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Resolving challenges in the development of a protocol for 
δ18O determinations on tree-ring cellulose
John du Plessis a, Dipayan Paul a, Margot Kuitems a, Anita Aerts-Bijma a, 
Neil J. Loader b, Harro A.J. Meijer a and Michael Dee a

aCentre for Isotope Research, University of Groningen, Groningen, Netherlands; bDepartment of Geography, 
Swansea University, Swansea, UK

ABSTRACT  
Tree rings can provide annual records of environmental and climatic 
conditions. These records can be obtained through the physical 
characteristics of tree rings or the isotopic composition of their 
structural elements. Oxygen isotope chronologies are created by 
objectively combining data from trees. The diachronic patterns 
observed in the δ18O of the tree-ring cellulose represent tree- 
environment interactions. The abundance of 18O in tree-ring cellulose 
is closely linked to hydroclimate, and is influenced by source water 
δ18O and atmospheric humidity. Long sequences of annually 
resolved tree-ring δ18O values have been used, to good effect, in the 
dating of archaeological timbers and as proxies in the reconstruction 
of climatic variables. In this research we have established a working 
methodology for producing and measuring δ18O in tree-ring α- 
cellulose at the University of Groningen. We have demonstrated an 
average precision of approximately 0.2 ‰ under a variety of 
conditions, which exceeds the expected performance of continuous 
flow IRMS techniques. Difficulties were encountered during the 
calibration of tree-ring cellulose δ18O determinations using non- 
cellulose, organic reference materials. A difference in pyrolysis 
behaviour or one, or more compromised materials, resulted in poor 
agreement between measured and expected δ18O values on 
cellulose standards. This opens the possibility for further study. 
Analysis of cellulose standards alongside water reference materials 
and an independent quality control standard proved successful, 
resulting in a number of cellulose standards being accurately placed 
on the VSMOW-SLAP scale, including the intercomparison and de 
facto reference material IAEA-C3 holocellulose.
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1. Introduction

Trees are capable of providing an annual record of environmental and climatic conditions 
owing to their seasonal growth rings. Information can be obtained through the 
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interpretation of the physical or morphological characteristics of tree rings [1], and simi
larly, through the isotopic composition of their structural constituents (often α-cellulose) 
[2]. Isotope [3,4] and ring-width chronologies [1,5] can be constructed by combining data 
from multiple trees of overlapping ages. These chronologies do not contain a simple 
archive of isotope concentrations in air and water, but a record of interactions between 
trees and their environment [2]. In recent decades, tree-ring stable isotope analysis has 
become more widespread, and 18O is among the isotopes receiving increased attention 
[6,7]. The hydrogen and oxygen isotope composition of tree-ring cellulose is strongly 
related to hydroclimate, as it is primarily a function of source water oxygen isotope com
position and atmospheric vapour pressure deficit, which itself is tied to relative humidity 
[8]. Although it is advantageous in many cases to analyse both hydrogen and oxygen iso
topes, there are additional challenges that arise due to the propensity for a certain frac
tion of the hydrogen atoms in cellulose to exchange with those in the environment [2]. 
Long, annually resolved sequences recording the oxygen isotope composition of tree-ring 
cellulose have been used to good effect in the dating of timbers [3,9] and reconstructions 
of climatic variables over long periods [10–12]. Tree-ring cellulose is a chemically resistant 
and stable biopolymer, making it exceptionally durable. Under favourable conditions, 
isotope signatures can remain intact in wood for thousands [13], or even millions of 
years [14,15], after (partial) fossilisation.

The methods employed in tree-ring stable isotope analysis have been in a state of con
tinuous evolution, with considerable diversification of techniques for sampling, sample 
preparation, and measurement [2,16,17]. As methods have advanced, it has become poss
ible to analyse larger numbers of samples while consuming less starting material [16,17]. 
However, sampling and sample preparation still tends to be labour intensive, partially due 
to the high sample purity and homogeneity required for annual resolution, high-precision 
measurements [16]. Obtaining sufficiently accurate, precise and reproducible measure
ments of tree-ring cellulose oxygen isotope composition is not trivial. Much research 
has been done to improve the efficiency and effectiveness of these techniques, and a 
large range of approaches has been explored [16]. As methods develop, direct intercom
parison of measurements [18,19] and showcasing of procedures becomes more impor
tant, especially considering the diversity of materials and instruments currently in use.

