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In order to expand our in-house capabilities for tree-ring '*C measurements in support of atmospheric *C
reconstruction research, we designed a very versatile and inclusive procedure to produce high-quality a-cellulose
homogenized extracts. The procedure can be easily scaled up or down (<10 to 40 samples) and/or modified on
demand (chemical steps can be easily adjusted to sample requirements as well, e.g., increased or diminished,
according to the amount of available material and/or contaminants to be removed). Procedure setups are
straightforward, and all products and instruments required are off-the-shelf. One to three days may be used to
extract chipped wood to o-cellulose homogenized fibers that can be further used by high-precision *C accel-
erator mass spectrometry (AMS) analysis. The full procedure, which includes recommendations for wood
reduction to chips, chemical treatment, and 1*C-AMS sample processing, measurements and data handling was
tested on over 110 wood samples from post-bomb 1950AD to 1“C limit. Radiocarbon results were in the order of
0.29% or better, based on replication and regardless of the age group studied. Best background was in the order
of 54 kyrs BP, without any type of background correction. Fourier transform infrared (FTIR) analysis was used as
a characterizing tool to confirm the removal of unwanted carbon compounds during the production of a-cellulose
extracts. For those analysis, we chose woods that are normally rich in resinous and parenchymatous structures.
Results confirmed that our protocol produces pure a-cellulose extracts for 14C analysis, and therefore this pro-
cedure can be safely applied to atmospheric 1*C reconstructions at pantropical regions.

1. Introduction fraction (holocellulose and/or a-cellulose), since secondary carbohy-
drates and compounds may contain different isotopic signatures and
ages (Hartmann and Trumbore 2016, and references therein).

For material within the sub-fossil 1*C range, Santos and Ormsby

High-quality sampling and sample processing are the backbones of
radiocarbon (14C) age determinations. As instrumentation becomes

more precise, sample handling for processing must be reevaluated and
improved accordingly. Wood is a typical material used to constrain the
ages of significant events (Danisik et al., 2012; Kutschera 2020), help to
determine archeological site occupations (Jull et al., 2018), reinstate
artifacts to their historical context (Ostapkowicz et al., 2012), and
calibrate past and present 1*C atmospheric fluctuations over time (Hogg
et al., 2020; Reimer et al., 2020; Hua et al., 2022). For wood to be
measured in '*C analyses, so that accurate results can be derived, it must
be decontaminated from exogeneous carbon (i.e., carbon incorporated
when samples were buried in geological and archeological settings) or
taken to its most structural form, such as a cellulose-rich residual
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(2013) have shown that most of the so-called standard chemical treat-
ment acid-base-acid (ABA), at different strengths and/or time durations,
is quite suitable for reliable results, while circumventing wood loss
during chemical dissolution. For samples at the 1*C limit (> 50 kyrs BP),
these authors also showed that ABA protocols using 1N solutions and
fewer intermediate steps (e.g., water rinses in between chemical treat-
ments) tend to yield better results (in average 55kyrs BP, without
background corrections). Findings were attributed to maximizing
chemical efficiency while minimizing procedural-related contamination
during sample treatment (procedural exogeneous carbon). Nonetheless,
there are some circumstances in C determinations (e. g, 14C calibration
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purposes; Reimer et al., 2020) where wood extractions to cellulose-rich
residual fractions are required. Finding a procedure that can provide
reliable results for the full 1*C age spectrum—i.e., from beyond 50 kyrs
BP to post-bomb 1950 AD—is highly desirable.

Here, we present a user-friendly but efficient approach for extracting
high-quality, high-purity a-cellulose microfibers from wood for *C
accelerator mass spectrometry (AMS) analysis. The procedure uses the
culture-tube setup (as sample treatment vessels) suggested by Southon
and Magana (2010), couple with the minimized intermediated chemical
steps evaluated by Santos and Ormsby (2013). The following steps of
precise cutting of single tree ring woods (before chemical treatment),
homogenization of a-cellulose fibers using an ultra-sonic bath, and
drying microfibers on heat-block overnight (rather than using a
freeze-drier) were added in this study, and then thoroughly evaluated
for a course of a year. The entire procedure was assessed by replication
using a large array of samples from the *C limit to post-bomb 1950 AD
ages. Characterization of wood, wood extracts, and a-cellulose were
carried out on selected samples by Fourier transform infrared (FTIR) as
well as pre-extracted cellulose reference material. FTIR spectra concern
to a-cellulose extract quality and are relevant for those wood samples
derived from pantropical tree species, which are known to be very rich
in extractives (Willfor et al., 2003; Pinto et al., 2018), as well as
parenchymatous structures containing mobile nonstructural carbon
(Santos et al., 2022 and references therein).

2. Brief overview on wood chemical treatments and recent
approaches for 1“C applications

For decades, mechanical and chemical pretreatments of wood and
plant parts have been used to break down and remove undesirable
carbohydrates and compounds from wood (e.g., extractives, hemi-
celluloses, and lignin). Alpha-cellulose extract, a chemically inert,
cellulose-rich residual fraction of wood, has normally been chosen for
isotopic and *C applications (Hajdas et al., 2017; Capano et al., 2018).
This extract is generally obtained by a stepwise procedure that first
targets soluble extractives with a series of organic solvents in a Soxhlet
extractor (Hua et al., 2000), then targets lignin through acidified sodium
chlorite (with acetic acid to help weaken lignin bonds), and finally
targets hemicellulose through alkaline hydrolysis (Southon and Magana,
2010 and references therein).

