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Stable isotope ratios of carbon (δ13C) and oxygen (δ18O) from tree ring cellulose can provide valuable paleocli-
matic information at annual and subannual resolution, from time periods long before instrumental climate re-
cords. Recently, mummified (non-permineralized) wood was discovered within Canadian Subarctic
kimberlites, inviting paleoclimatic investigations of the time in which the trees grew. In the mummified wood,
polysaccharides (hemicellulose, α-cellulose) are frequently preferentially degraded, in the low-silica anaerobic
burial environment of the kimberlites, resulting in a lignin-rich material. However, some samples from the
Ekati Panda kimberlite pipe (ca. 53.3 Ma) contain remnant cellulose, demonstrating the extraordinary preserva-
tion potential of kimberlites. Preservation ofα-cellulose is important because it allows for the construction of sta-
ble isotopic proxy records of deep-time paleoclimates at annual to subannual resolution. Established α-cellulose
extraction methods [i.e., using a 17.5% sodium hydroxide (NaOH) solution] were unsuitable for this material
because all holocelluloses were dissolved. Therefore, we tested variants of two cellulose extraction methods
[i.e., Brendel et al. (2000) and Jayme-Wise (Leavitt and Danzer 1993, Loader et al. 1997)] to optimize a procedure
for extraction of a consistent yield of mummifiedwood cellulose for stable isotopic analysis. Stable carbon (δ13C)
and oxygen (δ18O) isotopes were measured from cellulose from each extraction method, as well as Extractive-
Free Wood and unextracted mummified wood. vitrinite reflectance, used to assess thermal alteration of the
unextracted material to estimate post-burial temperatures within the kimberlite, suggested low post-burial
peak temperatures (Tpeak = 60 °C). We detected no mineral contaminants (i.e., iron oxides) in the material
using Energy-Dispersive X-ray Spectroscopy (EDX). Despite low cellulose yield (b5%), the Attenuated Total Re-
flection Fourier-Transform Infrared (ATR-FTIR) spectra of mummified cellulose samples strongly resembled
modernα-cellulose. All cellulose treatmentswere similar in stable isotope values and ATR-FTIR peaks, but signif-
icantly different from unextracted wood and Extractive-Free Wood. As, reported by other sources (Anchukaitis
et al. 2008, Brookman andWhittaker 2012), use of the Brendelmethodmay cause cellulose acetylation, introduc-
ing an FTIR peak near 1720 cm−1, thus complicating hemicellulose detection at a peak near 1725 cm−1. For this
reason, the Jayme-Wise method is recommended for detection of hemicelluloses in mummified wood. If hemi-
celluloses are not present in holocellulose, due to groundwater hydrolysis, the NaOH step may be omitted or re-
duced in concentration and still produce α-cellulose.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Mummifiedwood is a valuable paleoclimatic resource because it can
be preserved for up to tens of millions of years under diagenetic condi-
tions which limit permineralization or petrification, within kimberlites
(Wolfe et al., 2012; Staccioli et al., 2014), lignite mines (Sahay, 2011),
or in anoxic aqueous environments (Lewis et al., 2003). In these rare
k).
burial conditions, rather than decomposed or replaced by secondary
minerals, wood material is preserved. Mummified wood is subjected
to a much different diagenetic pathway than petrified wood. For exam-
ple, in the petrified forests of Yellowstone National Park (USA), silicified
woods are abundant in regions downwind from volcanoes that produce
copious quantities of silicic volcanic ash (Ammons et al., 1987). Silica
dissolves into groundwater, which infiltrates wood cells after burial,
allowing permineralization to occur (Chadwick and Yamamoto,
1984; Ballhaus et al., 2012). Wood silicification may occur in as quickly
as 10—100 years in the right conditions, such as Si-rich hot springs
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(Akahane et al., 2004). However, in anoxic burial conditions that do not
contain enough soluble Si to permineralize thewood, it may remain in a
woody state and become mummified.

Mummified wood may be used for paleoclimatic reconstructions of
ancient climates on annual to subannual scale resolution, because stable
isotopes of carbon and oxygen from tree-ring cellulose have been
shown to record paleoclimatic conditions (e.g., temperature of conden-
sation, relative humidity, and amount of sunlight received) (McCarroll
and Loader, 2004; Poole and van Bergen, 2006; Jahren and Sternberg,
2008; Richter et al., 2008; Csank et al., 2011, 2013). However, mummi-
fied wood is physically and chemically altered with respect to modern
wood. Different wood constituents (i.e., α-cellulose, hemicellulose,
lignin) are degraded at different rates (Rutherford et al., 2005), and so
mummified wood has an altered proportion of constituents than the
original wood. Lignin degrades more slowly than holocellulose, so
mummified wood commonly has a high concentration of lignin and lit-
tle or no holocellulose (Staccioli et al., 2014). However, it has been
shown that some cellulose may exist in this material, allowing for
paleoenvironmental analysis of bulk cellulose (Wolfe et al., 2012),
which is white in color, and fibrous in texture. Because mummified
woods are commonly low in cellulose content, their color is typically
darker than modern wood of the same species.

