source. δ13C values
of fossil remains from seven identified Devonian taxa in
our dataset suggest a C3-type photosynthetic pathway
(see Appendix). Part of the data scatter seen in the oldest
part of the record might be a consequence of the
presence of unknown evolutionary innovations in the
land plants.

These Early Devonian land plants grew in, at least
temporarily humid, lowland environments. They had
not yet evolved all morphological and physiological
departures from the ancestral aquatic conditions of
plants that were essential to invade the drier hinterland:
the evolution of a root system (Raven and Edwards,
2001) and of advanced reproductive adaptations (seeds)
(Hilton, 1998). Except for Bitelaria of which no
vascular system is known, all are pteridophytes, either
belonging to the Rhyniophytes (Renalia hueberi), to the
Zosterophyllophytes (Crenaticaulis verruculosus), or to
the Trimerophytes (Pertica varia) (Taylor and Taylor,
1993). Most taxa were small, varying from a few
centimetres to a few decimetres in height. They were all
leafless and had rather thick cuticles. In our study, only
one specimen provided kerogen concentrates contain-
ing cuticular OM. P. varia is the most robust plant
known from the Lower Devonian, reaching a height of
up to 3 m (Gensel and Andrews, 1984). Leclercqia
complexa is a Middle Devonian herbaceous lycopsid.
The Late Devonian fern-like Rhacophyton and the
progymnosperm Tetraxylopteris, were both small trees
and also bound to rather humid conditions, at least
during the stage of reproduction. A further potential
source of the scatter observed in the δ13C values at any
time in the record is probably due to intraspecific and
interspecific variation, or variable habitat conditions



Fig. 4. Distribution of carbon isotope results for coals (diamonds), cuticles (open triangles), coalified tissue (crosses) and bulk OM (open circles). For
δ13C data that have been taken from the literature, the organic matter types that were originally analyzed are often unknown (n=378). These data are
not included in Fig. 4.
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such as seasonal variation. All the effects are known to
potentially shift the 13C/12C ratio by up to several per
mil (see, e.g., the compilation in Arens et al., 2000). In
addition, dating errors could have mixed samples of
different ages.

2.4. Permo-Carboniferous δ13C values

In contrast to the Devonian, the Carboniferous to
Permian terrestrial organic carbon isotope record is
much better constrained and displays a structured
moving average curve (Fig. 1). The δ13C values (starting
around −23‰ in the Mississippian) are generally higher
compared to the Silurian–Devonian record. The latter
has been previously documented in the contemporane-
ous record from marine carbonates. Similarly, the
decrease to negative values towards the end of the
Permian is known already from marine inorganic
carbonate carbon isotope data (Veizer et al., 1999).
Mean δ13CTOM values exhibit high values during the
Early Mississippian (near −22‰) followed by a phase
of relatively 13C depleted TOM in the Late Mississip-
pian and Pennsylvanian (near −24‰). During the
Permian, the mean δ13CTOM increases to values near
−22‰, before declining to values of −24‰ near the
Permian-Triassic boundary.

The increase of δ13CTOM in the early stages of the
Carboniferous parallels one of the largest δ13Ccarb

excursions in the Phanerozoic, a trend which is
interpreted as reflecting enhanced accumulation and
burial of organic matter in deep-sea, deltaic-shelf, and
other depositional environments (Saltzman et al., 2004).
13C enrichment in the surficial carbon pools mirrors this
onset of vast Corg burial, particularly in tropical wetland
areas of the Euramerican Coal Province (Calder and
Gibling, 1994). It is probable that the initial Carbonif-
erous increase of δ13CTOM values is a consequence of an
evolutionary achievement of higher land plants. During
the end-Famennian, the coastal lowland vegetation
communities with potential for peat accumulation had
reached a worldwide distribution from sub-polar to
equatorial regions (Streel et al., 2000). In addition, plant
groups with a high lignin content which served as a
protection against decomposition had gained an in-
creased dominance by the end of the Devonian
(Robinson, 1990).
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The most prominent feature in our record is the
subsequent long lasting phase of decreased δ13CTOM

values during the late Mississippian and the Pennsylva-
nian, which is recorded by several hundred of well
characterized samples. Decreasing δ13C values during
this time interval are in marked contrast to the marine
carbonate carbon record. Popp et al. (1986) first pointed
out a shift to heavier δ13C values of marine carbonate
carbon near the Mississippian–Pennsylvanian boundary
that has since been recorded in various sections with
some interoceanic variability in the magnitude of the
shift (Bruckschen et al., 1999; Veizer et al., 1999; Mii et
al., 2001; Grossman et al., 2002). Because the decrease
of δ13CTOM values during the Late Carboniferous does
not parallel the carbonate carbon isotope record in these
sections, it likely points to a physiological response to
the abundance of atmospheric oxygen that will be
reviewed in the following section: photorespiration.

