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ABSTRACT

A high-temperature pyrolysis/gas chromatography/isotope ratio mass spectrometry system was estab-
lished at the Institute for Geological and Geochemical Research in 2013. A dedicated field of application
of the system is the simultaneous measurement of stable carbon and oxygen isotope ratios in the
cellulose of modern, relict and subfossil plant tissues and sediments. The measurement protocol was
fine-tuned during the first year of operation and documented in detail in this report. To quantify the
long-term reproducibility of the simultaneous measurement of stable isotopes of oxygen and carbon in
cellulose, a 2σ range inferred from repeated measurements of a Quality Assurance standard can be
recommended: 0.16 and 0.20‰, for δ13C and δ18O, respectively. An extensive set of samples with
known pyrolysis-based δ13C data was analyzed in combustion mode and the paired results were used to
assess the necessity of adjustment of the pyrolysis-based δ13C measurements. The variances of the two
datasets were not significantly different; the slope (intercept) of the regression was indistinguishable
from unity (zero), suggesting that probably owing to the relatively frequent cleaning of the pyrolysis
furnace, pyrolysis-based δ13C data neither suffer from a variance bias nor require a specific adjustment.
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INTRODUCTION

Stable isotopes can serve as valuable non-radioactive tracers and non-destructive integrators
of how plants today and in the past have interacted with and adapted to their abiotic and
biotic environment (Dawson et al., 2002; Badea et al., 2021; Siegwolf et al., 2022). The use of
stable isotope techniques in plant ecological and paleoecological research has grown steadily
during the past decades (Dawson et al., 2002; Badea et al., 2021), owing to remarkable ad-
vances in the theoretical understanding of discrimination processes, as well as technical
developments in isotope analytical techniques (Maguas & Griffiths, 2003; Siegwolf et al.,
2022). Arguably, stable isotope methods are now among the most important empirical tools
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in modern plant ecological and paleoecological research, and
their provided information has yielded some of the newest
and most important insights about plants in the natural
environment. Cellulose can be separated from a wide range
of living, relict and subfossil plant tissues e.g., xylem
(McCarrol & Loader, 2004; Badea et al., 2021; Siegwolf et al.,
2022) or foliage (Kimak et al., 2015), peat material (Moschen
et al., 2009; Daley et al., 2010; Csank et al., 2011) and even
from sediments (Wolfe et al., 2007; Wissel et al., 2008), and
stable isotopic composition of oxygen and carbon (δ18O and
δ13C) of cellulose are among the most important proxy in-
dicators of paleoenvironmental and paleoecological changes.

A wide range of analytical techniques has been developed
for the separate analysis of stable carbon and oxygen isotopic
composition of plant material (e.g., Boettger et al., 2007;
Badea et al., 2021); however, on-line pyrolysis was found to
allow determination of δ13C and δ18O values of a cellulose
sample in a single run (Gehre & Strauch, 2003; Knöller et al.,
2005). High-temperature pyrolysis of cellulose results in the
complete conversion of oxygen into CO (Gehre & Strauch,
2003; Leuenberger & Filot, 2007). However, there is not
enough oxygen present in α-cellulose (C6H10O5) for the total
conversion of the sample carbon into CO (Knöller et al.,
2005), so it is inevitable that a sixth of sample carbon is
deposited in the furnace during pyrolysis, with the reservoir
experiencing a net increase until the furnace is cleaned or
replaced (Woodley et al., 2012). The potential reason for the
difference between the δ13C results obtained by pyrolysis
and combustion is likely the presence of CO produced from
carbon present/deposited in the reaction tube (Young et al.,
2011). Given the risk of large and time-dependent bias in
δ13C results, it is clear that δ13C chronologies obtained by
high-temperature pyrolysis must check whether they require
some adjustment before they are to be used for paleoclimate
research or to monitor changes in ecophysiology (Woodley
et al., 2012). Combustion results in the complete conversion
of sample carbon into CO2, so it can be considered a ‘true’
reflection of the δ13C composition of cellulose and provide a
suitable approach to test potential bias of pyrolysis-based
δ13C data (Knöller et al., 2005; Woodley et al., 2012).

To compare stable isotope data from different locations
or different sampling times at a high level of precision, a
measurement strategy must include reliable traceability to an
international stable isotope-scale via reference materials
(Brand, 2009). Quality assurance and long-term precision
are used to control the long-term performance of the δ-value
assignments (Brand, 2009; Spötl, 2011). While usage of in-
ternational calibration standards helps placing the measured
values on a common scale (Coplen, 1994), facilitating the
comparability of the results produced by different labs,
the precision, another crucial aspect of quality assurance,
of each laboratory must be assessed via copious repeated
measurements of laboratory working reference material
(Spötl, 2011).

