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Abstract

Detailed stable carbon isotope and molecular investigations were undertaken on a number of archaeological and
fossil wood specimens to provide insights into their use as rigorous independent palaeoclimatic and palacoenviron-
mental parameters. The isotope data revealed large differences amongst the material with the oldest specimens being
least depleted in '3C. Although natural variation could account for some of the observed differences, the isotope
values of the archaeological and Tertiary specimens are most probably related to the absolute abundance of
polysaccharides present and the degree of lignin alteration. The molecular data, based on pyrolysis, of the Antarctic
Cretaceous conifer specimens revealed only transformed lignin, with virtually no intact lignin building blocks (2-
methoxyphenols) preserved, and no evidence of polysaccharides. This degree of chemical alteration is suggested here
to be one of the main causes for the 1*C enriched values of these conifer specimens. These results show the importance
of combining detailed molecular information on individual wood components with stable carbon isotope data for

palaeoclimatic and palaeoenvironmental studies. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Fossil plant remains, i.e., leaves, propagules,
wood, pollen and spores, are being used exten-
sively to provide detailed information on environ-
mental and climatic conditions in the past (e.g.,
Jones and Rowe, 1999). Many of these interpre-
tations are based on the recognition and identifi-
cation of a fossil to a certain taxonomic level.
Subsequently, comparisons with modern-day
equivalents can then provide valuable information
pertaining to the environment and climate in
which these plants grew (e.g., Mosbrugger,
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1999). An alternative approach is to use morpho-
logical and anatomical characters, i.e., stomatal
characteristics (e.g., van der Burgh et al., 1993;
Kiirschner et al., 1996; Poole et al., 1996; Beer-
ling and Woodward, 1996) or specific wood char-
acters (e.g., Wheeler and Baas, 1993; Wiemann et
al., 1998, 1999) that reflect certain environmental
conditions.

Apart from influencing visible characters,
changes in climate and environment can also af-
fect the chemical composition of a plant. How-
ever, only in recent years have studies of the de-
tailed chemical composition of organic fossil plant
remains been gathering momentum (e.g., Boon et
al., 1989; van Bergen et al., 1995a). For example,
information regarding the environment of deposi-
tion (e.g., aerobic or anaerobic) can be obtained
from the chemical alterations of original biomol-
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ecules. Another chemical character currently in
use is the ratio of 3C and '’C preserved in or-
ganic plant remains (e.g., for a recent overview see
Grocke, 1998).

The basic underlying rationale for the use of
these stable carbon isotopes in plants lies in the
fact that during photosynthesis a large kinetic
fractionation effect occurs favouring '>C over
BC (O’Leary, 1981; Farquhar et al., 1982,
1989). This ratio, expressed as 8'*C', in modern
plants depends on a number of factors, the main
ones being the photosynthetic pathway used (Cs,
C4 or CAM), the isotope composition and the
concentration of CO; in the atmosphere. Other
parameters, often with a more local effect and
less well understood, include salinity, aspect, nu-
trient availability, temperature and altitude (e.g.,
Lockheart et al., 1997, 1998; Grocke, 1998 and
references cited therein). Plant organic matter
subsequently preserved in the fossil record retains
its approximate 8'*C value (Degens, 1969; Boche-
rens et al., 1993). Consequently, stable carbon
isotope changes recognised in the geological rec-
ord can be used to provide palaeoenvironmental
and/or palaeoclimatic information (Arens et al.,
2000).

Initially, most studies used bulk organic matter
(OM). However, it is now widely known that bulk
OM is a weighted mean average of different types
of organic matter each having its own isotope
composition. One possible way to reduce this
complexity is to use morphologically well-defined
organic plant remains, i.e., fossils. Subsequent
comparisons with modern counterparts will allow
insight into the original molecular composition
and into the level of chemical alteration, both of
which determine the actual stable carbon isotope
composition of the fossil. To date, stable carbon
isotope studies using fossils have mainly concen-
trated on leaf (e.g., Bocherens et al., 1993; Huang
et al., 1995, 1996; Beerling et al., 1993; Lock-
heart, 1997; Nguyen Tu et al., 1999; Arens and
Jahren, 2000) and some wood material (e.g.,
Spiker and Hatcher, 1987; Bates and Spiker,

1 813C %o = [(PCI" Caample /(1 C/'*Cygandara)— 11X 1000 with
PDB as the standard.