The concentration of 18O in a given sample is conventionally expressed relative to the most 
abundant oxygen isotope, 16O. This is reported quantitatively as δ18O. In natural substances 
this value is small, expressed in parts-per-thousand or ‘per mille’ (‰), and is defined as,

d18O =
Rsample

RRM

􏼒 􏼓

–1, (1) 

where Rsample and RRM are the ratios of 18O/16O in a sample and a reference material (RM) of 
known isotopic composition [2]. Measurements of isotope concentrations are always reported 
relative to a scale which is anchored by one or more RMs [20]. Additionally, many internation
ally recognised1 RMs exist for which the isotopic ratios have been determined to an extremely 
high level of accuracy and precision. Typically these serve as intercomparison materials and 
are used for calibrating instruments or correcting isotope ratio measurements [20]. In the case 
of 18O, the VSMOW-SLAP scale is used when reporting values. This scale is defined by the two 
primary RMs, Vienna Standard Mean Ocean Water (VSMOW, δ18O = 0.00 ‰) and Standard 
Light Antarctic Precipitation (SLAP, δ18O = −55.50 ‰) [20]. VSMOW and SLAP are exhausted, 
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the VSMOW-SLAP scale is realised using the RMs VSMOW2 and SLAP2, with the same values 
(but with a small added uncertainty). Currently no internationally recognised cellulose δ18O 
RM exists. Therefore, there is a near universal reliance on locally calibrated cellulose quality 
control (QC) standards or other organic RMs. Cellulose references are available for carbon iso
topes, but have been deemed unsuitable to ‘provide a dependable anchor to the VSMOW 
δ18O scale’ [21]. Despite this fact, cellulose is endorsed as ‘a local working reference material’ 
and to be utilised during the analysis of cellulose samples [21]. IAEA-C3 is an internationally 
recognised cellulose RM for 13C and 14C abundance [22,23]. It has been subject to δ18O analy
sis since at least 1993 [24] and has had a wide range of determined δ18O, extending from 31.3 
[25] to 33.1 ‰ [26] on the VSMOW-SLAP scale. A commonly quoted assigned δ18O of IAEA-C3 
is 32.6 ‰ [18,26], although this varies between publications [19,27–34]. Whilst some studies 
provide batch numbers and reference to intercomparison studies, these assigned values are 
sometimes provided without a clear source or additional details regarding measurement and 
calibration. As this material is often used to calibrate or correct δ18O values of tree-ring cellu
lose, it would be beneficial to discuss the determination of its δ18O value openly.

The purpose of this research is to establish a working protocol and a performance base
line for δ18O determination on tree-ring α-cellulose at the Centre for Isotope Research 
(CIO) of the University of Groningen, and to investigate the efficacy of on-hand RMs to 
correct cellulose δ18O values and accurately calibrate cellulose QC standards including 
IAEA-C3. To achieve this, a variety of tree ring samples, along with QC standards and 
certified references were selected and analysed for δ18O via continuous flow 
Pyrolysis-IRMS in order to determine precision, accuracy and repeatability.

2. Materials and methods

2.1. Samples

The samples selected for this work included different species of wood (both gymnosperm 
and angiosperm), along with various organic RMs and QC standards. Table 1 contains a list 
of all samples analysed including some standards kindly provided by Swansea University 
for the purposes of intercomparison (IAEA-C3 holocellulose and Sigma Aldrich α-cellulose 
No. C-8002 Lot 92F-0242). The wood samples were split into whole, annual growth rings 
before α-cellulose extraction, with the exception of the ash (Fraxinus) samples, from which 
only latewood was collected.

2.2. Wood preparation and ring cutting

Wood samples were selected from pieces already on hand with the goal of including both 
resinous gymnosperm, and angiosperm examples. Wood was received as trunk or branch 
transverse cross sections, and were sanded or pared with a razor blade to reveal the 
annual growth rings. After inspecting the quality of the rings, a suitable radial section 
was selected, and a rectangular lath was carefully fashioned using a crosscut hand saw. 
The outer surfaces of the lath were shaved off with a razor blade, removing any surface 
contaminants and rendering the rings clearly visible. With the aid of a binocular micro
scope, individual tree rings were cut from the laths using a scalpel, and in the case of 
the ash samples, earlywood and latewood were collected separately. The collected 
rings were cut into thin slivers and subsequently oven dried (80 °C, 15 min), then left to 
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rest in a fume hood (RT, 1 h). Each individual ring, as well as any duplicates and standards 
were registered in the CIO database and 40–50 mg was weighed and transferred into test 
tubes for cellulose extraction.

2.3. α-cellulose extraction and homogenisation

The procedure followed for α-cellulose extraction is based on the protocol of Dee et al. 
[35,36]. Wood samples were subjected to the following extraction procedure: 

(1) 5.47 % w/vol (1.5 M) HCl (80 °C, 20 min)
(2) Rinse 3 times with reverse osmosis (RO) water
(3) 17.5 % w/vol NaOH (30 °C, 60 min, N2 atmosphere, ultrasonication)
(4) Rinse 5 times with RO water
(5) 5.47 % w/vol HCl (80 °C, 20 min)
(6) Rinse 3 times with RO water
(7) 1.5 % w/vol NaClO2, acidified with HCl (pH 3) (80 °C, overnight)
(8) Replace NaClO2 solution (80 °C, 3 h)
(9) Rinse 3 times with RO water.