Alpha-cellulose (α-cellulose) has been traditionally defined as the
portion of holocellulose (α-cellulose and hemicellulose) that remains
insoluble in a solution of 17.5% NaOH. Although this NaOH concentra-
tion has been recommended for use in the pulp and paper industry
since the early 20th century for use with modern wood, it may not be
appropriate for paleoclimatic studies of mummified wood. Hemicellu-
loses are typically removed from wood in the laboratory before stable
isotope analysis because they may contain exchangeable carbonyl oxy-
gen, causing error in the signal (Wright, 2008). However, it is possible
that one could modify or remove the NaOH and still produce viable α-
cellulose. Due to the extreme age of mummified wood, the structurally
weaker hemicelluloses are likely to have been decomposed into sugar
monomers (e.g., glucose, galactose,mannose) via groundwater hydroly-
sis (Rissanen et al., 2014), slowly leaching out of the material. The
absence of hemicellulosewould negate the need for aNaOH step. If rem-
nant hemicellulose remains, it may be possible to remove it with a 1–5%
concentration of NaOH (Wolfe, pers. comm., 2013).Most peer-reviewed
papers on mummified wood cellulose extraction using NaOH do not
specify the concentration (Richter et al., 2008;Wolfe et al., 2012). How-
ever, we could not replicate these results, finding that all holocellulose
dissolved in a 17.5% NaOH solution. Due to this problem, we tested sev-
eral modifications of standard cellulose extraction procedures to opti-
mize a procedure to provide a consistent yield of purified α-cellulose
free of mineral contaminants for a tree-ring study of the early Eocene
at annual- to subannual-resolution (Hook et al., 2014).

1.1. Site description and materials

Mummified wood was recovered from kimberlites in the process of
diamond mining operations near Lac de Gras, Northwest Territories,
Canada, (Fig. 1). The Lac de Gras kimberlites were the result of sudden,
violent eruptions of volatile-rich magma that chilled instantaneously
through adiabatic expansion of gases (Wilson and Head, 2007). Diavik
pipes A-154 and A-418 (both located at 64° 29′ 46′ N, 110° 16′ 24″
W) and Ekati Panda kimberlite pipe (64° 42′ 49″ N, 110° 37′ 10″
W) were emplaced through this bedrock at various intervals during
the Paleocene/Eocene transition [55.5, 55.2, and 53.3 (±0.7)Ma respec-
tively] (Graham et al., 1999; Heaman et al., 2003; Creaser et al., 2004).
After ejecting materials (e.g., including bedrock, trees, etc.) high into
the air, most of thematerials were deposited along the rim of the crater,
while some woods became buried in resedimented volcaniclastic
backfall debris (Stasiuk et al., 1999). Following emplacement, the Lac
de Gras region remained a swampy lacustrine environment until ca.
45 Ma, exhibiting no orogenic alteration or tectonic metamorphism
within the Canadian Shield (Padgham and Fyson, 1992; Stasiuk et al.,
2006). Kimberlite eruptions were dated using rubidium/strontium iso-
chron radiometric techniques (Heaman et al., 2003; Creaser et al.,
2004), allowing the mummified wood to be dated indirectly by the
age of the enclosing kimberlite (Wolfe et al., 2012).

Most of the samples of mummified wood were small fragments
ranging from 3 to 10 cm3 in diameter, but large logs (N50 cm3) were
also found in Ekati Panda and Diavik A-418 kimberlites. Morphogenera
of samples were identified as Taxodioxylon Hartig 1848, and Piceoxylon
Gothan 1905 based on wood-anatomical characteristics (Philippe and
Bamford, 2008) (Fig. 2). Samples of Taxodioxylon from Diavik A-154 or
A-418 did not contain cellulose; the polysaccharides had been preferen-
tially removed, resulting in fragile lignin “skeletons” of the wood. How-
ever, some Piceoxylon samples from Ekati Panda pipe did contain
remnant cellulose at low yield (1–5%). Other samples of Taxodioxylon
from the same kimberlite pipe did not contain cellulose, suggesting
inhomogeneous wood preservation within kimberlites. Other species
of mummified wood containing cellulose from the Panda pipe have
been previously described, including Taxodioxylon metasequoia Miki
ex. Hu & Chang 1948 (Wolfe et al., 2012) and Sequioxylon canadense
Blokhina (Staccioli et al., 2014).

For stable isotopic analysis of tree rings, it is important to isolate a
single wood constituent (i.e., cellulose, lignin) for analysis because
each constituent has a unique isotopic signature, and the proportion
of each varies within and between tree rings (Barbour et al., 2001;
McCarroll and Loader, 2004; Leavitt, 2010). Therefore, a change in con-
stituent ratio could be misinterpreted as a paleoenvironmental signal.
This is especially true in mummified wood, where diagenetic degrada-
tion of cellulose leaves behind a lignin-rich material (Staccioli et al.,
2014). Incomplete lignin removal is a concern in α-cellulose analysis
because lignin is about 3‰ lighter in δ13C, and 13–15‰ lighter in δ18O,
than α-cellulose (Sheu and Chiu, 1995; Barbour et al., 2001), which
could bias the signal. Different researchers do not always employ the
same methods of cellulose extraction, which may limit comparability
among laboratories if the extractionmethods significantly affect the iso-
topic signal. We tested variants of two commonly used extraction tech-
niques (i.e., Brendel and Jayme-Wise) to determine if there were any
differences among the treatments resulting in differences in stable iso-
tope (δ18O and δ13C) compositions of mummified α-cellulose. At ca.
53.3 Ma (Creaser et al., 2004), material from Ekati Panda kimberlite is
among oldest verified α-cellulose found to date (see also Wolfe et al.,
2012; Staccioli et al., 2014). This study corroborates the findings of
those studies, and goes a step further to compare cellulose andwood ex-
tracts from several variations of extraction methods, using Attenuated
Total Reflection Fourier Transform Infrared (ATR-FTIR) spectroscopy
to investigate the molecular structure of the extracts to determine
whether lignins and hemicelluloses had been removed. Due to the im-
mense age of this mummified cellulose, it is important to characterize
its purity before making any paleoclimatic interpretations from stable
isotope data. Isotopic errors may result from the presence of mineral
contaminants (e.g., iron oxides; Richter et al., 2008) or thermal alter-
ation (Schleser et al., 1999). To determine whether the treatments af-
fected stable isotope data, we compared replicates of the same
samples to see if any significant differences existed in stable isotope ra-
tios (δ13C and δ18O) among the treatments.