1992; Frielingsdorf, 1993; Grocke, 1998; Liicke
et al., 1999; Schleser et al., 1999).

Wood is commonly found in the geological rec-
ord (from the Devonian onwards) and often pre-
served as large intact organic entities. In most
cases, fossil wood can be identified to a certain
taxonomic level which will constrain possible che-
mosystematic variation. More importantly, from
a stable carbon isotope viewpoint, the basic mo-
lecular composition of the solvent insoluble com-
ponent, i.e., ligno-cellulose which constitutes the
bulk of wood, is well-known. Ligno-cellulose is
composed of polysaccharides, hemicellulose and
cellulose, and lignin (Sarkanen and Ludwig,
1971; Lewis and Yamamoto, 1990). The compo-
sition of lignin varies according to major plant
taxa; gymnosperm lignin is comprised of 2-me-
thoxyphenol moieties (guaiacyl units) whilst an-
giosperm lignin also contains 2,6-dimethoxyphe-
nol moieties (syringyl units) (Sarkanen and
Ludwig, 1971; Lewis and Yamamoto, 1990).
The 3C/'2C ratio of these three moieties differs
significantly within a specimen with the hemicel-
lulose being least depleted, and lignin being most
depleted; e.g., hemicellulose approx. —23 %o, cel-
lulose approx. —25%o, lignin approx. —28 %o
(Wilson and Grinsted, 1977; Benner et al., 1987;
Spiker and Hatcher, 1987).

Based mainly on bulk and cellulose analyses, it
has become evident that changes in atmospheric
CO, concentration and stable carbon isotope
composition are recorded in the organic substan-
ces of wood (e.g., Craig, 1954; Farmer and
Baxter, 1974; Farmer, 1979; Mazany et al.,
1980; Tans and Mook, 1980; Francey and Far-
quhar, 1982; Leavitt and Long, 1982, 1983;
Stuiver and Braziunas, 1987). However, carbon
isotope heterogeneity in modern wood can be
the result of location within the tree, time of
wood formation, ligno-cellulose composition, spe-
cies, temperature, altitude, salinity, humidity
(Tans and Mook, 1980; Francey and Farquhar,
1982; Leavitt and Long, 1982, 1983, 1986, 1991;
Stuiver and Braziunas, 1987; Schleser, 1992; Lipp
et al., 1996; Ogle and McCormac, 1996; Robert-
son et al., 1996; Bert et al., 1997). Therefore such
heterogeneity is a significant aspect that has to be
considered prior to interpreting data from historic
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Fig. 1. Schematic representation of how chemical taphonomy
can affect the bulk stable carbon isotope signal of fossil
wood specimens during diagenesis.

and fossil material. Regarding fossil wood, anoth-
er important factor that has to be taken into ac-
count is chemical taphonomy (Fig. 1). Upon bur-
ial and subsequent diagenesis the different organic
constituents of wood undergo varying degrees of
degradation. It is well known that under natural
anaerobic conditions the polysaccharides in wood
are preferentially degraded compared with lignin
and within the polysaccharide fraction hemicellu-
lose degrades faster than cellulose (e.g., Hedges et
al., 1985; Benner et al., 1987). This phenomenon
can have a dramatic effect on the bulk stable car-
bon isotope composition of fossil wood as the
removal of polysaccharides results in the material
becoming more depleted in '3C (Fig. 1). Finally,
the recalcitrant moiety, lignin, also undergoes a
certain degree of non-biological chemical trans-
formation such as demethylation and dehydroxy-
lation (Hatcher et al., 1989a,b; van Bergen et al.,
1994a, 2000; Hatcher and Clifford, 1997), which
may also affect the isotope composition (cf.
Schleser et al., 1999 and references cited therein).
Thus, if only bulk values were being considered
this could in some cases be erroneously construed
as a change in atmospheric CO; composition.
To overcome the problem of chemical hetero-
geneity, most studies of modern and historic
wood material have concentrated on cellulose