Analytical reagents used were aqueous HCl, 37–38 % (Boom B.V., Meppel, Netherlands, 
Art. No. 76021889), NaOH pellets, ≥ 99 % (Merck KGaA, Darmstadt, Germany, Art. No. 
1.06498), NaClO2 powder, puriss. p.a., 80 % (RT) (Sigma-Aldrich, Germany, Art. No. 71388).

Extraction procedures, with and without organic solvent washes, were tested on the 
resinous pine rings. These individual rings were split into multiple subsamples, with 
one subsample receiving a solvent treatment and others not. Organic solvent washed 
samples were treated with acetone (45 °C, 6 h) and dried in a fume hood (RT, 36 h), 
then soaked in RO water (45 °C, 6 h) and left to dry in a fume hood (RT, overnight) 
prior to α-cellulose extraction. After chemical extraction, the resulting tree-ring α-cellulose 
was left in test tubes, submerged in RO water and ultrasonically homogenised [37] (60 W 
pulsed, 0.3 s on, 1 s off) for 15–30 s (Sonopuls UW100, 3 mm ∅ sonotrode, Bandelin, 
Germany) in order to maintain homogeneity within samples. Thereafter, samples were 
frozen and freeze dried (≥ 24 h). IAEA-C3 holocellulose, which is distributed as com
pressed sheets, was also homogenised and freeze dried in the same way to greatly 
ease handling and weighing. Two subsamples of IAEA-C3 (40–50 mg) were also subjected 
to chemical α-cellulose extraction alongside the tree-ring samples.

2.4. Drying, weighing and storage

Aliquots of tree-ring α-cellulose with masses 0.90–1.10 mg (batch 1 & 2) and 0.45–0.55 mg 
(subsequent batches) were weighed and placed into 4 × 3 mm silver capsules (Elemtex, 
Gunnislake, United Kingdom), and manually crushed using a bespoke sample press to 
remove air and seal the capsules. Subsamples of homogenised IAEA-C3 cellulose with 
masses around 1.0, 0.5 and 0.1 mg were analysed to determine whether homogeneity, 
and therefore precision, would be maintained in smaller samples.

In order to minimise the effect of possible absorption of water vapour by the samples 
at this stage, the weighed, encapsulated samples were placed in a segmented stainless 
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steel box to be dried in a vacuum oven (50 °C, 1 h) and then, with heating turned off, left 
under vacuum until pyrolysis and measurement. IAEA-C3 holocellulose was used to evalu
ate the efficacy of the combined drying processes. This was done by measuring sub
samples of IAEA-C3 which had been soaking in two different vials of water with δ18O 
equivalent to VSMOW (0 ‰) and SLAP (–55.5‰), for nine days. These were dried identi
cally to all the other cellulose samples before measurement. Additionally, 5 subsamples of 
IAEA-C3 cellulose were not vacuum dried, and stored at room temperature and atmos
pheric pressure until measurement. These were analysed to determine the necessity of 
the auxiliary vacuum drying.

2.5. Isotope measurement

The use of continuous flow Pyrolysis-IRMS systems to measure tree-ring stable isotope 
concentrations is a well-established technique [18,19,26,38]. Prepared α-cellulose, along
side standards and references were pyrolysed at 1450 °C with a vario PYRO cube elemen
tal analyser (EA) (Elementar, Langenselbold, Germany) and the resulting CO was analysed 
using a precisION isotope ratio mass spectrometer (IRMS) (Elementar, Langenselbold, 
Germany). Within the EA, pyrolysis occurs in a glassy carbon tube that is filled with a 
graphite crucible, glassy carbon chips, carbon black, as well as graphite and quartz 
wool according to the manufacturer’s specifications. The system was left running over
night for the temperature to equilibrate and to flush completely with helium, during 
which blank measurements were performed until the detected CO flow decreased to 
around 100 arbitrary units on the EA thermal conductivity sensor, and the IRMS back
ground ion current dropped below 1 × 10−11 A. The first measurement in a series is typi
cally erroneous and must be discarded, therefore at the start of each series at least one 
sacrificial cellulose sample was pyrolysed to precondition the system by flushing it with 
CO. After relatively 18O enriched samples (i.e. IAEA-602), a similar precaution was taken 
in order to buffer subsequent samples from potential memory effects. QC standards 
were placed throughout the series allowing for measurement performance to be evalu
ated continually and drift to be corrected if present. The masses of samples and RMs 
within the same batch were selected to ensure a similar quantity of CO was produced 
during pyrolysis. Using CO reference gas, measurement batches were bracketed with 
automated tests for amount-dependent effects on δ18O. Mass- or amount-dependent 
effects were not conclusively observed during analysis, thus, no corrections were applied.