In C3 photosynthesis Rubisco is the primary enzyme
for fixing CO2. However, it can also act as oxygenase
when sufficient O2 is available, because both carbon
dioxide and oxygen compete for reaction at the active
site of Rubisco (Lorimer, 1981; Raven, 1991). One
metabolic consequence of increased photorespiration
due to enhanced O2 is an increase in carbon isotopic
fractionation that has been observed in laboratory
experiments (Berry et al., 1972; Berner et al., 2000).
Geochemical models suggest that atmospheric oxygen
content has fluctuated between ∼0.5 and ∼2 PAL
(Present Atmospheric Level) during the Phanerozoic
(Lasaga and Ohmoto, 2002). It possibly reached an all
time high in the late Palaeozoic (Berner et al., 2003) as a
result of (1) high oxygen production by the emerging
terrestrial flora and (2) enhanced burial of organic
carbon, effectively inhibiting O2 consumption during
oxidative weathering of OM. Although there is
considerable disagreement on the upper threshold
value of pO2 with respect to regulatory feedback
mechanisms that limits pO2 (e.g., forest fires; Lenton
and Watson, 2000; Wildman et al., 2004), independent
evidence from the Palaeozoic faunal record (Graham et
al., 1995; Dudley, 1998) suggests that the Pennsylva-
nian to Early Permian was a time of increased oxygen
levels in the atmosphere. Phenotypic response to
enhanced O2 levels is particularly evident from
contemporaneous gigantism within a variety of Late
Palaeozoic arthropod taxa, which adapted to the
evolutionary options inherent in increased respiratory
capacity. The timing and particularly the duration of the
Late Palaeozoic O2 peak are somewhat ill-defined from
geochemical modeling due to broad margins of error
inherent in the methods. Furthermore, a study of
isotopic fractionation as qualitative measure of atmo-
spheric oxygen level conducted by Beerling et al. (2002)
suffered from a rather small data pool.

Modeling indicates that the Late Palaeozoic O2

peak might have lasted for roughly a hundred million
years (Berner et al., 2003). Our carbon isotope data
suggest that the O2 peak could have been restricted
merely to the Late Mississippian and the Pennsylva-
nian— a time frame of ∼40 Ma with comparatively
negative carbon isotope values. Alternatively, it is
possible that the O2 peak lasted until the End-Permian,
but its effect on carbon isotopes in plants was covered
by the effect of maximum Corg burial and concomitant
rise in δ13C somewhere around 280 to 290 Ma
(Berner, 2003). The latter process might have had a
larger effect on the δ13C of atmospheric CO2 than the
influence of photorespiration.

From the beginning of the Permian, the mean
δ13CTOM is again increased and reached a mean value
of −21.8‰ during the Cisuralian, before declining to
values near -24‰ in the Guadalupian and Lopingian
(Fig. 1). This increase probably mirrors a time of
maximum sequestration of light carbon in terrestrial and
shelf sediments (Berner, 2003). The subsequent trend to
more negative δ13C values long before the Permian-
Triassic boundary carbon isotope excursion recorded in
various marine and terrestrial sections might be due to
global tectonics and the final consolidation of Pangaea.
Several authors (Faure et al., 1995; Kerp, 1996; Hallam
and Wignall, 1997; Kidder and Worsley, 2004) have
suggested that the tectonic and climatic processes
accompanying the formation of the supercontinent led
to a reduction of foreland coal basins, ultimately causing
a reduction in organic carbon burial (Berner, 2005). An
additional consequence may have been retreating or
diminishing forest vegetation, also a mechanism for the
global coal-hiatus (Faure et al., 1995). An increase in
weathering of coal bearing sediments could have also
released isotopically depleted carbon into the atmo-
sphere. de Wit et al. (2002) favor the episodic release of
methane from clathrates as the reason for the gradual
decline of carbon isotope values prior to the P/T-
boundary, although they do not exclude the oxidation of
organic matter. Both scenarios are consistent with our
record and serve as potential negative feedback
mechanisms that were capable to reduce atmospheric
O2 well before the end of the Palaeozoic.