2. Methods

Vitrinite reflectance was used to assess the degree of thermal al-
teration in raw samples of mummified wood (3.1). Several variants
of commonly used cellulose extraction methods were performed
[i.e., Brendel (Brendel et al., 2000) and Jayme-Wise (Leavitt and
Danzer, 1993; Loader et al., 1997)]. We tested different concentrations
of sodium hydroxide (NaOH: 2.5%, 5%, and 17.5%) with the goal of re-
moving hemicelluloses from holocellulose, while minimizing sample
loss during chemical processing (Section 3.2). After processing, several
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Fig. 1. Lac deGras kimberlite locations. The study area (white square), near Lac deGras inNorthwest Territories, Canada (insetmap (upper right corner) source data: http://www.vecteezy.
com/map-vector/5930-north-america-map-vector; enlarged map source data: Google 2014).
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methods were used to assess sample purity and similarity to modern
cellulose. Scanning electron microscopy (SEM) was used to visualize
mummified cellulose extracts. Energy-Dispersive X-ray Spectroscopy
(EDX) was used to identify elements present in the sample, including
any possible contaminants (i.e., Fe or Mn oxides). We used Attenuated
Total Reflection Fourier Transform Infrared (ATR-FTIR) spectroscopy
to evaluate the molecular bonds of the mummified cellulose, for com-
parison with a reference spectrum of modern cellulose (Rutherford
Fig. 2. Mummified wood hosted in Lac de Gras kimberlites. Cross-section of Piceoxylon
mummified wood from Ekati Panda kimberlite (ca. 53.3 Ma) containing cellulose. Scale
bar = 30 mm.
et al., 2005) (Section 3.3). If the mummified wood sample matches
modern cellulosewemay conclude that it has not undergone significant
alteration, and is thus suitable for paleoclimatic reconstructions. We
sampled from two sections of Piceoxylon wood from Ekati Panda, in
duplicate, for a total of (n = 4) samples per extraction method
(Section 3.2), and unextracted mummified wood. Samples were ana-
lyzed for stable isotope ratios of δ13C and δ18O using continuous flow
stable isotope mass spectrometry (Section 3.4).

2.1. Vitrinite reflectance

Wood samples from Ekati Panda (n = 3), Diavik A-154 (n = 2),
and Diavik A-418 (n = 1) were measured with vitrinite reflectance
to evaluate post-burial thermal alteration. We followed standard
procedures for organic petrology based on Mackowsky (1982). Sam-
ples were mounted in a one-inch mold and polished. Random reflec-
tance (% Ro) was measured using a Leitz reflected light microscope
[50-X oil immersion objective and white (halogen, 546 nm) and
fluorescent (HBO 100W) light sources]. Random percent reflectance
(% Ro) in oil (Zeiss Immersol 518 F for fluorescence microscopy) was
measured with a Leitz MPV II–COMBI photometer system (n = 5 to
50) on huminite macerals (i.e., textinite, corpohuminite) of mummi-
fied wood. Vitrinite equivalent is calculated using the measured re-
flectance of primary bitumen (Jacob, 1989). Estimation of burial
heating peak temperature (Tpeak) is based on the relationship be-
tween temperature and % Ro, following Eq. (1), after Barker and
Pawlewicz (1994):

Tpeak ¼ ln %Roð Þ þ 1:68½ �=0:0124: ð1Þ
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2.2. Extraction treatments

Two samples of air-dried Piceoxylon wood from Ekati Panda pipe
encompassing 4–5 tree rings each (approximately 15 cm3 in volume)
were used. The wood was ground using a mortar and pestle (1–20 μm
particle size) within a glass vial to ensure complete homogenization.
Wood contains significant intra- and inter-annual isotopic variation
(Barbour et al., 2002; Leavitt, 2010), which may be misinterpreted as
variation among the extraction techniques if thematerial is incomplete-
ly homogenized. Therefore, we homogenized the material into a fine
powder before dividing samples for processing using different extrac-
tion methods (Table 1). However, loss of wood powder proved to be a
problem in the JW method, because the borosilicate fiber pouches
have a 250 μm pore size (see Supplementary materials). One may
grind the wood with a Wiley mill, if available, and extract the 40–
60 mesh portion (0.25–0.42 mm) to avoid this problem (Staccioli
et al., 2014).