2.5.1. Nitrogen contamination
Within the EA, elution of CO is paused by trapping the gas in a CO-trap and is only 
released after the contaminants such as Ar and N2 have been removed completely. The 
presence of N2 during CO elution leads to biases in CO measurements due to isobaric 
interference (molecular mass = 28). Initially, while analysing its isotopic composition, 
the CO peak, as detected by the IRMS, was bracketed by two monitoring gas pulses 
(machine reference gas), the average isotopic composition of which was used to deter
mine the isotopic composition of the sample. Upon careful investigation, it was discov
ered that a very small and broad peak always appeared following the N2 elution. This 
was much more pronounced when measuring nitrogen-containing materials such as 
IAEA-600 caffeine. Due to the variable nature of this peak area, the first monitoring 
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peak was always contaminated. Thus, the release of CO was carefully timed such that the 
corresponding peak was released only when the baseline showed complete removal of 
the contaminating peak. Two monitoring pulses were thus positioned following the 
sample peak and were now isotopically very consistent. Additionally, a custom-built 
cover was placed on top of the sample carousel with a constant flow of 
N2 (∼100 ml/min) to displace any air present around the samples in an effort to reduce 
contamination by atmospheric oxygen and moisture. This issue is discussed further by 
Aerts-Bijma et al. [39].

2.5.2. Reference materials
Table 2 contains the δ18O values of the RMs used in varying combinations throughout. 
Initially, IAEA-600, IAEA-601 and IAEA-602 [21] were used in a three-point linear fit to 
correct cellulose δ18O values, but this resulted in poor agreement between determined 
and assigned values of references. Eventually IAEA-C3 and standard cellulose (Sigma 
Aldrich) was accurately calibrated using water references, with USGS56 [40] as a control 
reference. Calibrated IAEA-C3 was then used to correct measurements retroactively. The 
use of cellulose standards for correction ensures similar pyrolysis behaviour to that of the 
samples, fulfilling the identical treatment principle. For the purposes of cellulose calibration, 
VSMOW2 [41] was used alongside three other water references, ‘Sample 1’, ‘Sample 2’ and 
‘Sample 3’. These three are solutions prepared from IAEA-607 [42] and USGS46 [43] that had 
their δ18O and relevant uncertainties confirmed by optical spectroscopy over 3 measure
ment days with 50 measurements each [39]. These water references were prepared and por
tioned by the United States Geological Survey in sealed silver tubes [44].

3. Results

3.1. Precision and measurement quality

δ18O determinations on a number of samples and RMs are presented. These include those 
analysed before and after the changes implemented to mitigate N2 interference, as out
lined in section 2.5.1. They are given as mean δ18O (‰ with respect to the VSMOW-SLAP 
scale) and standard deviations of all measured subsamples without added calibration 
uncertainty of RMs. The collection of QC and sample cellulose was measured with pre
cision better than or equal to ‘standard precision’ for δ18O determinations on tree-ring 
cellulose (± 0.3 ‰ [26]). Average δ18O standard deviations are ± 0.21 ‰ for the cellulose 

Table 2. RMs used that are securely placed on the VSMOW-SLAP scale.
δ18O (VSMOW-SLAP) ‰

Name Material Assigned value Uncertainty

IAEA-602 Benzoic acid 71.28 0.36
Sample 3 Water 44.93 0.04
Sample 1 Water 28.53 0.08
USGS56 Wood 27.23 0.03
IAEA-601 Benzoic acid 23.14 0.19
Sample 2 Water 14.67 0.04
VSMOW2 Water 0.00 0.02
IAEA-600 Caffeine –3.48 0.53
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measurements acquired before addressing N2 intrusion (section 3.1.1) and ± 0.20 ‰ for 
those analysed after changes were made (section 3.1.2).

3.1.1. Before changes to measurement procedure
Determinations of δ18O on samples and standards in this section were influenced by N2 

interference. Consisting of three batches, these measurements (Table 3) have been single- 
point corrected using the calibrated value for IAEA-C3 of 32.70 ± 0.19 ‰ (Table 7). Repli
cate samples of different pine rings, which had been separated before α-cellulose extrac
tion, are named according to which ring they belong (R3, R5 and R8) and whether they 
were solvent washed (R3 solv), a duplicate (R3 dup) or triplicate (R3 trip) sample.