(e.g., Mazany et al., 1980; Stuiver and Braziunas,
1987; Edwards and Luckman, 1996; Robertson et
al., 1996; Switsur et al., 1996). However, in older
fossils, viz. Tertiary and Mesozoic specimens, cel-
lulose is often no longer preserved. Consequently,
studies have concentrated on isotope data of bulk
wood samples (e.g., Grocke, 1998; Grocke et al.,
1999; Liicke et al., 1999). Moreover, cellulose it-
self may undergo isotopic changes during diagen-
esis (Schleser et al., 1999). To date, relatively few
stable carbon isotope studies of true fossil wood,
excluding coal and maceral samples, have been
undertaken (e.g., Spiker and Hatcher, 1987; Bates
and Spiker, 1992; Frielingsdorf, 1993; Grocke,
1998; Licke et al., 1999; Grocke et al., 1999;
Schleser et al., 1999). Apart from isotope changes
in fossil wood apparently related to CO, compo-
sition, variation can also be related to lithology
(Grocke, 1998), which is most probably related to
changes in the chemical composition of the wood.

In this paper, case studies using fossils and sub-
fossils from three time slices are used to illustrate
this molecular approach. Stable carbon isotope
data of anatomically well-defined wood material
were combined with detailed molecular informa-
tion obtained using pyrolysis—gas chromatogra-
phy—mass spectrometry (Py-GC-MS) in order to
investigate the link between the molecular and
isotope composition of fossil wood and determine
to what extent this can affect palaeoclimatic inter-
pretations.

2. Material

A set of two archaeological and 10 fossil wood
specimens were used (Table 1). The archaeological
specimens were from 50-cm-diameter oak (Quer-
cus), dated as approximately 6000 yr, preserved in
a shallow marine setting (van Bergen et al., 2000;
Whitcombe, 1995). Three specimens of Nothofa-
gus wood (cf. Carlquist, 1987; personal observa-
tions), measuring approx. 1.5 cm in diameter and
highly asymmetrical in growth, were obtained
from the Sirius Group, Transantarctic Mountains,
Antarctica. This material was light brown and
mummified, visually distinct from the other speci-
mens studied. Two additional angiosperm and
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three conifer specimens, from the Hambach open-
cast Miocene brown coal mine were used. These
were preserved within an amorphous brown coal
matrix. All five specimens from Hambach were
approximately 10 cm wide and 15 c¢cm long and
derived from mature, but of unknown original
diameter, wood based on their anatomy (I. Fig-
ueiral, personal communication; Figueiral et al.,
1999). The final two specimens are branch/trunk
material of Cretaceous (Santonin—Campanian)
podocarpaceous conifers originating from the
Santa Marta Formation, James Ross Island, Ant-
arctica (D.J. Cantrill, personal communication;
detailed stratigraphical logs of this area are
housed at the B.A.S., Cambridge, UK). All sam-
ples showed high-quality anatomical preservation.

3. Methods

All specimens were initially cleaned to remove

Table 1
Stable carbon isotope values (%o versus PDB) of archaeolog-
ical and fossil wood samples

Taxon Sample Age d13ce
(%o)
Quercus sp.* la 6000 BP —26.0
1b —-27.3
lc —27.7
1d —27.7
le —27.5
Quercus sp.* 2a 6000 BP —26.5
2b —26.4
2c —25.6
2d —26.3
2e —28.0
Nothofagus sp. no. 8 Pliocene/Miocene  —23.4
no. 11 Pliocene/Miocene  —22.4
no. 17 Pliocene/Miocene  —22.4
Taxodium sp. R2 Miocene —24.9
Picea sp. S8 Miocene —24.2
Sciadopitys sp. Azl Miocene —23.9
Symplocos sp. P2 Miocene —26.0
Oleaceae Asl Miocene —25.2
Conifer A Cretaceous —21.1
B1 Cretaceous —21.5
B2 Cretaceous —=21.5

4 a—e: cross-section of logs. a = outside—e = centre.

b Different specimens from the same formation.