The Late Palaeozoic is thought to be a time of rapidly
declining pCO2 to levels near those in the modern world
(François et al., 1993; Berner and Kothavala, 2001).
Increased photosynthetic fixation and subsequent or-
ganic carbon burial is widely acknowledged as being the
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main cause for pCO2 lowering — together with land
plant induced silicate weathering (Algeo and Scheckler,
1998). Falling atmospheric pCO2 had considerable
influence on land plant evolution in the Devonian
(Beerling and Chaloner, 1993; Beerling et al., 2001) but
it is not clear whether pCO2 is linked to the δ13CTOM

values. According to Farquhar et al. (1989), an increase
in pCO2 without change in δ13CCO2 will only have a
minor effect on plant carbon isotopic composition.
Arens et al. (2000) showed that the majority of
variations in δ13C of modern C3 plants were due to
variations in the isotopic composition of CO2 rather than
the CO2 level. On the other hand, Van der Water et al.
(1994) found that an increase in CO2 level results in a
negative carbon isotope shift whereas Körner et al.
(1991) reported a shift to 13C enriched plant organic
matter with decreasing pCO2.
Fig. 5. Provenance of samples with respect to gross climate conditions in the
identified (palaeogeographic maps and global distribution of climate belts fr
In order to assess whether gross climate conditions
might be detectable in our isotope record we have
assigned every sample locality to a respective past
global climate belt on the basis of the palaeoclimatic
maps provided by Scotese (2002). Unfortunately, we
do not have reliable information about local environ-
mental conditions for most of the samples. Hence, our
classification is only a provisional and rough estimate
of the influence from climate conditions. Still, it
potentially provides an insight into underlying varia-
tions in the record that are generally difficult to obtain
for a large heterogeneous data set. The distribution of
δ13CTOM values according to different climatic condi-
tions (Fig. 5) reveals that the carbon isotope values
from the different climate belts are statistically
indistinguishable. It should be noted, however, that
warm temperate is underrepresented in our data set.
Palaeozoic. For each sampling location palaeogeographic position was
om Scotese, 2002).



Fig. 6. Frequency distributions of age detrended δ13CTOM values for
climate belts from Fig. 5. Isotope data were normalized to mean
δ13CTOM value inside a 10 Ma window in order to remove possible
errors due to age distribution.

Fig. 7. Range of δ13CTOM values for different plant groups from the
Euramerican Phytogeographic Province. All samples are Carbonifer-
ous in age. δ13CTOM of the Lepidophytes include 18 data from Beerling
(2002). The boxes enclose 50% of the data population, with the
centerline showing the median value and the square showing the mean
value. The error bars show 5% and 95% percentile, respectively.
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Furthermore, nearly all samples from cool temperate
climates originate from Permian coal bearing strata
whereas tropical samples predominantly are derived
from coal basins of the Carboniferous. The distribu-
tion of samples from the arid climate belt is bimodal
between the Silurian–Devonian and the Permian,
which helps explain the wide scatter of isotope data
in the right upper box of the diagram (Fig. 5).

We calculated the difference in isotopic composition
of TOM between different climates for a 10 Ma window
in order to remove age related trends in our record (Fig.
6). Nonparametric testing (Kruskal–Wallis test, Mann–
Whitney test) of the age detrended data shows
statistically significant differences between the groups
(P<0.01). The sample distribution from the warm
temperate belt was not significantly different from the
data representing arid and tropical locations (P>0.05),
whereas arid samples were significantly different from
tropical samples (P<0.01). Data from the cool temper-
ate climate belt differed from all other samples. The
results do not reveal a clear systematic signal that could
be related to ecological effects on carbon isotopes like
temperature or light (see, e.g., the compilation in Arens
et al., 2000). The absence of explicit geographic
variability with respect to δ13C values is a feature that
has also been observed in present day biomes. While
differences in leaf δ13C have been correlated with plant
functional type within a given ecosystem (Brooks et al.,
1997), between broadleaf tropical forests and coniferous
forests (Broadmeadow and Griffiths, 1993), and by
latitude (Körner et al., 1991), no clear separations
emerge when all data are analysed (Pataki et al., 2003).
In general, the ecophysiological significance of the
results might be dampened by the fact that all samples
originate from rather wet environments. For example,
almost all Silurian–Devonian samples have been
collected from locations that were positioned in the
broad arid climate belt during this time, but it is
suspected that early land plants were adapted to moist
conditions (DiMichele and Hook, 1992; Algeo and
Scheckler, 1998), hence a typical feature of arid
environment – osmotic stress – was absent in the actual
habitat.