Cellulose extraction treatments were applied to powder from each
sample vial of homogenized wood (Table 1). Extractive-Free Wood
(EF)was produced using a soxhlet apparatus, using toluene/ethanol sol-
vent extraction followed by boiling the sample in water to remove
waxes and resins, as in the first steps of the Jayme-Wise (JW) method.
The JW treatment delignifies the wood using acidified sodium chlorite,
after which we added a 2.5% NaOH step. Standard Brendel 1 (SB1)
uses a 30-minute heated (120 °C) acid hydrolysis step (nitric/acetic
acids) to delignify and remove extractives in one step. Standard Brendel
2 (SB2) uses a 60-minute acid hydrolysis (Brookman and Whittaker,
2012). Modified Brendel 1 (MB1) follows SB2 with the addition of a
2.5% NaOH solution, Modified Brendel 2 (MB2) follows SB2 with a 5%
NaOH solution, and Modified Brendel 3 (MB3) follows SB2 with a
17.5% NaOH solution. Two replicates per sample vial were analyzed
for stable isotope ratios of δ13C and δ18O for all treatments (n = 4 per
treatment), and a control group of unextracted mummified wood
from the sample vials (see Supplementary materials for detailed
protocols).

2.3. Cellulose verification and purity assessment

A Zeiss Supra VP55 Scanning Electron Microscope (SEM) (University
of Toronto Earth Sciences Department) was used to visually inspect the
extracts at high resolution (1.7 nm at 1 kV) using a thermal field emission
type Schottky emitter. Low voltage (b5 kV) was used to avoid charging
and damage to the sample, and produce a high-magnification image of
the cellulose extracts. Sputter coating was not used, so that elemental
composition could bemeasured. An INCA EnergySEM 350 Energy Disper-
sive X-ray Microanalysis system (EDX) was used to characterize the ele-
mental composition of the extracts and test for mineral contaminants.
This system is combined with the SEM, and uses an INCAx-act Analytical
silicon drift detector 133 eV (nominally 10 mm2) with a Super Atmo-
spheric Thin Window (SATW) for detection of B-Pu, with a liquid N free
X-Stream X-ray acquisition system and detector control.
Table 1
Extraction treatments used with Piceoxylon mummified wood. Treatment name, treat-
ment code, and short description of eachmethod shown. For further details on each of the-
se methods, see Supplementary materials.

Treatment name Treatment
code

Short description

Control CTRL Mummified wood, no chemical treatment
Extractive-Free Wood EF Toluene/ethanol extraction, water boil
Jayme-Wise JW EF treatment + NaClO2 and NaOH (2.5%)
Standard Brendel 1 SB1 Nitric/acetic acid hydrolysis (30 min), 120 °C
Standard Brendel 2 SB2 Nitric/acetic acid hydrolysis (60 min), 120 °C
Modified Brendel 1 MB1 SB2 treatment + NaOH (2.5%)
Modified Brendel 2 MB2 SB2 treatment + NaOH (5%)
Modified Brendel 3 MB3 SB2 treatment + NaOH (17.5%)
Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR)
spectra were collected from unextracted mummified wood and treat-
ments (Section 3.2). We used a Perkin Elmer Spectrum One FTIR with
Perkin Elmer Universal ATR Sampling accessory, equipped with a dia-
mond crystal at ANALEST lab (University of Toronto). Cellulose and
wood samples (0.5–1 mg) were analyzed, averaging 16 scans at 1 cm−1

intervals. All spectra were normalized for comparison of relative absor-
bance peaks using Spectrum forWindows (V 6.3.5) FTIR control software.
Wavenumbers (cm−1) were analyzed in the mid-infrared spectrum
(550–4000 cm−1). Relative absorbance peaks of three scans per treat-
ment were averaged. For comparison, reference spectra of commercially
purified cellulose and pine wood were used (Rutherford et al., 2005).
We note that ATR-FTIR peaks are slightly shifted (4–5 cm−1 lower)
when compared to those of transmission FTIR (i.e., the KBr method) due
to ATR correction algorithm applied to the spectra (Griffiths and de
Haseth, 2007). In this paper we use cellulose wavenumbers from trans-
mission FTIR for comparability with other studies.

2.4. Stable isotope analysis

Stable isotope ratios of δ18O and δ13Cweremeasured simultaneously
from carbonmonoxide (CO) gas produced via low-temperature pyroly-
sis. Two Piceoxylon samples, processed using various cellulose purifica-
tion treatments (described in Section 3.2) were measured in duplicate
for stable isotope analysis. Mass spectrometry was conducted by the
Stable Isotope Laboratory at the University of Maryland. Samples were
weighed into silver capsules (350 ± 35 μg per sample), and shipped
to the independent laboratory, where they were desiccated under
ultra high purity helium (UHP He, 99.999%) at room temperature over-
night in a sealed autosampler. This method has been found to desiccate
cellulose better than heating under atmosphere (Evans, pers. comm.,
2014). Cellulose was pyrolyzed to CO at 1080 °C over glassy carbon
within a stream of UHP He. Sample gas was passed through traps for
CO2 and H2O, and CO separated from N2 by gas chromatography, before
isotopic analysis by continuous flow stable isotope mass spectrometry
(CF-SIMS) (Werner et al., 1996). Molar masses of 28, 29, and 30 corre-
sponding to isotopes of 12C16O, 13C16O, and 12C18O, respectively, were
measured by CF-SIMS. Isotopic data were corrected for runtime drift,
amplitude dependence and scaling usingwidely separatedworking cel-
lulose isotopic standards calibrated to international reference materials
(Vienna Pee Dee Belemnite, VPDB for δ13C, and Standard Mean Ocean
Water, SMOW, for δ18O) (Evans, pers. comm. 2014). Both isotope ratios
are calculated under the formula in Eq. (2):