¢ Accuracy and precision of these measurements are with-
in 0.1 %o .

loose outer material. Samples (several grams)
were taken using solvent-cleaned tools. In all
cases the material studied contained several
growth rings. The archaeological specimens were
subsampled from the centre of the wood to the
outside, approx. 4 cm apart, to determine chem-
ical variation related to varying degrees of degra-
dation (i.e., possibly more degraded on the out-
side). One of the Cretaceous specimens was also
subsampled — at approximately 1 cm apart in
transverse section.

Samples were crushed using pestle and mortar
and subsequently extracted using ultrasonication
[3 X dichloromethane (DCM), 3 X DCM/methanol
(MeOH) (1:1, v:v), 3XMeOH]. After each extrac-
tion the material was centrifuged. The superna-
tant was removed and the residue was dried. All
residues, containing the insoluble organic matter
representing the bulk of the wood, were stored
dry in the dark prior to subjecting them to chem-
ical analyses.

To obtain detailed molecular information,
small quantities of powdered sample were exam-
ined using on-line flash Py-GC-MS (cf. Stankie-
wicz et al., 1998). Using this method, insoluble
macromolecular organic material can be screened
rapidly. Pyrolysis involves cleaving the macromo-
lecular structure into structurally significant frag-
ments (van Bergen, 1999). These are subsequently
separated using gas chromatography and identi-
fied by mass spectrometry. Using Py-GC-MS on
wood samples concomitant information can be
obtained concerning the relative abundance of
both polysaccharide moieties and lignin (Fig. 2).
For example, hemicellulose yields mainly 4-hy-
droxy-5,6-dihydro-(2 H)-pyran-2-one (HE in Figs.
3 and 4), cellulose will yield levoglucosan (LG in
Figs. 3-5) and lignin yields methoxyphenols (G
and S labelled compounds in Figs. 3-5). It should
be noted, however, that these moieties will also
yield numerous additional less specific products
(Fig. 3). Amongst the lignin pyrolysis products a
further subdivision can be made between 2-me-
thoxyphenols (G-units) and 2,6-dimethoxyphenols
(S-units), which are of chemosystematic signifi-
cance (e.g., gymnosperm versus angiosperm;
Saiz-Jimenez and de Leeuw, 1986). For a detailed
description of the pyrolysis method used the read-
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Fig. 2. The main characteristic pyrolysis products released from the three structural moieties of wood (i.e., hemicellulose, cellulose
and lignin). Depending on whether xylose occurs as a pyran (6-ring) or furan (5-ring) moiety different products are released. Lig-
nin in gymnosperm is based on 2-methoxyphenol units releasing only 2-methoxyphenol units whilst angiosperm lignin also con-
tains 2,6-dimethoxyphenol units releasing both 2-methoxy- and 2,6-dimethoxyphenols. R indicates continuation of the macromo-
lecular structure; either glucose units in cellulose or methoxyphenol units in lignin. R’ indicates side-chain at carbon atom
position number 4 (see side-chains indicated in Figs. 3-7), which vary depending on the lignin structure.

er is referred to van Bergen et al. (2000). Identi-
fication of the various pyrolysis products was
based on mass spectral data and retention time
comparisons with reference samples and data re-
ported in the literature (e.g., Saiz-Jimenez and de
Leeuw, 1986; Pouwels et al., 1987, 1989; Ralph
and Hatfield, 1991; van Bergen et al., 1996, 2000;
Stankiewicz et al., 1997).

On-line bulk stable carbon isotope analyses
were performed using a Fisons Instruments NA
1500 elemental analyser (EA) coupled via a Con-
Flo II interface to a Finnigan MAT Delta Plus
isotope ratio mass spectrometer (IRMS). Briefly,
approximately 1 mg of sample was weighed into a
tin container, sealed and subsequently placed into
an AS 200 autosampler connected to the EA.
Sealed samples were dropped into a combustion
oven held at 1000-1500°C. Gases produced were
flushed through an oxidation reactor (1020°C)
and subsequently over a reduction reactor
(650°C). Water was removed using a water trap
and the remaining gas mixture was separated us-
ing a chromatographic column. The gases includ-
ing CO, were then transferred to the IRMS via

the ConFlo II Interface. 8'°C values of the CO,
were calibrated against reference CO, (5.0 Air-
products) of known isotope composition, which
was introduced directly into the source at the
end of each run. All values are based on replicate
samples with an accuracy better than 0.1 %o . The
precision of these values, against a laboratory
standard that was run before and after each set
of samples, was within 0.1 %o .