2.5. Taxonomic differences in δ13CTOM

In addition to evaluating climatic effects on carbon
isotope values, we investigated isotopic composition
among fossil taxa from four systematic groups that
originate from the tropical belt of the Carboniferous
Euramerican Phytogeographic Province. Fig. 7 shows
a box whisker plot of the data distribution for
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δ13CTOM. The median values for all groups lie within
a remarkably narrow range of 1.5‰ and 50% of the
data plot between −22.6‰ and −24.8‰. On the other
hand nonparametric comparison tests show that
isotope values are significantly different between the
studied groups. Pteridosperms have significantly
lighter values than Lycopsdis, calamites and cordaites
(P<0.05). Lycopsids and calamites are statisitically
indistinguishable (P>0.05) but differ significantly
from cordaites (P<0.05) which have the most positive
values. We suggest that the fairly narrow range of all
data might be a consequence of generally comparable
regional or local humid climate conditions and that the
small but significant differences between the groups
mirror different habitat conditions that were typical for
each group.

Pteridosperms or seed ferns constituted a dominant
group of lowland gymnosperms during the Late
Carboniferous. The broad variety of growth strategies
and potential habitats might be the explanation for the
data scatter seen in the length of the respective box (Fig.
7). Arborescent lycopsids are typical representatives
from the low-lying foreland or intramontane coal basins.
The Late Carboniferous arborescent lycopsids Lepido-
dendron, Lepidophloios and Sigillaria are typical
elements from the basinal peat-swamp floras and
hence indicate wet habitat conditions. The arborescent
lycopods differ from modern trees in having stems
which largely consisted of cortex instead of xylem like
in modern woody trees. Our analyses were performed on
OM from compression fossils that resemble the outer
cortex of the plants.

Calamites were also bound to wet conditions,
which probably explain the isotopic similarity to the
Lepidodendrales. They belong to the group of the
sphenopsids, had widespread rhizome systems, and
were typical flood-plain elements, mostly occurring in
areas of substrate aggradation, e.g. along stream and
lake margins, where they often formed monospecific
stands (Scott, 1979; DiMichele and Phillips, 1994).
An ecological characterization of Cordaites is difficult
because this group has been reported from different
environments, varying from hinterland habitats to coal
swamps. Some species even had mangrove like root
systems, indicating a brackish habitat. Cordaite trees
which have been analyzed in this study all grew in
peat mires like the plants from the other groups.
Nonetheless, they show a slight 13C enrichment which
might point to changes in leaf gas exchange
metabolism that were preferentially dependent upon
ecological causes other than humidity, e.g. the canopy
architecture.
3. Conclusions

Close inspection of the late Palaeozoic organic
carbon isotope record from terrestrial organic matter
(plant fossils, cuticules, humic coals, bulk organic
carbon) reveals that land plants had a C3 metabolism.
Relatively positive δ13C values (e.g. data from Jones,
1994) are believed to reflect extreme habitats rather than
C4 metabolism. Carbon isotope values for samples from
different climatic zones (warm temperate, tropic, cool
temperate, arid) do not reveal a systematic influence of
gross climate. In part, this might be a consequence of a
preference of early land plants for moist environments.
Carbon isotope measurements for a variety of fossil taxa
from four systematic groups reveal small but significant
differences with δ13C values for pteridosperms<arbor-
escent lycopsids= calamites < cordaites. This result
might point to different ecophysiological strategies.
The long term trend of increasing δ13CTOM values is a
consequence of increased carbon burial. This trend is
possibly superimposed by a maximum pO2 peak in the
Permian atmosphere which increased isotopic discrim-
ination for ∼40 Ma. It is not clear whether a
concomitant minimum CO2 level in the atmosphere
had direct impact on δ13CTOM. Laboratory growth
experiments on land plants using varying O2/CO2 may
be a valuable tool to understand the influence of
atmospheric composition on land plant evolution.
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Appendix A

Stable carbon isotopic composition of Palaeozoic
plant taxa.
Fossil taxon
 Sample
 Age
(Ma)
Organic matter
type
δ13CTOM