Mean δ18O values of tree-ring cellulose show clear annual differences in all three tree 
species. The measurements on pine rings show that the inter-ring (inter-annual) variations 
in δ18O of this sample are smaller than the variations between replicate samples from the 
same ring. This is visible in Figure 1. The δ18O of IAEA-C3 with sample masses between 0.1 
and 1.0 mg in batch 1 suggests no worsening of measurement precision due to smaller 
sample masses, meaning that the effect of sample size on homogeneity is not an issue at 

Table 3. Calibrated δ18O as mean (µ) and standard deviation (σ) with number of subsamples 
measured (n). Target masses of cellulose samples were 1 mg in batches 1 and 2, and 0.5 mg in 
batch 3. Two sets of IAEA-C3 with target masses of 0.1 and 0.5 mg in batch 2 are the exception. Rx 
denotes ring number x of a given wood sample (Ash, Oak or Pine). Samples of IAEA-C3 in bold 
were used for single-point correction in their respective batch.

Name Measurement batch

Calibrated δ18O 
(VSMOW-SLAP) ‰

nµ σ

Ash R16 1 31.79 0.08 4
Ash R18 1 32.58 0.12 5
Ash R21 1 32.31 0.21 5
Ash R22 1 32.10 0.28 5
Ash R23 1 32.12 0.32 5
IAEA-C3 1 32.70 0.38 5
IAEA-C3 undried 1 32.60 0.19 5
IAEA-C3 0.1 mg 2 30.20 0.16 4
IAEA-C3 0.5 mg 2 32.84 0.22 5
IAEA-C3 1.0 mg 2 32.70 0.13 5
Oak R2 2 30.28 0.38 5
Oak R3 2 28.80 0.12 5
Oak R4 2 29.76 0.29 5
Oak R5 2 29.88 0.36 5
Oak R6 2 30.53 0.10 5
Pine R3 3 27.42 0.26 3
Pine R3 dup 3 26.91 0.25 3
Pine R3 trip 3 27.24 0.09 3
Pine R5 3 27.69 0.10 3
Pine R5 dup 3 27.60 0.19 3
Pine R8 3 28.40 0.15 3
Pine R8 dup 3 28.56 0.14 3
Pine SOLV R3 3 27.76 0.46 3
Pine SOLV R5 3 27.66 0.24 3
Pine SOLV R8 3 28.56 0.10 3
IAEA-601 3 26.45 0.22 5
IAEA-602 3 70.37 1.05 5
IAEA-C3 3 32.70 0.23 6
IAEA-C3 α-cell 3 31.62 0.25 6
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these masses. α-cellulose extracted from IAEA-C3 has a depleted δ18O (−1.08 ± 0.14 ‰) 
compared to IAEA-C3 holocellulose.

3.1.2. After changes to measurement procedure
Results from measurements performed after the interference of N2 had been mitigated 
and the sample carousel cover had been installed, are shown in Table 4. The results 
shown in section 3.3 were measured under the same conditions.

A number of measurements affected by N2 contamination produced outliers, which 
were identified using the interquartile range (IQR) method. Values 1.5×IQR below the 1st 
quartile or 1.5×IQR above the 3rd quartile were considered outliers. These contributed to 
the larger spread of δ18O values seen in some of the samples, alongside memory effects, 
which are absent in measurement batches after the change in measurement procedure.

3.2. Effects of organic solvent washes and auxiliary drying

Five subsamples of IAEA-C3, labelled ‘undried’, were measured alongside five which had 
been vacuum dried (Table 3), producing a mean δ18O and standard deviation of 32.6 ±  

Figure 1. Boxplot of α-cellulose δ18O from solvent washed and unwashed pine tree ring replicates. 
Black points represent individual subsample measurements.
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0.19 ‰ and 32.7 ± 0.38 ‰, respectively. Cellulose samples that were exposed to water of 
known oxygen isotope composition before drying and measurement show no significant 
difference in their δ18O. The calibrated δ18O of the untreated, VSMOW, and SLAP treated 
IAEA-C3 were 32.70 ± 0.16 ‰, 32.85 ± 0.47 ‰, and 33.01 ± 0.20 ‰, respectively, with an 
ANOVA yielding a p-value of 0.65.

It can be concluded that the drying protocol is robust enough to remove any water 
that was present in the samples during α-cellulose extraction, and furthermore, that 
there was no detectable isotopic exchange.

Median absolute deviation (MAD) was calculated for the measured δ18O values of 
solvent washed and unwashed replicate pine samples. Subsample measurements with 
deviation greater than three MADs were deemed to be outliers and were excluded 
[45]. An ANOVA performed on replicate pine sample δ18O values results in p-values of 
0.043, 0.855 and 0.297 for R3, R5 and R8, respectively. These suggest that only one 
sample group, R3 has a potentially significant difference in δ18O between replicate 
samples. Figure 1 contains a boxplot of the replicate sample measurements of each 
group (R3, R5 and R8). The measurements of R3 subsamples have more variability than 
R5 and R8. These other two sample groups strongly suggest that there is no difference 
in mean δ18O between replicates, whether solvent washed or not.