4. Results and discussion
4.1. Archaeological specimens

The 8"3C values of the archaeological oak wood
samples varied between —25.6%0 and —28.0 %o
(Table 1). These values are within the reported
813C values of modern wood from Cs plants; a
modern oak wood sample (combined growth rings
from 1944-1947) gave a value of —26.0%o0. No
clear trend reflecting increased degradation and
thus enhanced preferential removal of polysaccha-
rides from the wood towards the outside was ob-
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Fig. 3. Total ion currents of on-line flash pyrolysates of archaeological wood samples showing clear evidence of the effect of cel-
lulose contents on their stable carbon isotope composition. PS, polysaccharide pyrolysis products; HE, hemicellulose marker;
LG, levoglucosan; G, guaiacyl (2-methoxyphenol) derivatives; S, syringyl (2,6-dimethoxyphenol) derivatives. Side-chains attached
at carbon atom 4 are indicated. For further information see Table 1 and Fig. 2.

served. Radial transect variations in 8'*C values
of modern (Wilson and Grinsted, 1977; Mazany
et al.,, 1980; Tans and Mook, 1980) and fossil
wood (Bates and Spiker, 1992), due to factors
other than selective chemical degradation, have
been reported, although such variation was not
as great as that found here.

In order to determine the extent to which the
polysaccharide contents affected these values, two

samples from the middle of the radial transect
sampling (samples lc versus 2c; Table 1) were
pyrolysed. The pyrolysate of sample lc (Fig. 3A)
revealed mainly lignin-derived markers (G and S)
with relatively little evidence of polysaccharide
pyrolysis products. In stark contrast, sample 2c
(Fig. 3B) revealed numerous polysaccharide
markers (PS) including the characteristic cellulose
marker, LG, and the hemicellulose marker, HE.
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3C is 3-methyl-1,2-benzenediol; 4C, 4-methyl-1,2-benzenediol; these products are evidence of lignin alteration processes taking

place. For further information see Table 1 and legend of Fig. 3.

The pyrolysate of this latter sample shows a trace
typical of undegraded angiosperm wood. The
813C value of sample 2c is closest to that of mod-
ern oak. Although natural heterogeneity could be
of importance, the molecular data show that the
more depleted value of sample lc could be ex-
plained by the selective removal of the 3C en-
riched polysaccharides. Thus for archaeological
samples molecular data may help to explain var-
iations in bulk values.

4.2. Tertiary material

Eight Tertiary specimens were studied revealing
large variations in 8'*C values of the bulk wood
(Table 1). The three Antarctic Nothofagus speci-
mens showed less depleted values (—22.4%o to
—23.4%0) compared with the older Miocene
brown coal-derived specimens (—23.9%0 to
—26.0%0). As these latter specimens are more
characteristic of the kind of organic wood remains
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found normally in the fossil record, these shall be
discussed first.

In general, the three Miocene gymnosperm
specimens are slightly less depleted than the two
Miocene angiosperm specimens. This is in agree-
ment with data from modern material (Stuiver
and Braziunas, 1987) and other similarly pre-
served fossil wood specimens from the German
Lower Rhine Embayment (Frielingsdorf, 1993;
Liicke et al., 1999; Schleser et al., 1999). Whether
these differences have purely physiological causes
or are related to the different chemical composi-
tion of the lignin (i.e., the presence of one or two
methoxy groups) in these two groups is not
known. This off-set indicates the importance of
using the same taxon, if possible, when interpret-
ing palaecoenvironmental/palacoclimatic condi-
tions based on fossil wood.