δ ¼ Rsample=Rstandard

� �
–1

� �
�1000 ð2Þ

where δ is the isotope ratio relative to the standard, R is the molar ratio
of the heavier isotope to the lighter isotope, of the sample and standard
(denoted by subscripts). The overall precisions for the corrected data,
based on replicate standard analyses, are 0.14‰ for δ13C and 0.23‰
for δ18O. Groups (treatment, sample) were tested for statistical differ-
ences in δ13C, δ18O, and CO gas amplitude using two-way ANOVA and
Tukey's Honest Significant Difference (HSD) tests.

3. Results

3.1. Vitrinite reflectance

Vitrinite reflectance was 0.23—0.39% Ro suggesting low burial
temperatures (Tpeak = 60 °C) (Barker and Pawlewicz, 1994) among
mummified wood samples from the three Lac de Gras kimberlites in
this study (Table 2). Therefore, these samples are considered huminite
based on % Ro values b0.5 (International Committee for Coal and
Organic Petrology, ICCP, 1998; Sýkorová et al., 2005). Cellulose begins
to degrade at temperatures N180 °C in laboratory conditions, and time



Table 3
Piceoxylon cellulose mean percent yield, mean CO amplitude, and stable isotope ratios
(δ13C and δ18O) by extraction treatment. Treatment codes: Control (CTRL), Extractive-Free
Wood (EF), Standard Brendel 1 (SB1), Standard Brendel 2 (SB2), Modified Brendel 1
(MB1), Modified Brendel 2 (MB2), Modified Brendel 3 (MB3), and Modified Jayme-Wise
(JW) (see Section 3 and Supplementary materials for details on thesemethods). Cellulose
mean percent yield (±95% confidence interval, CI; n = 6), mean amplitude of isotope
measurement peaks (±95% CI; n = 4), δ13C mean (±95% CI; n = 4), and δ18O mean
(±95% CI; n=4). Lowercase italic letters show results of TukeyHSD tests, grouped by col-
umn. *Significant sample loss occurred in some replicates of the JWmethod in this study
due to the finely-ground material escaping from pores of the borosilicate fiber pouches
(ANKOM technologies), therefore yield data are incorrect.

Treatment Yield (%) mean
(95% CI)

Amplitude mean
(95% CI)

δ13C mean
(95% CI) ‰

δ18O mean
(95% CI) ‰

CTRL N/A 2.3 (0.3)c −23.9 (0.3)b 9.0 (0.2)b
EF 27.5 (2.6)a 2.1 (0.3)c −24.0 (1.0)b 7.5 (0.9)c
SB1 5.0 (2.5)b 6.2 (0.3)b −20.8 (0.3)a 24.0 (0.5)a
SB2 3.6 (1.4)bc 6.2 (0.5)b −20.7 (0.3)a 24.6 (0.4)a
MB1 1.8 (1.1)c 5.9 (0.5)b −21.1 (0.4)a 24.1 (0.7)a
MB2 1.2 (0.6)c 6.4 (0.2)b −20.8 (0.4)a 25.3 (0.6)a
MB3 0 N/A N/A N/A
JW* 1.5 (1.0)c 8.5 (0.5)a −20.7 (0.3)a 24.7 (0.5)a
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is a factor as well as temperature; cellulose degradation progresses faster
at higher temperatures (Rutherford et al., 2005; Rutherford and
Wershaw, 2008). However, many samples with Tpeak b 60 °C did not
yield cellulose, including a sample of fusinized gymnosperm wood that
could not be assigned a morphogenus because of excessive compaction.

3.2. Extraction treatments

Different extraction treatments were tested on samples of kimberlite-
hosted mummified wood from all three kimberlites. The only wood that
contained cellulose was Piceoxylon from the upper 100 m of Ekati Panda
pipe (Table 2). The outermost 8–10 tree rings presumed to be in contact
with the kimberlite did not contain any cellulose, but cellulose was pres-
ent in all subsequent interior tree rings. Piceoxylon sampleswere lighter in
color than other species that did not contain cellulose (i.e. Taxodioxylon).
Aside from MB3, which completely dissolved the holocellulose, treat-
ments SB1, SB2, MB1, MB2, and JW produced cellulose. Average percent
cellulose yield had a negative association with increased strength of
NaOH among the treatments, ranging from 5.0 ± 2.5% (SB1) to 1.2 ±
0.6% (MB2) to (Table 3). Yield measurements for JW are lowered due to
sample loss from the borosilicate fiber pouches during the water-boiling
step of the extraction. The color of the extracts ranged from very dark
(in EF, resembling CTRL group), to light tan (SB1), off-white (SB2), and
white (MB1, MB2, and JW).