(‰)
Bitelaria dubjanskii
 0016
 399.5
 Cuticles
 −24.1

Crucicalamites

cruciatus

0850
 305.5
 Coalified tissue
 −23.3
(continued on next page)



248 W. Peters-Kottig et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 240 (2006) 237–252
Appendix A (continued)
Fossil taxon
 Sample
 Age
(Ma)
Organic matter
type
δ13CTOM

(‰)
Calamites cruciatus
 0100
 306.5
 Coalified tissue
 −24.1

Calamites sp.
 0059
 302.3
 Coalified tissue
 −22.6

Calamites sp.
 0097
 306.5
 Coalified tissue
 −24.5

Calamites sp.
 0754
 314.3
 Coalified tissue
 −23.2

Calamites sp.
 0680
 314.3
 Coalified tissue
 −23.6

Calamites sp.
 0675
 314.3
 Coalified tissue
 −23.8

Calamites undulatus
 0848
 308.7
 Coalified tissue
 −23.3

Coniferales
 0116
 257.0
 Coalified tissue
 −21.5

Coniferales
 0015
 260.8
 Cuticles
 −22.6

Coniferales
 0050
 296.0
 Coalified tissue
 −21.7

Cordaites sp.
 0828
 302.3
 Coalified tissue
 −22.4

Cordaites sp.
 0890
 302.3
 Coalified tissue
 −22.7

Cordaites sp.
 0770
 302.3
 Coalified tissue
 −22.8

Cordaites sp.
 0645
 309.5
 Coalified tissue
 −23.5

Cordaites sp.
 0617
 310.3
 Coalified tissue
 −23.0

Cordaites sp.
 0867
 310.8
 Coalified tissue
 −23.2

Crenaticaulis
verruculosus
0787
 399.5
 Coalified tissue
 −24.9
Cyperites bicarinatus
 0648
 309.5
 Coalified tissue
 −23.7

Eskdalia sp.
 0007
 332.0
 Cuticles

(Papercoal)

−24.6
Leclercqia complexa
 0019
 384.0
 Cuticles
 −20.9

Lepidocarpon
linearifolium
0832
 311.2
 Coalified tissue
 −23.7
Lepidodendron
aculeatum
0044
 310.3
 Coalified tissue
 −24.3
Lepidodendron
aculeatum
0852
 312.0
 Coalified tissue
 −24.1
Lepidodendron
aculeatum
0859
 314.3
 Coalified tissue
 −24.5
Lepidodendron
aculeatum
0753
 315.8
 Coalified tissue
 −23.8
Lepidodendron cf.
aculeatum
0620
 310.3
 Coalified tissue
 −25.7
Lepidodendron
dichotomum
0757
 313.7
 Coalified tissue
 −24.2
Lepidodendron lossenii
 0231
 331.5
 Coalified tissue
 −23.9

Lepidodendron
obovatum
0776
 310.8
 Coalified tissue
 −23.6
Lepidodendron
obovatum
0611
 312.9
 Coalified tissue
 −22.7
Lepidodendron
obovatum
0592
 312.9
 Coalified tissue
 −24.0
Lepidodendron sp.
 0070
 303.0
 Coalified tissue
 −24.3

Lepidodendron sp.
 0062
 306.5
 Coalified tissue
 −24.6

Lepidodendron sp.
 0649
 309.5
 Coalified tissue
 −23.7

Lepidodendron sp.
 0591
 310.3
 Coalified tissue
 −23.8

Lepidodendron sp.
 0776b
 310.8
 Coalified tissue
 −23.9

Lepidodendron sp.
 0766
 314.3
 Coalified tissue
 −23.1

Lepidodendron sp.
 0777
 314.3
 Coalified tissue
 −24.7

Lepidodendron sp.
 0755
 315.8
 Coalified tissue
 −24.2

Lepidophloios laricinus
 0612
 313.5
 Coalified tissue
 −23.4

Lepidophylloides
 0648
 309.5
 Coalified tissue
 −23.7

Neuropteris ovata
 0565
 304.8
 Cuticles
 −22.9

Palaeostachya sp.
 0779
 312.9
 Coalified tissue
 −23.7

Pertica varia
 0788
 399.5
 Cuticles
 −27.3

Pteridospermales
 0784
 302.3
 Coalified tissue
 −22.5

Pteridospermales
 0782
 302.3
 Coalified tissue
 −22.9
Appendix A (continued)
Fossil taxon
 Sample
 Age
(Ma)
Organic matter
type
δ13CTOM