The extractive holocellulose (a-cellulose and hemicelluloses) has
also proven effective in l4c analysis (Capano et al., 2018; Lange et al.,
2019), including studies assessing tissue growth and/or dendrochro-
nology dates confirmation. For instance, by measuring holocellulose
from selected calendar years during the post-1950 AD period, stem
growth tissue has been confirmed to be annual on pantropical tree
species of Entandrophragma utile (Groenendijk et al., 2014), Hymeno-
lobium petraeum (Linares et al., 2017), and Polylepis tarapacana (Anca-
pichtin et al., 2021), along with Araucariaceae (Santos et al., 2015;
Hadad et al., 2015) and Cedrela tree species (Baker et al., 2017).

Recently researchers have been 1) designing procedures in order to
expedite chemical steps (see Gillespie (2019) 2ChlorOx procedure based
on two cycles of alkaline hypochlorite followed by acidic chlorite oxi-
dations, for example), or 2) evaluating existing chemical treatments (e.
g., acid-base-acid (ABA), ABA-bleach (ABAB) or holocellulose, base-
ABA-bleach (BABAB), 2ChlorOx, and a-cellulose) for their efficiency
and reliability (Southon and Magana 2010; Santos and Ormsby 2013;
Capano et al., 2018; Lange et al., 2019; Fogtmann-Schulz et al., 2021,
Cercatillo et al., 2021). On these works pre-bomb woods of known ages
and/or woods at the '*C limit have been tested and reported. Where
woods close to '*C limit have been measured, 14C-free results are
sometimes reported after some type of background correction (Capano
et al., 2018, Gillespie 2019). Therefore, they should be interpreted with
caution when compared with other works in the literature. To some
researchers, wood preservation levels seem to dictate the best chemical
treatment to be applied (tough versus soft), so that enough product can
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be recovered for C dating (Cercatillo et al., 2021; Susanne Lindauer,
personal communication). While some agreed that the ABA or hol-
ocellulose fractions are reliable and less destructive (Southon and
Magana 2010), and can also produce low *C-free results (Santos and
Ormsby 2013; Lange et al., 2019), others still favor treatments that in-
volves more delignification steps (Fogtmann-Schulz et al., 2021), espe-
cially when dealing with atmospheric 1*C reconstructions (Hua et al.,
2022 and references therein).

The common prerequisite of treating wood with organic solvents
(Hua et al., 2000) have been also under investigations. Organic solvents
treatments can be applied via Soxhlet extractor on modes of single
treatment (one sample per extractor; Hua and Barbetti 2004) or batch
processing (multiple samples per extractor preloaded in sealed F57/41
Ankom filter bags; Gaudinski et al., 2005). Van der Wal (2021) used
FTIR spectra and showed that cellulose-rich residual fractions from
different protocols with or without the first solvent step treatments were
basically identical, independent of the specific solvent protocol used (via
Soxhlet extractor or single tube treatment with just acetone). With
respect to post-bomb 14C analysis of tree rings, works that had already
abandoned the first solvent step treatment show no repercussions in the
l4c data, regardless of tree species (Hadad et al., 2015; Baker et al.,
2017; Linares et al., 2017; Beramendi-Orosco et al., 2018; Santos et al.,
2015, 2020, 2021; Ancapichtin et al., 2021). Hence, organic solvent
treatments do not seem to be essential, except under special circum-
stances (e.g., woods that undergo common conservation material; Dee
et al., 2011). Sequential organic solvent treatments involving chloro-
form, petroleum ether, acetone, methanol, and water have been used to
remove epoxy resin, paraffin, and unknown substances. However, there
can be no guarantee of success, as aging, deterioration, or crosslinking
may not remove preservative-treated wood substances completely
(Brock et al., 2018).

During the breakdown to cellulose, acetic acid (CH3CO5H) added to
acid-chlorite during the delignification of a-cellulose has also been
tested for its impact on 14¢ data. While Anchukaitis et al. (2008) have
detected *C biases, Michczyriska et al. (2018) have reported that hy-
drochloric acid (HCI) treatment can reduce the risk of acetylation. This
assessment has been confirmed even on single wood samples within the
post-bomb age range. Santos et al. (2020) have shown that the 1N HCI
treatment, typically used to avoid atmospheric CO; sequestration after
the alkaline steps, can also help to reduce acetylation effects.

Streamlining protocols by adding semi-automated systems to handle
time-consuming steps while increasing the number of wood samples
processed per batch has been another recent approach to l4c applica-
tions. Andreu-Hayles et al. (2019) have designed an a-cellulose extrac-
tion bath-apparatus with 150 funnels/samples consisting of glass tubes
and borosilicate filters that can be assembled into polytetrafluoro-
ethylene (PTFE) blocks, based on previous designs (e.g., Wieloch et al.,
2011). The PTFE blocks allow for the drainage of chemicals from
interconnected funnels, while extracts are kept secure. Whereas the
initial bath-apparatus and chemical procedure was designed to produce
cellulose extracts solely for stable isotopic analysis, it was later adapted
and tested for “C analysis (Santos et al., 2020). Radiocarbon results
from post-bomb to sub-fossil samples were accurate and precise, but
background samples yielded unimpressive results. Averaged values from
H4C-free woods uncorrected by any background were F*4C = 0.0071 (n
= 6), equivalent to 40 kyrs BP, making this procedure unsuitable for
woods within the #C-limit. Similarly, Fogtmann-Schulz et al. (2021)
reported an a-cellulose experimental setup containing 50 handcrafted
glass vessels plumbed to a diagraph vacuum pump for waste chemical
removal, and then immersed in a water bath for treatments. Chipped
woods in individual vessels are placed on porous glass filters, which also
retain the insoluble fraction while chemicals can pass through them
freely. This system’s *C performance was evaluated using wood sam-
ples in two specific timeframes (i.e., 1420 AD and background).
Chemical treatments tested used small variations in chlorination and
delignification steps. Overall *C results on a predated single ring from
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1420 AD were excellent, regardless of treatment applied, while back-
ground value clustered around 47.5 kyrs BP (F*C = 0.0026).