A high-temperature pyrolysis/gas chromatography/
isotope ratio mass spectrometry system (Gehre & Strauch,
2003; Knöller et al., 2005) was established at the Institute
for Geological and Geochemical Research, Research Centre

for Astronomy and Earth Sciences (IGGR RCAES) at the
end of 2013 (Fig. 1). The main dedicated field of application
is the simultaneous measurement of stable carbon and
oxygen isotope ratios in cellulose. Following the installation
of the system it has been in operation since the 12th of
February, 2014.

Here we provide documentation of the analytical details
of simultaneous measurement of stable carbon and oxygen
isotope ratios in cellulose by this high-temperature pyroly-
sis/gas chromatography/isotope ratio mass spectrometry
system and report long-term precision, following nine years
of practically continuous operation in the Stable Isotope Lab
at the IGGR RCAES. This information quantifies the quality
of the provided data for reporting in publications (Brooks
et al., 2022). In addition, results of testing the potential
variance bias of pyrolysis on the δ13C measurements are also
reported.

METHODS

For stable isotope analyses α-cellulose was separated from
the plant materials using the modified Jayme-Wise method
(Boettger et al., 2007; Loader et al., 1997). Afterward it was
homogenized by a standard ultrasonic protocol (Laumer
et al., 2009) using a VCX130 (Sonics & Materials Inc/USA)
device and dried at 60 8C in an oven.

Carbon and oxygen isotope values are reported in per-
mille (‰) using the traditional δ (delta) notation (Coplen,

Fig. 1. A stable isotope ratio mass spectrometry system with coupled
pyrolysis and combustion peripheries operating at the Institute
for Geological and Geochemical Research, Research Centre for
Astronomy and Earth Sciences
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1994) δX 5 Rsample/Rstandard –1, where X is 13C or 18O,
Rsample and Rstandard are either 13C/12C or 18O/16O ratios of
the sample and the standard, respectively. The stable carbon
isotope composition was converted to VPDB (Vienna Pee-
Dee Belemnite) scale (Coplen et al., 2006) and stable oxygen
isotope composition was converted to VSMOW-SLAP
(Vienna Standard Mean Ocean-Standard Antarctic Light
Precipitation) scale (IAEA 2017).

High-temperature pyrolysis/gas chromatography/
isotope ratio mass spectrometry system

For the simultaneous measurements of carbon and oxygen
isotope ratios (Loader et al., 2015), 0.2 mg (±10%) of
α-cellulose was packed in silver foil and dried at 60 8C for
24 h. The dried samples were placed into a 50-position
sealed-carousel autosampler (Zero Blank, Costech) and
purged in a stream of high purity He (Messer 4.6) for 10 min
during the first 4 months of operation and increased to 15
min since June 2014. The rotating autosampler dropped the
samples to a thermal conversion elemental analyzer (TCEA,
ThermoQuest Finnigan). The pyrolysis furnace consisted of
a ceramic outer tube and a glassy carbon inner tube and the
samples were dropped into a graphite crucible, positioned
on glassy carbon chips within the pyrolysis tube (Knöller
et al., 2005). Pyrolysis efficiency for oxygen yield is 100%
above 1,400 8C (Gehre & Strauch, 2003; Leuenberger & Filot,
2007); hence the pyrolysis temperature was set to 1,450 8C
until 2016 and to 1,460 8C afterwards. The pyrolysis prod-
ucts (CO and H2) were flushed continuously in a He stream
(∼100 mLmin�1) and separated using a gas chromatog-
raphy (GC) column (5Å molecular sieve, 80–100 mesh)
heated to 75 8C, before CO is transferred to a Delta V
Advantage isotope ratio mass spectrometer (IRMS) via a
Conflo III open-split (Werner et al., 1999). The 18O/16O and
13C/12C ratios were derived from measurements of CO ions
taking mass 30 to 28 and 29 to 28 ratios, respectively (Sauer
et al., 1998; Gehre & Strauch, 2003). The relative isotopic
ratio of the sample was measured against a reference gas
pulse of CO (Messer 4.7) introduced via the same gas
injector system (ConFlow III). The operation protocol
included cleaning the system following the measurement
of 4–5 complete sequences (c. 200 to 250 samples) and
heating the GC column to 300 8C overnight as needed for
reactivation.