3.3. Correction, calibration and intercomparison

Measurements in batch 4 were calibrated using IAEA Benzoic acid and Caffeine, (Table 1), 
resulting in the δ18O values shown in Table 5 and in Figure 2. The three-point linear 

Table 5. Calibrated δ18O of standards and RMs compared to expected values from the literature. 
Measurements were corrected using IAEA-600, IAEA-601 and IAEA-602.

Name

Calibrated δ18O 
(VSMOW-SLAP) ‰ Expected δ18O (VSMOW-SLAP) ‰

nµ σ Assigned value Uncertainty

IAEA-600 –4.14 0.27 –3.48 0.53 5
IAEA-601 24.03 0.29 23.14 0.19 5
IAEA-602 70.94 0.68 71.28 0.36 5
IAEA-C3 31.22 0.27 32.6 - 8
Swansea IAEA-C3 31.14 0.24 32.6 - 5
Swansea Sigma cellulose 25.67 0.18 27.3 - 5
USGS56 25.04 0.26 27.23 0.03 6

Table 4. Mean (µ) and standard deviation (σ) of batch 4 δ18O measurements, along with the number 
of measured subsamples (n). Measurements were calibrated with IAEA-600, IAEA-601 and IAEA-602.

Calibrated δ18O 
(VSMOW-SLAP) ‰

Sample Measurement batch µ σ n

IAEA-600 4 –4.14 0.27 5
IAEA-601 4 24.03 0.29 5
IAEA-602 4 70.94 0.68 5
IAEA-C3 4 31.22 0.27 8
Swansea IAEA-C3 4 31.14 0.24 5
Swansea Sigma cellulose 4 25.67 0.18 5
Sigma cellulose 71351 4 31.29 0.18 11
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calibration (slope 1.0826, constant –0.7979 and R2 0.9993) with IAEA-600, 601 and 602 
produced a corrected δ18O of 31.22 ± 0.27 ‰ for IAEA-C3, a full 1.38 ± 0.01 ‰ lower 
than the expected value of 32.6 ‰ [18,26]. Similarly, the Sigma Aldrich cellulose obtained 
from Swansea University had a mean δ18O that was 1.6 ± 0.08 ‰ lower than the expected 
value of 27.3 ‰. These measurements were repeated with the addition of newly pur
chased USGS56 ivorywood powder.

When measured and calibrated using IAEA-600, 601 and 602, USGS56 produced a δ18O 
of 25.04 ± 0.26 ‰, which is significantly different from the expected value of 27.23 ± 0.03  
‰, indicating that one or more of the IAEA references (600, 601 and 602), and not the 
cellulose standards were likely responsible for the discrepancies in measured and 
expected δ18O. When these same samples are single-point corrected using USGS56, the 
cellulose standards have a calibrated δ18O much closer to their expected values (Table 6).

A number of cellulose and wood standards were measured alongside water references 
and calibrated using VSMOW2, Sample 1, and Sample 2 (section 2.5.2) in a three-point 
linear fit (slope 1.0794, constant –1.4914 and R2 0.9999). The calibrated and expected 
δ18O values are in good agreement, with relatively low uncertainties. This can be seen 
in the smaller residuals in Figure 2(b) compared to those in Figure 2(a). The resulting cali
brated δ18O value of IAEA-C3 is 32.70 ± 0.19 ‰.

Figure 2. Calibrated and expected (reported) δ18O of samples corrected with (a) IAEA-600, IAEA-601 
and IAEA-602, and (b) reference waters. The solid black line shows a linear fit of the RMs used for 
calibration.

Table 6. Calibrated and expected δ18O of samples that were single-point corrected with USGS56, 
presented as a mean (µ) and standard deviation (σ) alongside expected δ18O and relevant uncertainty.

Name

Calibrated δ18O 
(VSMOW-SLAP) ‰ Expected δ18O (VSMOW-SLAP) ‰

nµ σ Assigned value Uncertainty

IAEA-600 0.92 0.22 –3.48 0.53 3
IAEA-601 25.78 0.59 23.14 0.19 3
IAEA-602 69.48 0.66 71.28 0.36 3
IAEA-C3 32.86 0.44 32.6 - 3
Swansea Sigma cellulose 27.49 0.02 27.3 - 3
USGS56 27.23 0.24 27.23 0.03 6
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4. Discussion

4.1. Measurement quality

The precision of measurements performed during this research did not change dramati
cally as methods developed. Sufficient measurement precision was maintained between 
tree species, sample masses, as well as measurement and α-cellulose extraction pro
cedures. However, repeatability and accuracy improved. Outliers were greatly diminished 
after the effects of N2 contamination were mitigated, and changes to RM selection led to 
more accurate δ18O measurements.