Summarizing the points above, we can say that i) the use of organic
solvent treatments (Hua et al., 2000) seems mostly to be an unnecessary
step that can be eliminated (Gillespie, 2019; Santos et al., 2021 and
references therein) and/or reduced to special conditions (Ostapkowicz
etal., 2012; Dee et al., 2020); ii) the usage of acetic acid as an enhancer
in acid-chlorite during the delignification, another carbon-containing
compound, can be circumvented by HCI treatment before neutraliza-
tion and drying (Michczynska et al., 2018; Santos et al., 2020). However,
its complete elimination does not seem to significantly influence a-cel-
lulose extraction quality and/or 14C data (Santos et al., 2021); iii) most
chemical procedure investigations have been used to preserve the ma-
terial from specific 4c age-ranges of interest (Cercatillo et al., 2021), or
have emphasized improving or verifying best practices for woods within
the 1#C limit (e.g., Southon and Magana, 2010, Santos and Ormsby,
2013, Hajdas et al., 2017; Gillespie, 2019; Michczynska et al., 2018;
Lange et al., 2019); iv) procedures that use semi-automated devices are
attractive but do not seem to be able to yield very good results for woods
at the '*C limit (Santos et al., 2020; Fogtmann-Schulz et al., 2021). They
also cannot possibly disregard the time consumed in pre-cleaning part-
s/items that need to be reused between batches. In addition, to make it
worth the effort, they require a large number of samples per batch
treated (Andreu-Hayles et al., 2019); and finally, v) any procedure or
procedures that can make wood cleaning or cellulose-rich residual
fraction extractions easier, faster, and more reliable for the full l4c age
spectrum is preferable.

3. Materials and methods
3.1. Sample selection

As a basis for this investigation, we selected materials with known
14C values ranging from >55kyrs BP to post-1950 AD and consisting of
several coarse wood samples and pre-extracted cellulose fibers. Samples
came from known inter-comparison 14¢ trials (i.e., the Fourth Interna-
tional Radiocarbon Inter-comparison [FIRI], and the International
Atomic Energy Agency [IAEA]), while others were sub-fossil woods, in-
house '*C-free materials and holocellulose and parenchyma-rich wood
leftovers from independent projects. All samples, including the pre-
extracted cellulose fiber from FIRI, underwent the same chemical
extraction procedure. A complete sample list and its rationale are given
below.

e AVRO07-PAL-37 (or AVR): This permafrost-preserved wood of >55
kyrs BP of Picea sp. from Yukon, Central Alaska, is frequently used as
a blank to identify laboratory procedural contamination from several
procedures, including extraction to cellulose fractions (Santos et al.,
2020, 2021);
e AR2: This is a }*C-free wood sample of rimu (Dacrydium cupressinum)
collected from under a 4m-thick debris avalanche deposit from a
coastal section of North Taranaki in New Zealand (Santos and
Ormsby 2013). It has been routinely dated by liquid scintillation
spectrometry at Waikato University since 2001 (Hogg, 2004), as well
as at the Keck Carbon Cycle AMS (KCCAMS) facility at the University
of California, Irvine (UCI) on some special projects, and more
recently at the Centro de Investigacion GAIA Antdrtica (CIGA), as a
procedural blank in *C analyses;
SR7269 (Two Creeks): Sub-fossil wood (Picea sp.) of 11,980 + 30 yrs
BP from buried bed forest in eastern Wisconsin, U.S., being used at
KCCAMS/UCI as an internal laboratory standard for several years
(Beverly et al., 2010);
LENO13A set: Pre-bomb dendrochronological dated tree rings of a
well-preserved Fitzroya cupressoides wedge from the Valdivian
temperate forest on the west coast of southern South America (41°S),
spanning from 910 BCE to 497 CE (Lara et al., 2020). These tree-ring
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samples are part of a larger ongoing project to extend the data-based
span of the Southern Hemisphere 14¢C calibration curve. Since those
samples are designated for calibration purposes, wood material was
sampled at a 5-year resolution (i.e., each sample represents five
elapsed calendar years). Five wood samples were selected from this
collection according to their material quantity so that duplicates or
triplicates could be produced to evaluate accuracy/precision.

e FIRI-F: This is the whole wood of a Belfast pine (Pinus sylvestris L.)
selected from an absolutely-dated master chronology. Uncalibrated
14C age yields 4508 + 3 yrs BP (3239-3200 BC), and has been used
regularly as a secondary standard by several laboratories (Scott et al.,
2019);

e FIRI-I: This is the cellulose component of a Belfast pine (Pinus syl-

vestris L.) 14C dated to 4485 + 5 yrs BP (3299-3257 BC; Scott et al.,

2019). Though this sample has been synthesized to cellulose before

release to laboratories, it was selected here to be subjected to the

same chemical extraction method as the wood materials analyzed;

FIRI-H: This is a German Oak (Quercus robur L. or Q. petraea M.)

identified as Pettstadt 262, and belonging to a tree-ring master

chronology (Spurk et al., 1998; Scott et al., 2004). The wood has
been 'C dated to 2232 =+ 5 yrs BP (313-294 BG; Scott et al., 2019). It
has also been frequently used at KCCAMS/UCI as an internal labo-

ratory secondary standard (Beverly et al., 2010);

FIRI-J: This modern mashed barley represents the grain growth in

1998 with a consensus value of 110.7 + 0.04 pMC (Scott et al.,

2004), and has been successfully used in inter-calibration studies and

post-bomb projects (Santos et al., 2020, 2021);

e HP-samples: Post-1950 AD single tree rings dated by dendrochro-

nological techniques of Hymenolobium petraeum tree species from

Central Equatorial Amazon (1°S, 56°W) (Santos et al., 2022) (Fig. 1).