As these isotope results indicate values seem-
ingly useful for palaeoclimate interpretations, we
wanted to determine whether the bulk values were
affected by changes in the chemical composition.
The pyrolysates of all three gymnosperm speci-
mens were dominated by characteristic lignin
markers (solely guaiacyl derivatives) with evidence
of relatively little polysaccharides pyrolysis prod-
ucts (LG, Fig. 4A). These data clearly indicate
that some chemical alteration has already taken

place (cf. pyrolysates of modern conifer wood;
Saiz-Jimenez et al., 1987; Kuroda and Yamagu-
chi, 1995). More importantly, however, the rela-
tive abundance of polysaccharide products was
highest in the specimen with the least depleted
value (Azl; —23.9%0) and lowest in specimen
R2 (Table 1; —24.9%0). The two angiosperm
specimens also revealed clear evidence of lignin
and polysaccharide pyrolysis markers; the speci-
men with the highest relative abundance of poly-
saccharide markers again yielded the least de-
pleted 8'3C value (Fig. 4B). These observations
concerning the variation in amount of cellulose
on isotope values of bulk fossil wood samples
are fully in accordance with previous studies
(Spiker and Hatcher, 1987; Schleser et al., 1999).

Apart from the removal of polysaccharides, the
molecular data of the angiosperm specimens also
showed changes in the lignin composition. Firstly,
a relative decrease of 2,6-dimethoxyphenol moi-
eties (S) was observed when compared with 2-me-
thoxyphenol units (G) (cf. Fig. 3B versus Fig. 4B).
Pyrolysates of modern-day angiosperms generally
show higher relative amounts of syringyl units (cf.
Boon et al., 1989; van Bergen et al., 2000). The
selective removal of the syringyl units is well
known (e.g., van Bergen et al., 2000 and referen-
ces cited therein) but whether this affects the iso-
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tope composition of the wood is as yet uncertain.
Secondly, 1,2-benzenediols (C, 3C and 4C in Fig.
4) were detected revealing chemical alterations of
the resistant lignin component. The primary
chemical reaction involved in this latter alteration
is demethylation of the methoxy group. As the
carbon in the methoxy group is isotopically light-
er than the total carbon of the aromatic ring (Ga-
limov, 1985), this kind of chemical alteration of
the lignin will affect ultimately the isotope value
of bulk wood samples.

Further evidence of chemical alterations affect-
ing bulk isotope data was gained from the mum-
mified Nothofagus specimens from Antarctica.
These three samples revealed relatively 3C en-
riched 8'3C values (Table 1). Since these samples
are of a different age than the Miocene brown
coal specimens the relatively heavy values could
be construed as evidence of a distinct atmospheric
CO; composition at the time these plants grew.
Alternatively, selective removal of the *C de-
pleted lignin would account for these heavy val-
ues.

Upon pyrolysis, all three specimens yielded sim-
ilar pyrolysates (Fig. 5) significantly different from
other pyrolysis traces of fossil woods reported to
date. The pyrolysates were dominated by the ba-
sic methoxyphenol derivatives, G and S (with no
side-chain), and oxygenated methoxyphenols,
eliminating selective removal of lignin as the sole
cause for the heavy isotope values. Other prom-
inent compounds included various non-character-
istic polysaccharide products (PS), but the rela-
tively low abundance of LG is noteworthy.
These observations of the PS imply that although
polysaccharides are still present, their original
molecular composition has been altered, which
in turn may have also affected their isotope com-
position. Significant in this respect is the recent
study by Schleser et al. (1999) who showed that
the isotope composition of cellulose became rela-
tively enriched during artificial diagenesis and
thus suggested that its isotope composition is
not stable over (geological) time. This could also
explain the general trend of apparently enriched
813C values of cellulose reported in several older
fossil woods (Spiker and Hatcher, 1987; Frielings-
dorf, 1993; Liicke et al., 1999) being related to

chemical alterations rather than to changes in at-
mospheric CO, composition.