Considering the suitability for the simultaneous mea-
surement of oxygen and carbon isotope ratios (Knöller et al.,
2005) and a relatively good matrix match with regard to
chemical nature and relative elemental composition of the

cellulose samples (Boettger et al., 2007; Skrzypek, 2013;
Meier-Augenstein & Schimmelmann, 2019) IAEA-CH-3
and IAEA-CH-6 were used (Table 1) from the available
secondary light stable isotope reference materials (https://
ciaaw.org/reference-materials.htm) and commercial Merck
cellulose was used as an internal standard. IAEA-CH-3 lies
within the δ-range of the expected cellulose samples; how-
ever, considering the lack of other available reference ma-
terial (Boettger et al., 2007), the fact that some samples may
lie outside the calibration range has to be cautiously toler-
ated (Knöller et al., 2005). Calibration reference materials
were measured in triplicates both at the beginning and end
of the sequences to reduce calibration error (Boettger et al.,
2007; Skrzypek, 2013) and QA Merck standards were
measured as unknown after measurements of every five real
samples. We note that initially the certified value of the δ13C
Merck cellulose was considered as �24.25‰ (Knöller et al.,
2005); however, δ13C value was determined by multiple
(n 5 20) combustion measurements (see below) providing
very constantly (1 STD: 0.04%) a value of �24.70‰, so this
value was used in all subsequent evaluations and former
sequences have been re-evaluated considering the mean
value (Table 1).

Combustion – pyrolysis adjustment

Stratified sub-samples of the pyrolysis results were selected
from a dendroisotope dataset consisting of annual in-
crements of three living and two relict Swiss stone pine
(Pinus cembra L.) individuals covering the 1622 to 2012 CE
time interval. A subset (n 5 30) was selected from the living
samples in November 2014, complemented with an addi-
tional subset (n 5 13) selected from the relict samples in
October 2015, to cover the full range of carbon isotope ratios
(from �25.70 to �20.24‰) available at the time of the
experiment. The samples were included in studies on age-
trend assessment (Kern et al., 2023) and dendroclimato-
logical studies (Nagavciuc et al., 2020, 2022). Stable carbon
isotope ratios of the selected samples were analyzed in
combustion and the paired results were used to compare
variances and to define a linear regression to test the ne-
cessity of adjustment of the pyrolysis-based δ13C measure-
ments (Woodley et al., 2012).

Combustion was performed using a Flash 2000 Elemental
Analyzer (Thermo Scientific, Rhodano, Italy) interfaced
with the same Delta V Advantage IRMS (Fig. 1) operating in
continuous flow mode with a carrier gas (HeþO2, Messer
4.6) at a flow rate of ∼90 mLmin�1. The samples were
combusted (1,000 8C) over a chromium(III) oxide catalyst in

Table 1. The assigned values of the standard materials used in simultaneous measurement of stable isotopes of oxygen and carbon in
cellulose at the Institute for Geological and Geochemical Research between 2014 and 2022

δ13C (‰) Reference δ18O (‰) Reference

IAEA-CH-3 �24.72 Coplen et al. (2006) 32.52 Sauer et al. (1998)
IAEA-CH-6 �10.45 Coplen et al. (2006) 36.40 Farquhar et al. (1997),

Kornexl et al. (1999)
Merck �24.70 this study 28.67 Sauer et al. (1998)
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the presence of excess oxygen. Silvered cobaltous oxide and
copper(II) oxide, positioned lower in a quartz combustion
tube, ensured the complete conversion of sample carbon into
CO2 and the removal of residual halogens or sulfur.
Following the removal of any nitrogen oxides by passage
over copper wire (640 8C), traces of water were removed
using a magnesium perchlorate trap. The CO2 peak for each
sample was separated using a GC column (75 8C), before
analysis by IRMS. The 13C/12C ratios were derived from

measurements of CO2 ions (mass 45 to 44) (Knöller
et al., 2005).

In the case of combustion, similarly IAEA-CH-3 and
IAEA-CH-6 were used as standard reference material consid-
ering the same certified values for calibration (Table 1),
following a two-point linear normalization scheme (Paul et al.,
2007; Meier-Augenstein & Schimmelmann, 2019). Merck
cellulose were run together with batches of samples as an
internal QA standard similarly to the pyrolysis sequences.

Fig. 2. Performance charts of a QA material (Merck cellulose) in simultaneous measurement of stable isotopes of carbon (A, B) and oxygen
(C, D) in cellulose using the high-temperature pyrolysis/gas chromatography/isotope ratio mass spectrometry system at the Institute for
Geological and Geochemical Research over c. nine-years of operation. The individual measurements of δ13C and δ18O with the assigned
value (indicated by the horizontal black dashed line, see Table 1) are shown in A and C, while the standard deviation calculated for
20 consecutive data points are shown below (B, D). The termination of the initial period (mid-June of 2014), due to some modification of
the measurement protocol, show the precision of the simultaneous measurements of δ13C and δ18O of the cellulose samples remarkably
improved, marked by a vertical line. The accuracy (mean bias ± standard deviation) calculated from the values obtained before and after
26 June, 2014 are annotated both for δ13C (A) and δ18O (C) performance charts
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RESULTS AND DISCUSSION

Long-term performance of the high-temperature
pyrolysis/gas chromatography/isotope ratio mass
spectrometry system for the stable isotope analysis
of cellulose

During this 9-yr-long operation a total of ca. 4,500 indi-
vidual natural cellulose samples (chiefly xylem ∼93%, less
commonly foliage ∼3% and peat ∼6%) were processed.
Among the actual samples ∼800 measurements were per-
formed on the QA working standard (commercial Merck
cellulose) processed as unknown. The copious number of
repeated measurements of the same material allows the
construction of quality assurance performance charts
(Brand, 2009; Spötl, 2011).