This tree species contains an abundant amount of parenchymatous

structures (Santos et al., 2022 and references therein), cell tissues

known for storing water, carbohydrates, lipids, and several other
compounds (Plavcova and Jansen 2015; Morris et al., 2016). Its
wood material belonging to a larger project for reconstructing at-
mospheric post-bomb #C within the tropical low-pressure belt

(TLPB), where data is still lacking (Santos et al., 2020, 2022). Eleven

single tree rings, spread out between 1950 and 1990 and with

enough material to produce replicates, were selected for testing.

IAEA-C3: This is a cellulose extract from a single growing season

from approximately 40-year-old Swedish trees. Material was pro-

cessed to cellulose from raw wood at a paper factory in Burgum,

Netherlands, and later handled by the Centre for Isotope Research

CIO at the University of Groningen (Mook and Van der Plicht 1999).

While those paper-like cellulose sheets are normally used by *C

laboratories as reference material, it was used here as cellulose

reference for FTIR analysis instead.

3.2. Sample handling and '#C measurements

3.2.1. Wood cutting

To promote wood accessibility to chemical treatments, wood is
normally reduced to smaller particles (e.g., powder or chips). We chose
to work with wood chips to avoid material loss, especially when dealing
with single whole tree rings. Centrifugation before pipetting solutions
can be completely avoided, which drastically reduces the time it takes to
move between chemical steps. Material lost during solution aspiration
using a fine-tip pipette can also be eliminated.

Before reduction to wood chips took place, single whole tree-ring
samples were inspected under a microscope to ensure that equivalent
parts of early and late wood were included per sample analyzed. Wood
sections were then reduced to chips of approximately 0.06 x 1.0 cm over
surface-glazed ceramic crucibles (Fig. 2) using an ultra-sharp pair of
clippers (e.g., a 0.9 cm opening jaw wire flush cutter). Recovery rates
during wood cutting were also closely monitored (for more details, see
the video - termed S1 - in the supplementary data), so that the tree rings’
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Fig. 1. Hymenolobium petraeum tree species information. A - Sampling location at Central Equatorial Amazon (1°S, 56°W). B - Ombrothermic diagram based on
meteorological data recorded by a local industry (Mineragao Rio do Norte) over the period 1971-1997 (bars = precipitation, blue line = minimum temperature, and
red line = maximum temperature). C - cross-section view detailing anatomical features: e.g., marginal axial parenchyma delimiting tree rings (left), and paratracheal
axial confluent parenchyma structures between tree ring boundary delimitations (right) (arrows indicate marginal parenchyma).

Fig. 2. Woodcutting strategy. A - Stacking up two dishes of different sizes ensures maximum-efficiency recovery during wood cutting. B - Upon wood weighing and
recording, sample can be reduced to desired sizes. Samples are then reweighed, and their percentage recovery can be calculated.

full growing season could be preserved and recorded. Both procedures
are relevant to avoiding **C bias, especially during the rising and falling
portions of the bomb peak (i.e., between 1955 and 1970), and if tree
rings analyzed are intended for calibration purposes (Santos et al., 2021,
2022). Percentage recovery rates during reduction to chips were 97% or
better.

Other wood samples that do not pose undue concern, such as sub-
fossil and 'C-free woods used as secondary standards, microscope in-
spections, and/or monitoring of recovery rates during cutting, can be

disregarded altogether. As our overall a-cellulose procedure has a re-
covery yield of approximately 30%, based on previous analysis, sample
weights to produce one or multiple targets ranged from 11 to 30 mg. For
14C free samples (AVR and AR2) and FIRI-J barley, for which recovery
tended to be lower (<10%), treatment started with 25 or 40 mg
maximum.

3.2.2. Chemical treatment
Chemical treatments of wood chips started by cycling 1N HCI and
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NaOH at 70 °C until a clear supernatant was reached. This treatment is
the same as the acid-base-acid (ABA) procedure described in Santos and
Ormsby (2013). Next, a bleaching step with 1N HCI-NaClO at 70 °C was
employed for 3 h maximum (similar to that in Southon and Magana
2010). The procedure was carried out in a standard chemical fume hood
to avoid exposure to irritating vapors. When the bubbling reaction
ceased and wood chips appeared white, the supernatant was aspirated,
and solids rinsed by 1N HCI. Alpha-cellulose was obtained next by
immersing the holocellulose extract into 17.5% NaOH for 1 h at room
temperature. To remove air-CO, captured during the NaOH treatment,
the latter step was followed by 1N HCl at 70 °C. Alpha-cellulose extracts
were then rinsed by ultrapure water at 60-70 °C to pH neutral and
homogenized into microfibers with the help of an ultrasonic bath soni-
cator. Finally, cellulose fibers were allowed to settle, and once the final
water rinse was aspirated, the loose fibers were dried overnight on a heat
block set between 60 and 70 °C.