It has been argued that it is necessary to rely on true statistical replicates in order to 
estimate uncertainty accurately [46]. This involves splitting samples directly after 
sampling, and treating them as separate samples during cellulose extraction and 
measurement. Mean δ18O determinations on replicate pine tree rings conducted in this 
manner in this study results in an average intra-replicate standard deviation of 0.20 ‰, 
with each replicate result consisting of 3 measured subsamples. When combining the 
replicate subsamples of R3, R5 and R8, the resulting average, inter-replicate standard devi
ation of all subsample δ18O measurements is 0.24 ‰. As inter-replicate and intra-replicate 
standard deviations both remain around 0.2 ‰, it is then reasonable to forego the sub
division of every individual tree ring before α-cellulose extraction and rather rely on sub
samples of the resulting α-cellulose.

Since inter-annual variations in tree-ring δ18O can be small, it is critical that a represen
tative number of trees are sampled and that high-precision, annually resolved measure
ments are obtained for applications such as palaeoclimatic reconstruction [2] or δ18O 
tree-ring dating [3]. Our measurements satisfy these requirements and are able to 
capture annual δ18O variability within tree-ring α-cellulose.

4.2. Evaluation of protocols and methods

The methods employed during sampling and α-cellulose extraction resulted in tree-ring 
α-cellulose separated into individual fibres which were small and mixed enough for 
acceptable homogeneity. Tests on resinous pine rings suggest that an organic solvent 

Table 7. Corrected results of the calibration of cellulose QC standards using VSMOW2, Sample 1 and 
Sample 2 water references. Calibrated δ18O is presented as a mean (µ) and combined measurement 
and correction uncertainty of n subsample measurements. VSMOW2, which was measured at the 
beginning and end of the sequence, served also as a drift correction standard.

Name

Calibrated δ18O 
(VSMOW-SLAP) ‰ Expected δ18O (VSMOW-SLAP) ‰

nµ Uncertainty Assigned value Uncertainty

VSMOW2 series 1 0.01 0.03 0 0.02 5
IAEA-C3 32.70 0.19 32.6 - 4
Sample 2 14.63 0.05 14.67 0.04 4
sigma cellulose 71351 32.76 0.15 - - 4
Sample 1 28.55 0.17 28.53 0.08 4
USGS56 27.22 0.11 27.23 0.03 4
Sample 3 45.24 0.10 44.93 0.04 4
Swansea Sigma cellulose 27.08 0.11 27.3 - 4
VSMOW2 series 2 0.01 0.06 0 0.02 5
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wash is not necessary during the preparation of these samples for 18O analysis. A study on 
purifying α-cellulose from Scots pine (Pinus sylvestris L.) by Rinne et al. [47] reached the 
same conclusions after they observed no difference in δ18O of solvent washed and 
unwashed samples. However, the composition and concentration of extractives (such 
as oils, gums, and resins [48]) differs between species and wood ages [48], and thus, 
organic solvent treatments may be necessary under different circumstances.

Experiments with two water samples, with a known difference in δ18O of 55.5 ‰, 
showed that freeze drying and auxiliary vacuum drying removes any water present 
during cellulose extraction and homogenisation. Additionally, if there was any meaningful 
isotopic exchange it would have been detected. Experiments performed by Rinne et al. on 
oak samples that were pretreated in 18O enriched water similarly showed no effect on 
final δ18O measurements [47].

The δ18O values obtained on vacuum dried IAEA-C3 samples that were stored under 
vacuum before measurement are not significantly different from those that were not 
vacuum dried and were stored in plain atmosphere. This indicates that there is either 
very little absorption of atmospheric water vapour by cellulose during storage or 
samples are affected equally during the short time between loading of the sample carou
sel and pyrolysis. The introduction of the nitrogen-flushed carousel cover was aimed at 
addressing this uncertainty, but these measurements have not yet been repeated since 
its implementation.

4.2.1. Updated measurement procedure
The relative position of monitoring gas pulses with respect to the elution of sample CO 
gas affected measurement performance with nitrogen containing RMs, as well as 
overall accuracy and repeatability. Although the average standard deviation of all δ18O 
measurements was very similar before and after changes to monitoring gas pulse 
timings, the frequency of outliers decreased. The first few batches of measurements 
were still used for analysis despite N2 contamination, as only the relative δ18O between 
samples in the same batch was of interest. In some cases, the relatively enriched 
IAEA-602 (71.28 ± 0.36 ‰) caused a consecutive measurement of IAEA-C3 to produce a 
δ18O ≈ 1 ‰ higher than subsequent measurements. This was mitigated by inserting a 
few sacrificial cellulose samples after each sequence of IAEA-602. Memory effects were 
no longer seen after the graphite crucible of the pyrolysis tube was emptied more 
often. A build-up of molten silver caused samples to be pyrolysed higher in the crucible, 
and thus at a lower temperature, leading to incomplete pyrolysis and a visible memory. 
This is discussed further by Aerts-Bijma et al. [39].