The standard deviation was relatively larger (STD-δ13C:
0.14‰ and STD-δ18O: 0.27‰) for an initial 4-month
period, but owing to a 5-min increase in the pre-flushing of
the autosampler and a more prudent operation by the
personnel, remarkably reduced (STD-δ13C: 0.08‰ and
STD-δ18O: 0.10‰) the scatter of the values since mid-June
of 2014 (Fig. 2). These values conform with the precision
reported from an interlaboratory comparison on IRMS
measurements of cellulose involving nine European stable
isotope laboratories (Boettger et al., 2007). For carbon
isotope values the standard deviation agrees (or is slightly
lower) with the ones reported for synthetic cellulose
(Knöller et al., 2005) or homogenized internal laboratory
cellulose standards (Brooks et al., 2022). The latter values
are essentially constant over 8-yrs of operation of the fa-
cility, so we suggest considering the long-term precision as
2σ inferred based on these QA standard as 0.16 and 0.20‰,
for δ13C and δ18O, respectively. The higher deviations for
oxygen compared to carbon could reflect a noise due to
hygroscopically-bounded water of different isotopic ratios
(retained from the preparation procedure or adsorbed from
the lab atmosphere) remaining after incomplete drying
(see Boettger et al., 2007).

Beside reproducibility, trueness of the QA working
standard has also improved after mid-June of 2014, mainly
for δ18O (Fig. 2 A, B). The 10 8C increase in pyrolysis
temperature since 2016 has not changed the long-term
precision remarkably.

Comparing pyrolysis-based and combustion-based
δ13C measurements

As expected, the comparison of paired pyrolysis-based δ13C
measurements with combustion-based counterparts dem-
onstrates a very strong correlation (Fig. 3A). The variances
of the two datasets are almost equal (VAR (pyrolysis-δ13C)
5 2.11, VAR (combustion-δ13C) 5 2.10) and an F-test also
confirms that the variances of the two datasets are not
significantly different (F (1,42) 5 0.99, P 5 0.49). The slope
of the regression is indistinguishable from unity (95% CI:
0.95, 1.03) and the intercept does not differ significantly
from zero (95% CI: �1.15, 0.82) (Fig. 3A). It was suggested

that the composition closer to the margin of the range of the
δ13C data are more prone to bias (Woodley et al., 2012).
However, the difference values computed between pyrolysis-
based and combustion-based δ13C data-pairs do not show
an increased rate of occurrence at the extremes of the range
(Fig. 3B).

These peculiarities suggest that pyrolysis-based δ13C data
obtained by the considered system and analytical protocol
neither suffer from a variance bias nor require any specific
adjustment. Beside the appropriate normalization and the
application of the principles of identical treatment for
reference materials and samples (Knöller et al., 2005; Brand,
2009) the explanation is probably the relatively frequent
cleaning of the pyrolysis furnace which prevents the accu-
mulation of the residual carbon which is thought to be the
critical source of bias in pyrolysis-based δ13C measurements
(Young et al., 2011; Woodley et al., 2012).

CONCLUSIONS

The analytical details of simultaneous measurement of stable
oxygen and carbon isotope composition (δ18O and δ13C) in
cellulose by the high-temperature pyrolysis/gas chromatog-
raphy/isotope ratio mass spectrometry system operating in
the Stable Isotope Lab at the IGGR RCAES have been
documented. The long-term reproducibility, essential for
reporting in paleoenvironmental and paleoecological studies,

Fig. 3. Comparison of paired pyrolysis-based and combustion-
based δ13C measurements. The linear regression is fitted to the
paired data (A). The estimated regression parameters are displayed
in the plot. The distribution of difference values computed between
pyrolysis-based and combustion-based δ13C data-pairs is plotted
against the pyrolysis-based δ13C counterparts (B)
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recommended for δ13C and δ18O data, derived by this fa-
cility, are 0.16 and 0.20‰, respectively. A systematic com-
parison between pyrolysis-based and combustion-based
δ13C measurements indicated that pyrolysis-based δ13C
data, derived by the described facility and analytical proto-
col, neither suffer from a variance bias nor require any
specific adjustment.
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