The chemicals, equipment, and accessories required to carry out this
protocol are mostly off-the-shelf items that are commercially available
(some recommendations can be found in Santos and Xu, 2017). The
most-used chemicals in our procedure, 1N NaOH and HCI solutions,
were purchased as ready-made chemical solutions from Fisherbrand
(Fisher Scientific International, Inc.; 1N/certified SS266-1 NaOH and
SA484 HCI). Other solutions—NaClO, and 17% (w/v) NaOH—were
freshly prepared by dissolving solids (i.e., AA1426536 sodium chlorite,
80% technical grade and S3128-500 sodium hydroxide pellets (>97%)
from Fisher Scientific International, Inc.) in pure water, and in sufficient
volume for a single treatment. For woody sample chemical treatments,
sonication of final extracts to microfibers, drying, and storage, borosil-
icate glass 13 x 100 mm disposable culture tubes pre-baked at 550 °C
were employed. Apart from making cross-contamination difficult, the
use of a single test tube per sample during the entire treatment through
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to storage makes loss of material unlikely, as in this procedure insoluble
material transfer during steps is not required. Ventilated plastic caps for
plain-end glass culture tubes were used for closure during chemical
treatments. To separate solids from the supernatant during chemical
treatments, 5.0 ml disposable fine-tip plastic pipettes were used. A single
pipette-aid per sample treated was used for the entire procedure: i.e.,
once the filtered suspension is aspirated and dispensed in a plastic waste
container, labeled pipettes were ready to be reused in the following step.
They can be rested upright in a second pre-designated, pre-baked culture
tube placed in a test tube rack. In this way plastic pipettes are also
sterilized during chemical treatments until the procedure is complete.
For fiber homogenization, a 40 khz ultrasonic bath (Branson Ultrasonic
Cleaner Timer CPX-952) was employed, and when necessary pre-baked
disposable glass pipettes were used to poke and break down stubborn
fiber buds into microfibers as well. For solution heating and sample
drying, a scientific-type 150 °C dial benchtop heater (VWR® Analog Dry
2-Block Heaters) was used. After uncapped samples dried overnight
under an aluminum foil tent, they were stored in their own plain-end
glass culture tubes secured by leak-tight seal snap caps.

Since water rinses between chemical applications and the use of a
centrifuge are not required (wood chips are too large to be aspirated),
same-day wet a-cellulose extracts can be obtained from batches of <10
samples. For batches of >10 to 40 samples (maximum load on a single-
dry heating system), the entire procedure can be accommodated in two
or three days by using specific stopping points (e.g., after ABA, and/or
after a bleaching step with 1N HCI-NaClO3 at 70 °C and 1N HCl rinsing,
if desired). Note that at the end of those steps, the final chemical solution
used is always 1N HCL. In these cases, one should replace the 1N HCl
solution by ultrapure water and let the mixture settle at room temper-
ature overnight, until the procedure can be resumed the next day. The
acidified mixture (solids and solution) prevents reabsorption of air-COs,

ABA (classic acid-base-acid)

a) 1 N HCl at 70°C/30min (repeat it, if
necessary);

b) 1N NaOH at 70°C/30min to 1 hour (repeat
it until the solution is clear);

c) 1N HClat 70°C/30min*

Bleaching (holocellulose)

a) 1:1 NaClO/1N HCl at 70°C for 4 hrs (or
until bubbling reach to a halt);

b) rinse solids with lukewarm 1N HCl at
70°C/10min or less*

Delignification (alpha-cellulose)

a) 17% NaOH at room temperature per 1hr;

b) 1 N HCI at 70°C for 30min;

¢) rinse solids with lukewarm MilliQ water
until pH 6 or 7

Homogenization and drying

a) subject cellulose buds immersed in water
to ultrasonic power per 30min or so;

b) let loose fibers to settle standstill;

c) remove water entirely, and replace
samples on to heat block for drying at 60°C

Fig. 3. Alpha-cellulose extraction process flow diagram. Asterisk (*) denotates the stopping points where sample extracts can be left overnight, once 1N HCI solution
is replaced by MilliQ water. Keeping the solution at room temperature and at lower pH preserves solids from air-CO, contamination until the procedure can

be resumed.
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allowing solids to stay pristine. A process flow diagram (PFD) illus-
trating the steps and stopping points of this chemical procedure is shown
in Fig. 3. Total recovery yield for the three main purification products (i.
e., ABA, holocellulose, and o-cellulose fibril extracts) using the
H. Petraeum samples as matrix are as follows: 69.0, 30.0, and 27.5%,
respectively. Organic solvents were not employed here.

3.2.3. Radiocarbon measurements

Alpha-cellulose extracts were converted into carbon dioxide (CO3)
by combustion at 900 °C after transferring the microfibers (Fig. 3) into
baked quartz tubes containing 40-50 mg of copper (II) oxide, tube
evacuation, and sealing at the KCCAMS/UCI facility. For comparisons
between different types of chemical extractions, the largest
F. cupressoides (LENO13A-series) tree-ring sequences of the late Holo-
cene were selected and divided into two sets. One set of wood samples
underwent the isolation of holocellulose fibers at CIGA following
Southon and Magana’s (2010) protocol, thus excluding the use of a
vacuum-dry device. The FIRI-I standards and AVR2 blanks were also
processed to holocellulose at CIGA and sent to KCCAMS/UCI for further
processing and '*C-AMS analyses. The second set of wood samples of
F. cupressoides (LENO13A-series) was shipped to the KCCAMS/UCI to
undergo the procedure shown in Fig. 3. All organic combustibles
evolved to COy were later reduced to graphite over an iron powder
catalyst following specific protocols (Santos and Xu, 2017). For
normalization and quality assessment purposes, each wheel of cellulosic
samples graphite targets was also loaded with 8 oxalic acid I (OX-I), one
of each oxalic acid II (OX-II) from NIST, and sucrose from ANU graphite
targets. Acid-base-acid USGS coal targets were also processed for
14C-AMS analyses along with cellulosic samples. The latter were used to
assess differences among sources of extraneous carbon from vacuum
lines, graphitization reduction, and spectrometer performance versus
a-cellulose chemical extractions.