3.3. Cellulose verification and purity assessment

SEM images of the cellulose extracts appeared fibrous or papery,
matching the description of modern cellulose that has been finely pow-
dered. No Fe oxides or other mineral contaminants were detected using
EDX, only strong peaks of C and O (n.b., EDX is not capable of detecting
elements of atomic mass less than 5, therefore it cannot detect H). ATR-
FTIR spectra of unextracted Taxodioxylonwood (fromDiavik A-154 kim-
berlite), which did not contain cellulose, showed non-cellulosic peaks
(i.e., 1745, 1700, 1600, 1512, and 1265 cm−1; solid lines, wavenumbers
in boxes in Fig. 3). Unextracted Piceoxylonwood (from Ekati Panda kim-
berlite) showed non-cellulosic and cellulosic peaks (dotted lines,
wavenumbers without boxes in Fig. 3), especially the four main diag-
nostic peaks for cellulose (i.e., 1029, 1058, 1105, and 1161 cm−1; i.e.,
wavenumbers with asterisks in Fig. 3, Rutherford et al., 2005). Mummi-
fied cellulose extracts from various treatments showed few differences
in ATR-FTIR spectra, and all methods successfully removed non-
cellulosic peaks, suggesting all methods successfully extracted purified
α-cellulose as shown by the well-defined peaks in the dominant cellu-
lose region (wavenumbers with asterisks in Fig. 4). However, a moder-
ate peak existed at 1720 cm−1 in the Standard and Modified Brendel
methods (SB1, SB2,MB1,MB2),whichwas not present in themodern cel-
lulose FTIR reference spectrum (Rutherford et al., 2005). This peak was
very slight in the JW samples (Fig. 4). The dominant cellulose peaks ap-
peared differently than the standard in the JW treatment, with some
ATR-FTIR peaks (e.g., 1058 and 1105 cm−1) being represented as shoul-
ders rather than isolated peaks as in Brendel methods (Fig. 4). There
Table 2
Vitrinite reflectance (% Ro) ofmummifiedwood from Lac de Gras kimberlites. Samplemorphog
Ro (standard deviation) of textinitemacerals, % Romean (1 σ) of corpohuminite macerals, estim
absence of cellulose, and general appearance (color, compaction in earlywood (EW) or latewo

Morphogenus, kimberlite mine Textinite % Ro
mean (σ)

Corpohuminite %
Ro mean (σ)

Piceoxylon, Ekati Panda 0.23 (0.01) 0.26 (0.01)
Piceoxylon, Ekati Panda 0.26 (0.01) 0.29 (0.01)
Taxodioxylon, Ekati Panda 0.29 (0.02) 0.39 (0.01)
Taxodioxylon, Diavik A-418 0.28 (0.01) 0.32 (0.01)
Taxodioxylon, Diavik A-154 0.28 (0.02) 0.34 (0.01)
Unknown Gymnosperm, Diavik (unknown) 0.24 (0.01) 0.26 (0.00)
were no major differences in ATR-FTIR peak wavelengths of cellulose
samples extracted (using MB1) along a tree-ring transect (Fig. 5).

3.4. Stable isotope analysis

Stable isotope ratios of cellulose extracts (SB1, SB2, MB1, MB2, JW)
were significantly heavier than CTRL or EF groups (Two-way ANOVA:
δ18O, F = 340.6, p b 0.0001; δ13C, F = 18.9, p b 0.001; Tukey's HSD
tests; Fig. 6, Table 3). Mean isotope ratio of all cellulose extracts was
24.5‰ δ18O, and −20.8‰ δ13C. δ18O was significantly different among
treatments (Type 1 SS: F=736.9, p b 0.0001), but not between samples
(Type 1 SS: F = 4.5, p = 0.051). δ13C was significantly different among
treatments (Type 1 SS: F = 39.8, p b 0.0001) and between samples
(Type 1 SS: F = 6.4, p = 0.24). Tukey's HSD tests confirmed that EF
wood was significantly lighter in δ18O, but not in δ13C, when compared
to the CTRL wood (Fig. 6). These isotopic differences emphasize why
isolation of a single wood constituent (e.g., cellulose, lignin) is necessary
for reconstructing accurate paleoclimatic signals. Stable isotope values
of δ18O and δ13C were not significantly different among the cellulose
extraction treatments (SB1, SB2, MB1, MB2, JW), suggesting that all
methods successfully produced fully delignified cellulose (Fig. 6). CO
gas amplitude was significantly different among treatments (F =
117.3, p b 0.0001) but not samples (F = 0.024, p = 0.88). Amplitude
was higher in JW cellulose than all Brendel methods (which were sim-
ilar). All cellulose extracts had higher amplitude than the lignin-rich
CTRL and EF treatments.

4. Discussion

This study confirmed the existence of the oldest verified samples of
Piceoxylon mummified wood cellulose found, to date at 53.3 ± 0.6 Ma,
enus (Philippe and Bamford, 2008) and kimberlite mine, mean vitrinite reflectance in oil %
ated peak burial temperature (Tpeak after Barker and Pawlewicz, 1994), and the presence/
od (LW)) are shown.