Although lignin is still present, several products
such as 1,2-benzenediols and oxygenated methoxy-
phenols, as well as the distinct distribution of
individual methoxyphenol derivatives, indicate
chemical modifications to the core lignin moieties
(i.e., increased cross-linking and/or oxidation of
the lignin macro-structure; cf. Hatcher et al.,
1989a,b; van Bergen et al., 1994a). These altera-
tions are most probably caused by the mummifi-
cation process. As mentioned above, demethyla-
tion of the lignin moieties would cause a shift to
more '3C enriched values but to what extent the
oxygenation or the alteration, responsible for the
different distribution pattern, affects the isotope
composition is as yet unknown. Clearly, the dis-
tinct isotope values of these Antarctic wood speci-
mens are related directly to their chemical compo-
sition. The main differences observed between the
brown coal specimens and the mummified sam-
ples are believed to be related to the varying de-
positional environments. The material obtained
from the brown coal showed higher quality mo-
lecular preservation and thus revealed more accu-
rately their original carbon isotope composition.

4.3. Older fossils

A phenomenon recognised for most older fossil
plant material is the apparent general *C enrich-
ment over time (e.g., Grocke, 1998). This obser-
vation also holds true for scant Mesozoic and Pa-
laeozoic wood results published to date (e.g.,
Jones, 1994; Grocke, 1998; Grocke et al., 1999;
approx. 5%o enrichment). Our data from the two
Cretaceous conifer specimens also show these dis-
tinct enriched values (approx. —21.3 %o ), with no
variation within and little variation between the
two samples (Table 1).

Although various explanations have been pro-
posed (Grocke, 1998), one general assumption is
that the fossil wood studied still comprises a mac-
romolecule similar to the original ligno-cellulose,
or a molecule which has undergone minor alter-
ations such as the removal of the polysaccharide
moieties. This assumption is certainly true for
most Tertiary woods (see data above), but de-
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Fig. 6. Total ion current of on-line flash pyrolysate of Cretaceous wood revealing the absence of polysaccharides and the virtual
lack of lignin. Most products can be ascribed to heavily transformed lignin. For further information see Table 1 and legend of

Fig. 3.

tailed molecular data from Palaeozoic, Mesozoic
and many Palacogene wood specimens show
rather different results. Although lignin is sug-
gested to have been present in Palaeozoic plants
(Niklas and Pratt, 1980; Logan and Thomas,
1987; Ewbank et al., 1996), to date very little
unequivocal molecular evidence, i.e., the presence
of characteristic 2-methoxyphenols, has been re-
ported suggesting lignin in plant material older
than the late Mesozoic and even then still only
in very small amounts (Hayatsu et al., 1981;
Hatcher and Lerch, 1991). Upon diagenesis lignin
undergoes chemical alteration, initially leading to
a macromolecule with mainly 1,2-benzenediol
moieties, subsequently to a phenol dominated
macromolecule and ultimately to a highly defunc-
tionalised aromatic network (Hatcher and Clif-
ford, 1997 and references cited therein). However,
the presence of phenols and aromatics in older
plant fossils does not necessary indicate a lignin
origin (cf. van Bergen et al., 1995b; Abbott et al.,
1998).

Surprisingly, detailed molecular analyses are
rarely considered when &83C values of older
wood specimens, and fossil plants in general, are
discussed. The pyrolysates of the Cretaceous coni-

fer samples analysed yielded the same products.
The pyrolysates were dominated by (alkyl)phe-
nols, 1,2-benzenediols and alkylated benzenes
(Fig. 6). No polysaccharide pyrolysis products
and only one true lignin marker, 2-methoxyphe-
nol, were detected. The dominant pyrolysis prod-
ucts are known to be released from diagenetically
altered wood specimens (Hatcher et al., 1989a,b;
Hatcher and Lerch, 1991) clearly indicating that
the macromolecular structure in these Cretaceous
woods had undergone major chemical alterations.
This is an essential observation because very little
is known about the true isotope effects occurring
during these lignin alteration processes, apart
from the fact that the formation of the 1,2-benze-
nediol network will lead to '3C enriched values
(Schleser et al., 1999). Possibly the increased
cross-linking, loss of the Cj alkyl side-chain and
the bond-breaking and bond-making that occur
during these chemical changes (Hatcher and Clif-
ford, 1997) cause these dramatic shifts in the iso-
tope composition. Thus the isotope signal of these
older fossil wood specimens is strongly dependent
on the chemical changes that have occurred. In-
terestingly, a recent study of Cretaceous woods
from Australia showed that some of the isotope
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Fig. 7. Gas chromatograms of off-line pyrolysates of an archaeological (A) and fossil (B) wood specimen. Pyrolysis products are
analysed as their trimethylsilylated derivatives. Traces show the presence of both polysaccharide and lignin derived products. For