Radiocarbon measurements were taken on a modified compact AMS
system with 13¢/12C measurement capabilities (NEC 0.5MV1.5SDH-1)
to allow for online 5'3C-AMS isotopic-fractionation corrections (Bev-
erly et al., 2010). Accuracy and precision based on replicates of OX-II (n
= 18) and ANU (n = 18) reference materials were better than 0.29%.
Reported 14¢C results are shown as F'*C (i.e., fraction of modern carbon,
defined as the ratio of the sample’s radioactivity to the modern stan-
dard’s radioactivity [Reimer et al., 2004]), and were obtained after
fractionation and background corrections using calculations from
Stuiver and Polach (1977).

3.2.4. Stable isotope analysis

To verify the homogeneity of a-cellulose bundles, three extracts from
the 11 H. petraeum tree ring calendar years selected with sufficient
material to be analyzed in duplicates were weighed out into 5 x 9 mm
tin capsules (Costech Analytical Technologies Inc., Valencia, CA, U.S.)
using a microbalance (Sartorius AG, Gottingen, Germany). Their asso-
ciated calendar years are 1956, 1960, and 1970.

Total C content and stable C isotope ratio (3C) were obtained using a
Fisons NA-1500NC elemental analyzer (EA) equipped with a Thermo
Finnigan Delta Plus stable isotope mass spectrometer (IRMS). The §'°C
results were measured as the ratio of the heavier isotope to the lighter
isotope (**c/*2C), and reported as & values in parts per 1000 or per mil
(%o) related to the Vienna Pee Dee Belemnite (VPDB) international
standard. Accuracy/precision of 0.01% was attained on recognized EA-
IRMS (e.g., USGS24 and atropine, C;7H23NO3) and in-house standards.

3.2.5. Fourier transform infrared spectroscopy (FTIR) analysis

FTIR spectroscopy of wood and wood extracts was employed to
attain visual information on the structure of wood constituents and
chemical changes taking place in woods that are suspected to contain
substantial amounts of parenchymatous structures with mobile carbon,
which have been reported to bias 14C data (Santos et al., 2022).

To evaluate chemical steps, a batch of H. petraeum wood particles of
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<250 pm was produced from mixed tree rings with the help of an
electrical grinder (Thomas Scientific 3383-L10 Laboratory Wiley Mini
Mill Grinder) with a 60-mesh delivery tube. Other samples evaluated are
the remaining cellulose fibrils produced originally from single tree rings
reduced to chips from this study and others with similar objectives (i.e.,
produce high-quality o-cellulose extracts for 1*C analysis), and the cel-
lulose inter-comparison material IAEA-C3.

The FTIR analysis spectra were obtained at the Laser Spectroscopy
Labs, University of California, Irvine, with a JASCO FT/IR-4700 spec-
trometer set to a spectral range of 4000 to 400 cm-1 (wavelengths
2.5-25 pm), as standard conditions for all measurements.

4. Results and discussion

Wheels of cellulosic samples containing a large spectrum of chemi-
cally pretreated woody standards with distinct 1*C ages were produced
and analyzed at KCCAMS/UCL. Since 'C data accuracy and precision
can be affected by instrument optimum conditions, '*C measurements
were made over widespread timepoints over a year. Hence, several
wheels and ion-source cleaning conditions were employed. For sim-
plicity’s sake, 1*C results will be shown in sets following an ascending
order (i.e., sorted from blanks and sub-fossil dates to post-bomb values).
In this study, a total of 117 radiocarbon results of a-cellulose, 18 of
holocellulose, and 18 of ABA (USGS coal, reference 14¢_free material
used as combustion/graphitization blank, also uncorrected) are being
reported on plots (Figs. 4-7) and Table 1. Radiocarbon values presented
in plots (Figs. 4-7) are shown as deviations of the individual F**C values
of graphite targets measured from their F1*C weighted mean (AF'*C =
F14Cmeas - F14Cwm) from replicates. Weighted mean values are displayed
in each plot for easy viewing as well as their associated propagated
uncertainty and number of replicates.

4.1. Results from 1*C-free samples

The performance of samples with '*C ages beyond 55 kyrs BP is
shown in Fig. 4. Radiocarbon results are shown as deviations to the
weighted mean of ABA USGS coal targets. The *C weighted mean of
both ABA USGS coal and a-cellulose AVR were virtually the same, e.g.,
0.0018 + 0.0004 (n = 18) and 0.0018 + 0.0005 (n = 20), respectively.
The best '*C results for coal and AVR samples were 53,280 + 280 and
54,030 + 280 yrs BP, respectively, while unimpressive ones were
47,400 + 340 and 46,260 + 400 yrs BP. Note that this data has not been
altered by background corrections of any kind, and it does reflect ion-
source usage conditions over time.

Comparison of 1*C-free AR2 wood processed to a-cellulose and hol-
ocellulose, calculated similarly to those samples shown above, are also
displayed in Fig. 4. Their weighted average F'*C yielded slightly higher
averaged values: i.e., 0.0024 + 0.0007 (n = 4; equivalent to 50,080 yrs
BP) for a-cellulose and 0.0028 + 0.0007 (n = 5; equivalent to 47,470 yrs
BP) for holocellulose. Even though a-cellulose 1*C results seem superior
and on-target, holocellulose results are within +2¢ of them.