Tpeak (°C) Cellulose
present–absent

Color, physical appearance

17–27 Present Light brown, compacted in EW
27–37 Present Light brown, compacted in EW
37–60 Absent Dark brown, compacted in EW
33–44 Absent Dark brown, compacted in EW
33–48 Absent Dark gray, compacted in EW
20–27 Absent Black, fusinized, extremely compacted

in EW and LW
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from the Ekati Panda kimberlite (see also Wolfe et al., 2012; Staccioli
et al., 2014). However, as in Staccioli et al. (2014), not all mummified
wood samples in this study contained cellulose. Diagenetic conditions
are not homogeneouswithin a kimberlite, as heat and pressure general-
ly increase with depth (Stasiuk et al., 1999, 2005). Other samples of
mummified wood found in Ekati Panda and other nearby kimberlite di-
amondmines (i.e., Diavik A-154 and A-418) did not contain cellulose. In
these samples, preferential cellulose decomposition left primordial lig-
nin and wood extractives (e.g., resins, waxes). Thermal alteration of all
samples was low (b60 °C), even in samples appearing highly fusinized,
similar to charcoal (Table 2) (Barker and Pawlewicz, 1994). Attenuated
Total Reflection Fourier Transform Infrared (ATR-FTIR) spectra of
mummified wood containing cellulose (Piceoxylon from Ekati Panda
Pipe) showed many ATR-FTIR peaks diagnostic of lignin (e.g., 1600,
1512, and 1265 cm−1) and α-cellulose (e.g., 1029, 1058, 1105, and
1161 cm−1), whereas a sample not containing cellulose (Taxodioxylon
from Diavik Pipe A-154) contained peaks from lignin but not α-
cellulose (Fig. 3). Thus, ATR-FTIR may be used to decide which samples
of mummified wood are suitable for α-cellulose extraction, by looking
for the dominant α-cellulose peaks (wavenumbers with asterisks in
Fig. 3) in unextracted wood. The color of the powdered wood may
also be an indication of the presence of cellulose; in this study the sam-
ples containing cellulose were a lighter brown color, whereas those de-
void of cellulose were darker (Table 2).

Except for treatment MB3, which completely dissolved all
holocellulose during the 17.5% NaOH step, all treatments produced
some cellulose at low yield. Studies of mummified (Richter et al.,
2008; Staccioli et al., 2014) and subfossil (Stambaugh and Guyette,
2009; Savard et al., 2012) wood in other diagenetic environments
have also shown that subfossil cellulose yields are typically low, Inmod-
ern wood, hemicelluloses can easily be leached via hydrolysis under
pressurized conditions under heat in a matter of hours (Rissanen
et al., 2014), thus after millions of years, most hemicelluloses have
been removed naturally via hydrolysis (Staccioli et al., 2014). In this
study, cellulose yield and color varied by extraction treatment, with
the greatest amounts in SB1 (5.0 ± 2.5%), which was light tan in color,
suggesting incomplete delignification; however, the ATR-FTIR and
isotopic data of SB1 closely matched that of the other Brendel extracts
(SB2, MB1, MB2) and lacked diagnostic FTIR bands for lignin (e.g., 1600,
1510 cm−1, Richard et al., 2014) contradicting this idea. Greater sample
loss occurred in SB2 than in SB1, presumably due to a longer acid hydro-
lysis step, but the color in SB2 was whiter than SB1, closer to the color of
modern cellulose. Modified Brendel methods (i.e., including NaOH: MB1,
MB2) were whiter in color than SBmethods, but were also lower in yield
than SB methods; yield was negatively associated with NaOH % solution
(Table 3). Energy-Dispersive X-ray analysis (EDX) detected only strong
C and O peaks (H is not detectable using this method), and no mineral
oxides were detected. The Brendel extracts appeared fibrous and papery
in texture using SEM. JW extracts were white, and appeared more poly-
merized compared to Brendel extracts. ATR-FTIR spectra of all cellulose
extracts matched the reference spectrum of cellulose, giving further evi-
dence that thermal or other major diagenetic alteration did not occur in
thismaterial (Fig. 4). FTIR spectra of thermally altered cellulose and lignin
show significant spectral distortions and shifts to higher wavenumbers,
and these shifts occur at a faster rate when experimentally exposed to
higher temperatures (Rutherford et al., 2005).

After extraction, ATR-FTIRmay be used to determinewhether resins,
lignins, and hemicelluloses have been removed, leaving purified α-
cellulose (Richard et al., 2014). Although many hemicellulose ATR-
FTIR peaks overlap with those of α-cellulose, a peak near 1725 cm−1

in galactoglucomannan (in gymnosperms), and one near 1735–
1731 cm−1 in xylan (in angiosperms), are not present in α-cellulose
(Richard et al., 2014). Therefore, the presence of a peak near
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1720 cm−1 in the Standard andModified Brendelmethodsmay indicate
the presence of hemicelluloses as suggested by Richter et al. (2008),
who also used amodification of the Brendel method using NaOH. Alter-
natively, the peak may have been introduced via chemical alteration
(acetylation, acetonation, oxidation) during the cellulose extraction
process. Cellulose acetate has a prominent FTIR peak near 1730–
1745 cm−1 (Jebrane et al., 2011). Therefore, slight cellulose acetylation,
due to the use of strong acetic acid (80%) solution,may explain the peak
at 1720 cm−1 (Brendel et al., 2000). A peak at 1720 cm−1was attributed
to cellulose acetylation by Anchukaitis et al. (2008) who compared
Brendel and Jayme-Wise methods using modern wood. Like this
study, Anchukaitis et al. (2008) found that the 1720 cm−1 peak existed
in Brendel cellulose, but not in Jayme-Wise cellulose. However, acetyla-
tion has not been found to significantly affect δ13C or δ18Omeasurements
of tree-ring cellulose (Anchukaitis et al., 2008). However, Gaudinski et al.
(2005) found that the Brendel method added C and N and left residues of
extractives (i.e., waxes, resins) in the cellulose. The strong nitric acid
(69%) solution used in the Brendel method may introduce carboxylic
acid groups (C = O), contributing to the 1720 cm−1 peak (Pradhan and
Sandle, 1999). Another possible factor of the 1720 cm−1 peak in the
Brendel method is the incomplete removal of acetone, which may cause
cellulose acetonation (Brookman andWhittaker, 2012).