4.3. Reference materials and cellulose calibration

All of the cellulose standards used demonstrated good repeatability under a variety of 
conditions. Homogeneity was not a concern, and in the case of IAEA-C3, it proved to 
be very resistant to possible influences of atmospheric moisture and water from wet prep
aration stages. δ18O measurements of the two Sigma Aldrich α-celluloses had standard 
deviations that never exceeded 0.2 ‰, consistently lower than sample α-cellulose. 
USGS56 similarly produced satisfactory results. The selection of cellulose and wood 
materials measured in this study does not span a large enough range of δ18O values 
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for an optimal multi-point linear correction or normalisation. Such a correction is pre
ferred as it accounts for offset and scale-factor errors [46,49,50]. Ideally three calibration 
standards should be used for correction, alongside an independent QC standard to deter
mine accuracy [46]. This was attempted with IAEA-600, IAEA-601 and IAEA-602 for correc
tion and IAEA-C3 serving as the QC standard. This resulted in poor agreement between 
measured and expected values when corrections were performed with these materials. 
It is possible that, due to age or storage conditions, the supply used in these measure
ments has become contaminated or in some other way compromised. Measurements 
of these materials alongside VSMOW2 and other water references could help determine 
whether this is the case. More likely, the different pyrolysis behaviours of caffeine, benzoic 
acid and cellulose could also have contributed to these discrepancies. Further investi
gation is warranted since these RMs are often used in conjunction. This uncertainty 
could be eliminated by relying exclusively on cellulose standards for correction. Cali
brated α-cellulose with large differences in δ18O are currently not commercially available. 
These could be produced, for instance, by sampling trees in equatorial and arctic regions, 
and would allow for multi-point linear calibrations of tree ring α-cellulose using RMs of the 
same material. The calibration of cellulose standards with water references in this work 
(Table 7) opens up the possibility of creating the necessary calibrated, local cellulose stan
dards for future use.

4.3.1. Intercomparison and experience with IAEA-C3
The δ18O obtained on the Sigma Aldrich cellulose provided by Swansea University is close 
to its assigned value, and assuming an uncertainty of ± 0.15 ‰ based on relevant 
measurements from their laboratory [26], within the margin of error. Mean δ18O values 
of IAEA-C3 cellulose from Swansea University and that from the CIO are nearly identical 
(Table 5). These portions of IAEA-C3 were no doubt separated and stored under 
different conditions for many years but still maintain a very similar δ18O. IAEA-C3 is 
likely still a useful and appropriate QC and intercomparison standard.

The quoted δ18O value of IAEA-C3 varies by publication. A table of measured and 
quoted δ18O values of IAEA-C3 from literature is provided in the Supplementary Materials. 
These measurements were performed using a variety of techniques, including older, 
off-line nickel or mercuric chloride pyrolysis methods. The mean of these reported δ18O 
measurements is 32.15 ‰ with a mean quoted uncertainty of 0.28 ‰. Using our 
Pyrolysis-IRMS system with VSMOW2 and the IAEA-607 and USGS46 solutions, we place 
the δ18O of our IAEA-C3 at 32.70 ± 0.19 ‰ with respect to the VSMOW-SLAP scale. 
Additional intercomparison exercises would be beneficial for clearly defining a δ18O 
value for widely used materials such as IAEA-C3.

5. Conclusion

We have established a working methodology for producing and measuring δ18O in 
tree-ring α-cellulose at the CIO. We have demonstrated an average precision of < 0.3‰ 
standard deviation under a variety of conditions, which is considered typical for continu
ous flow IRMS techniques [26]. Certain considerations that should be made when 
attempting oxygen isotope analysis were highlighted in this study. These included poten
tially redundant solvent treatments of pine tree rings, drying of cellulose before pyrolysis 
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and the intrusion of N2 during IRMS measurements. Attempts to correct δ18O results on 
cellulose using IAEA-600, IAEA-601 and IAEA-602 were unsuccessful. The cause could be 
related to one or more references becoming compromised, or disparity in the pyrolysis 
behaviour of the different materials. It is suggested that further study be done to 
address this issue. Measurements of cellulose standards with water references proved 
more successful, with an independent QC standard (USGS56) producing a mean δ18O 
−0.01 ± 0.14 ‰ from its assigned value. This also resulted in a calibrated δ18O for 
IAEA-C3 of 32.70 ± 0.19 ‰ with respect to the VSMOW-SLAP scale. These results have 
highlighted the need for cellulose RMs that span a relatively large range of δ18O in 
order to calibrate measurements of tree-ring cellulose optimally.
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