In general, our a-cellulose '*C data indicates that this straightfor-
ward procedure is effective for *C-free samples. Moreover, and to a
large extent, this simple and quicker procedure yielded better results
than those in previous studies found in the literature and presented
above. While it is almost impossible to infer which of several causes is
the most plausible for the *C blank variability detected here (Fig. 4),
one cannot disregard the spectrometer contributions. Nonetheless, those
small changes can be easily accounted for by regular measurements of
14C-free samples, such as coal and chemically extracted wood.

4.2. Results from sub-fossil to late Holocene
In this study, four reference materials within the sub-fossil age range

were processed and *C-AMS measured. Their *C ages vary from
approximately 2-12 kyrs BP. Their 14¢C results are shown in Fig. 5.
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Fig. 4. Radiocarbon values for USGS Coal (green symbols for ABA), AVR (blue symbols for a-cellulose), and AR2 (blue symbols for a-cellulose and pink for hol-
ocellulose samples). For conformity, the F1*C weighted mean used in calculations is from coal results (e.g., 0.0018 + 0.0004).

Equivalent averaged *C ages are 11,981 + 17 (n = 6) yrs BP for
SR7269, 4516 + 12 (n = 7) yrs BP for FIRI-F, 4488 + 9 (n = 4) yrs BP for
FIRI-L, and 2232 4 10 (n = 9) yrs BP for FIRI-H. These 1%C ages are in
excellent alignment with consensus-value ages reported elsewhere: i.e.,
Scott et al. (2004, 2019) and Beverly et al. (2010).

Overall, 1*C sample-to-sample variability was very small, regardless
of their 1*C age range, sample processing, or measurement timing. FIRI-
I, which is already found in cellulosic form, was subjected to two
chemical treatments. While one cannot detect variations in accuracy
among chemical treatments, again '*C values from a-cellulose seem to
be consistently on-target, and therefore more precise than those from
holocellulose alone.

Radiocarbon results for the late Holocene LENO13A F. cupressoides
series are shown in Table 1, as Fm*C and 1*C ages. Five sets of samples
of five-year sequences were processed to a-cellulose and holocellulose.
While it was not feasible to measure duplicates of both chemical treat-
ments for each calendar year range, in all cases *C results overlap
within +20 of each other, except for UCIAMS# 253,667, which appears
slightly older than its counterpart replicates (i.e., holocellulose
UCIAMS# 253,674 or a-cellulose UCIAMS# 255,230 fractions). Preci-
sion fitness was much higher among duplicates obtained from a-cellu-
lose extracts than among those obtained from holocellulose,
demonstrating once more that our a-cellulose treatment is equal to or
better than other traditional cleaning methods (Southon and Magana
2010). Still, the standard deviation between pairs (regardless of chem-
ical extract fraction) was better than the range/difference of the two

data points plus uncertainties.

4.3. Results from post-bomb samples

Techniques used to determine the preliminary ring counting dates of
H. petraeum tree species found at 1°S, 56°W have been reported else-
where (Linares et al., 2017), followed by their annual frequency vali-
dation by *C. To examine atmospheric circulation patterns and local
anthropogenic activities from the Central Brazilian Amazon, a full
sequence of 63 single tree rings from 1938 to 2007 from this tree spe-
cies/site has been recently measured by *C (122 results in total) and
published in Santos et al. (2022), using interlaboratory a-cellulose ex-
tracts obtained from two laboratories. Here, we report isolated a-cellu-
lose extracts from 11 pre-assigned calendar years spread over a range of
30 years that were subjected to the protocol summarized at the PFD
(Fig. 3). Optimal matches between stem tissue growth (Dec-May) for the
11 calendrical dates and atmospheric post-1950 AD *C calibration
curves of Southern Hemisphere (SH) Zone 3 bomb curves (Hua et al.,
2013, 2022) were found and are displayed in Fig. 6.

For each calendar year measured in this study, 2-5 samples were
processed, and 1*C-AMS targets were measured on multiple occasions.
Radiocarbon results were similar at each instance, so symbols in Fig. 6
basically overlap each other. To better understand the results of these
different tree rings/!*C data, we show the changes in F**C value of each
calendar year as AF**C in Fig. 7. Weighted mean F**C and propagated
errors are also displayed. Remarkably precise results have been
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Fig. 5. Above are the '*C values for four pre-bomb sub-fossil reference materials.

extracts produced at CIGA.

obtained, regardless of timestamps measured.

Three calendar years (1956, 1960, and 1970) provided enough ma-
terial for 8'3C analysis to be measured in duplication. Those calendar
years were evaluated by stable C isotope ratio in order to confirm cel-
lulose extract homogeneity. Their §!3C averaged values are —25.1,
—25.6, and —25.5%o, respectively. Estimating precision using duplicate
measurements yielded £0.01% or less, a standard deviation perfor-
mance modestly better than that reported by Laumer et al. (2009).
Equivalently, these results also illustrate the closeness between isotopic
results, and therefore are another indicator of a-cellulose homogeneity
precision. Twenty-five FIRI-J barley mash samples, a post-bomb refer-
ence material, were also processed alongside H. petraeum tree rings.
Weighted mean F**C and propagated errors are displayed in Fig. 7, and
they also overlapped with the consensus value reported in Scott et al.
(2004). Due to the properties of natural barley mash, the FIRI-J broke
down quickly in the a-cellulose chemical treatment and yielded roughly
a 10% recovery.