(‰)
Pteridospermales
 0814
 302.3
 Coalified tissue
 −24.8

Pteridospermales
 0346
 303.2
 Coalified tissue
 −24.1

Pteridospermales
 0065
 305.8
 Coalified tissue
 −23.0

Pteridospermales
 0329
 305.8
 Coalified tissue
 −24.0

Pteridospermales
 0868
 306.5
 Coalified tissue
 −25.4

Pteridospermales
 0863
 310.8
 Coalified tissue
 −24.7

Pteridospermales
 0864
 310.8
 Coalified tissue
 −25.0

Pteridospermales
 0001c
 311.3
 Coalified tissue
 −24.3

Pteridospermales
 0001d
 311.3
 Cuticles
 −24.6

Pteridospermales
 0001b
 311.3
 Cuticles
 −24.6

Pteridospermales
 0001e
 311.3
 Cuticles
 −24.6

Pteridospermales
 0001f
 311.3
 Cuticles
 −25.1

Pteridospermales
 0766b
 314.3
 Coalified tissue
 −23.1

Pteridospermales
 0756
 315.8
 Coalified tissue
 −23.5

Quadrocladus sp.
 0095
 253.8
 Cuticles
 −24.0

Renalia hueberi
 0018
 399.5
 Cuticles
 −26.2

Rhacophyton
condrusorum
0037
 365.8
 Coalified tissue
 −22.1
Sigillaria boblayi
 0849
 312.3
 Coalified tissue
 −23.4

Sigillaria boblayi
 0613
 314.3
 Coalified tissue
 −23.7

Sigillaria cancriformis
 0609
 316.8
 Coalified tissue
 −22.7

Sigillaria cf. boblayi
 0614
 314.3
 Coalified tissue
 −24.0

Sigillaria elegans
 0842
 312.7
 Coalified tissue
 −23.1

Sigillaria elongata
 0845
 312.3
 Coalified tissue
 −23.9

Sigillaria hexagona
 0844
 312.7
 Coalified tissue
 −23.3

Sigillaria ichthyolepis
 0831
 302.3
 Coalified tissue
 −22.0

Sigillaria mamillaris
 0843
 312.3
 Coalified tissue
 −23.5

Sigillaria rugosa
 0615
 312.9
 Coalified tissue
 −23.6

Sigillaria sp.
 0769
 296.0
 Coalified tissue
 −20.5

Sigillaria sp.
 0837
 302.3
 Coalified tissue
 −23.1

Sigillaria sp.
 0324
 305.8
 Coalified tissue
 −24.5

Sigillaria sp.
 0094
 306.5
 Coalified tissue
 −23.8

Sigillaria sp.
 0661
 308.8
 Coalified tissue
 −23.6

Sigillaria sp.
 0659
 308.8
 Coalified tissue
 −23.7

Sigillaria sp.
 0647
 309.5
 Coalified tissue
 −23.5

Sigillaria sp.
 0644
 309.5
 Coalified tissue
 −23.8

Sigillaria sp.
 0646
 309.5
 Coalified tissue
 −24.5

Sigillaria sp.
 0772
 310.8
 Coalified tissue
 −23.3

Sigillaria sp.
 0778
 312.3
 Coalified tissue
 −24.0

Sigillaria sp.
 0667
 314.3
 Coalified tissue
 −23.8

Sigillaria sp.
 0058
 315.8
 Coalified tissue
 −22.8

Sigillaria sp.
 0860
 316.8
 Coalified tissue
 −23.6

Sigillaria tesselata
 0847
 312.3
 Coalified tissue
 −22.8

Sigillaria tesselata
 0851
 312.3
 Coalified tissue
 −23.6

Sigillaria tesselata
 0759
 315.0
 Coalified tissue
 −23.6

Sphenophyllum sp.
 0780
 314.3
 Coalified tissue
 −23.0

Tetraxylopteris schmidtii
 0017
 384.0
 Cuticles
 −22.6

Trigonocarpus
starkianus
0692
 303.3
 Coalified tissue
 −23.6
Ulodendron sp.
 0857
 312.3
 Coalified tissue
 −22.8

Whittleseya sp.
 0774
 302.3
 Coalified tissue
 −23.0
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