Stable isotope data revealed that the unextracted mummified wood
(CTRL) and Extractive-Free Wood (EF) were both significantly less
enriched than all of the cellulose extraction treatments studied (SB1,
SB2, MB1, MB2, JW). Extractives were –1.5‰ in δ18O, and +0.1‰ in
δ13C relative to unextracted wood (CTRL). Most of the bulk material
was dissolved during the delignification step. Cellulose extracts were
not significantly different from each other in terms of δ18O or δ13C,
according to Tukey's HSD tests (Fig. 6, Table 3). Themean of all cellulose
treatments (24.5‰ in δ18O,−20.8‰ in δ13C) was enrichedwith respect
to EF by 17‰ in δ18O, and by 3.2‰ in δ13C, and enriched with respect to
CTRL by 15.5‰ in δ18O, and by 3.0‰ in δ13C. Similar isotopic results
were also obtained from SB1, which produced extracts that seemed to
be incompletely delignified based on color, to treatments using NaOH
(MB1, MB2, JW; Table 3). These results suggest that any of the methods
studied here would be adequate for paleoenvironmental analysis of
mummified wood α-cellulose. Additionally, studies using different
methods should be comparable, as long as an assessment of α-
cellulose purity is conducted, such as ATR-FTIR. CO gas amplitudes
during CF-SIMS were significantly higher in JW cellulose than Brendel
cellulose treatments, possibly indicating a purer cellulose extract
containing more oxygen in the JW treatment (Table 3). Cellulose
(C6H10O5) has more oxygen than lignin [guaiacyl lignin (C10H12O3)
and p-hydroxyphenyl lignin (C9H12O2) are common in gymnosperms],
so about twice as much CO gas is formed from pyrolysis of cellulose as
an equal mass of lignin. Therefore, amplitudes of CTRL and EF treat-
ments were both significantly lower than all cellulose extracts, due to
high lignin/cellulose ratio in the raw mummified wood.

Considering the above, it seems that the Brendelmethodmay: 1) in-
troduce a peak related to acetylation, or 2) incompletely remove hemi-
celluloses. Hemicellulose extraction procedures are necessary to fully
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address this question. The fact that these factorsmay each contribute to
an ATR-FTIR peak near 1720 cm−1 suggests that the Brendel method
should not be used for the detection of hemicelluloses in holocellulose.
Therefore, for future studies of mummified wood we suggest that the
JW method be used to produce holocellulose, which should be tested
for the presence of hemicelluloses using ATR-FTIR. If none are detected,
the NaOH step may be omitted. If hemicelluloses are detected, onemay
experimentwith low-percentage solutions of NaOH to remove hemicel-
luloses, verifying the α-cellulose using ATR-FTIR. The exact solution of
NaOH suitable for each different sample of mummified may vary by
study, as variability in groundwater and bedrock chemistry may lead
to different diagenesis in the wood. One may test inner vs. outer tree
rings to test for diagenetic differences throughout the sample. If a
small percentage of remnant hemicellulose is found, and slight acetyla-
tion not of concern, these may not significantly affect the stable isotope
data. If so, the SB1 treatment may be sufficient to quickly produce an
isotopically similar cellulose extract with higher yield than more
labor-intensive methods (SB2, MB1, MB2, JW).

5. Conclusion

Although thermal alteration was low in mummified wood from all
three kimberlites studied here, only the Piceoxylon samples from Ekati
Panda Pipe (dated at ca. 53.3 Ma) contained α-cellulose, suggesting
that other factors besides thermal alteration are involved in cellulose
degradation such as post-burial hydrolysis. In this study, the concentra-
tion of NaOH used for removal of hemicelluloses in modern wood
(17.5%) completely dissolved all holocellulose (method MB3), but
lower concentrations of NaOH (2.5–5%) produced cellulose, albeit
with low yield (1–2%) (MB1, MB2). Standard Brendel methods that
did not include NaOH (SB1, SB2) also produced cellulose very similar
in ATR-FTIR as treatments including NaOH. Fourier Transform Infrared
Analysis (ATR-FTIR) confirmed that mummified cellulose matched a ref-
erence spectrumofmodernα-cellulose (Rutherford et al., 2005), suggest-
ing little if any degradation to remnant α-cellulose. No significant
differences were observed between stable isotope values (δ13C or δ18O)
of cellulose from the treatments tested, suggesting that all methods suc-
cessfully extractedα-cellulosewithout significantly influencing the isoto-
pic signal. Therefore, inter-study comparisons using versions of methods
described here should be comparable. However, a FTIR peak near
1720 cm−1 in the Brendel methods suggests that they should not be
used to detect hemicelluloses. Hence, we suggest that the Jayme-Wise
method should be used for testing for the presence of hemicellulose. If
hemicelluloses are absent, any cellulose extraction method (SB1, SB2,
MB1, MB2, JW) could be used to adequately delignify the wood, enabling
reliable and repeatable stable isotope data collection frommummifiedα-
cellulose.
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