further information see Table 1 and legend of Fig. 3.

variation observed was related to lithology
(Grocke, 1998), a factor known to affect the lignin
chemistry (van Bergen et al., 1994b).

4.4. Directives to overcome problems associated
with chemical variation

Despite these chemically induced variations, a
recent study of bulk §'3C values of Cretaceous

wood from the Isle of Wight, UK, showed large
variations (approx. —30 %o to —18 %o ) that could
not be explained solely by lithological variations
and are possibly related to, amongst others,
changes in climatic factors (Grocke et al., 1999).
Palaeoclimatic information can be obtained from
bulk fossil wood when a number of factors are
taken into consideration viz., the use of (i) a single
taxon and (i) fossil specimens that have under-
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gone identical chemical alterations, for example
gelified wood (‘jet’) (Hesselbo et al., 2000), both
of which will reduce intrinsic chemical variations.

An alternative approach, which may overcome
the problems pertaining to the use of bulk sam-
ples from fossils still containing identifiable rem-
nants of ligno-cellulose, is the measuring of stable
carbon isotope values of polysaccharide and/or
lignin markers released by pyrolysis. Chemically
released cellulose and lignin fractions have been
obtained before (e.g., Wilson and Grinsted, 1977;
Spiker and Hatcher, 1987) but could never be
studied simultaneously. Moreover, it is not known
whether carbon isotope fractionations are induced
during their release or to what extent the molec-
ular structure is altered (Spiker and Hatcher,
1987; Bates and Spiker, 1992). With our new ap-
proach, wood samples are pyrolysed off-line
(400°C, 1 h) which allows the released products
to be collected and analysed separately. Fig. 7
shows examples of off-line pyrolysates of two
specimens also studied using on-line pyrolysis
(cf. Figs. 3A and 5). The differences in products
released relate purely to the different pyrolysis
methods, although the significant quantity of
LG in the Nothofagus sample compared with the
on-line data (Fig. 5) is noteworthy. Both pyroly-
sates show polysaccharide (PS) and lignin (L) de-
rived products, which can be studied directly by
compound-specific stable carbon isotope analyses
and as such provide detailed information on both
moieties in ligno-cellulose. Furthermore, by tar-
geting only specific lignin markers reflecting the
lignin core we can reduce variation resulting
from changes in the macromolecular lignin struc-
ture. Ongoing research is using this approach to
gain further detailed insights into changes in sta-
ble carbon isotopes in fossil wood over time and
assess these in terms of changes in palacoenviron-
ments and palaeoclimate.

5. Conclusions

Detailed molecular and stable carbon isotope
investigations of archaeological and fossil wood
specimens revealed large differences in their iso-
tope composition. Although natural heterogeneity

is a possible source for some of this variation,
most of the isotope differences in the archaeolog-
ical and Tertiary specimens can be related to ei-
ther the amount of polysaccharides present, or the
degree of lignin alteration. In case of the Creta-
ceous specimens, the molecular data revealed only
heavily modified lignin, with virtually no intact
lignin building blocks (2-methoxyphenols) being
preserved, and no evidence of polysaccharides.
This dramatic alteration of the chemical compo-
sition is suggested to be one of the main causes
for the distinct 1*C enriched values of these speci-
mens. Overall, these data clearly show the impor-
tance of combining detailed molecular informa-
tion on the individual wood components with
stable carbon isotope data in order to help further
our understanding in determining how stable car-
bon isotopes from wood can be used for pa-
laeoenvironmental and palaeoclimatic interpreta-
tions.
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