4.4. Results from FTIR analysis

In line with other C studies (Hajdas et al., 2017; Michczynska et al.,
2018; Fogtmann-Schulz et al., 2021; Van der Wal 2021), we utilized
FTIR spectral differences in order to evaluate organic compound con-
tents and removal after chemical treatments. We analyzed a tropical
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wood known to contain significant amounts of parenchymatous tissues
and extractive compounds, and the effects of the main three chemical
preparation steps we used to obtain homogenized a-cellulose fibers (i.e.,
ABA, bleaching/holocellulose, and delignification/a-cellulose). For this
purpose, particles of <250 pm H. petraeum wood (Fig. 1) were ground,
divided into three parts, and taken to the chemical extracts of interest,
following the protocol in Fig. 3. An early aliquot of H. petraeum single
tree ring extracted and homogenized to a-cellulose microfibers from
chips was also analyzed. The resulting spectra are shown in Fig. 8.

This simple but helpful visual inspection of wood products after
chemical processes by FTIR supports the effective removal of wood ex-
tractives, as well as other mobile carbon compounds of wood.
H. petraeum wood original compounds were well identified by cellulose,
lignin, hemicellulose, and extractives at the spectra of the corresponding
untreated wood spectrum. No contamination can be seen surrounding
the 1649 cm™! resin peak area of final treated products (e.g., hol-
ocellulose and a-cellulose extracts). Many of the aromatic wood-based
compounds shown in the untreated wood spectrum (in the region be-
tween 1600 and 1100 cm’l) are still present after the ABA treatment.
Our findings are similar to those of Michczynska et al. (2018) when
studying tree species of Pinus sylvestris L. from the Younger Dryas and
Allergd period.

Resin peak and aromatic compounds have disappeared from the
holocellulose and a-cellulose spectra (Fig. 8). In fact, very little
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difference can be observed between those chemical treatments. Both
showed the typical bending vibrations of the C-H and C-O groups of the
polysaccharides at 1330-1380 cm ™, the C-O-C asymmetric stretching
vibrations at the 1161 ecm ™! range associated with cellulose I and cel-
lulose II, and the peak intensities around 900 cm™! attributed to in-
teractions between glycosidic linkages and glucose units of the cellulose,
as described in Aguayo et al. (2018). Still, the absorption peaks in the
1500-850 c¢m ! region are slightly better defined from a-cellulose ex-
tracts than from the holocellulose, possibly due to delignification using
NaOH treatment within 15-20 wt % at approximately 25 °C (Oh et al.,
2005). It is unclear, however, if such small changes would bear distinct
14¢ data, as we have not analyzed holocellulose aliquots of H. petraeum
by 14C in this study. Michczyriska et al. (2018) showed that insoluble
constituents of holocellulose and a-cellulose of pine species are roughly
similar in chemical composition by FTIR as well as '*C analysis.

While H. petraeum a-cellulose extracts’ FTIR spectra of both powder
and chips (Fig. 8) support the full length of our protocol’s delignification
process (see Richard et al., 2014), we still prefer to use wood chips
during sample chemical treatments. Wood chips helps on eliminate
wood losses during solution aspiration, as well as helps to avoid
centrifugation between chemical steps.

We also compared the FTIR of the remaining a-cellulose microfibers
of the tropical tree species H. petraeum (this study and Santos et al.,
2022), Peltogyne paniculata and Cedrela fissilis (Santos et al., 2021)
against Belfast pine FIRI-F (Pinus sylvestris L.) using our extraction
method (cf. Fig. 3). Cellulose IAEA-C3 standard, as it was distributed to
labs, was used as reference. The resulting spectra from these compari-
sons are shown in Fig. 9 in the range of 800-4000 em?, so that the
absorbance peaks at the 3400-3300 cm ™! regions could be included as
well. Those peaks are the stretching and bending vibrations of the OH
and CH groups of cellulose (Oh et al., 2005; Aguayo et al., 2018). As
shown in Fig. 9, the resulting spectra, which include all a-cellulose ex-
tracts from different tropical species (H. petraeum, P. paniculata and C.
fissilis) plus Belfast pine (FIRI-F), show remarkable agreement with each
other. They also agree with the well-known cellulose inter-comparison
material IAEA-C3 extracted by others. All main peaks of cellulose are
displayed, as well as the missing resin peak after chemical processing.
The latter is crucial when dealing with post-bomb tree rings at annual
resolution, as resins can become translocated within wood tissue. Note
that the samples evaluated here are the remaining cellulose fibrils

produced originally for this study and others with similar objectives (i.
e., high-quality cellulose extracts for 1*C analysis; Figs. 4-7, and results
reported in Santos et al., 2021).

Finally, even though wood materials from rings before 1954 were
exhausted in the previous study (Santos et al., 2022), and were not
retested here, previous results showed that our chemical protocol to
produce a-cellulose completely removed transported metabolites be-
tween consecutive years. Otherwise, bomb-derived l4c levels, trans-
ferred in pre-bomb wood, would show up and appear unusually elevated
during this age-period (Stuiver and Quay 1981). The pre-bomb *C re-
sults of H. petraeum tree species shown in Santos et al. (2022) match with
expected values, and reinforce the high quality of the a-cellulose extracts
produced here.

4.5. The effectiveness of a versatile and inclusive a-cellulose procedure

Cellulose is an important component in plants’ cell walls and is often
separated from other compounds, such as hemicelluloses, lignin, and
extractives, by chemical steps for it to be used in isotopic studies. Newly
developed cellulose-rich residual fraction protocols have focused on
boosting the number of extracts per batch when maintaining *C result
reliability (Gillespie, 2019; Santos et al., 2020; Fogtmann-Schulz et al.,
2021). However, due to the large array of 14C dating ages, complete and
thorough investigations on reducing contamination as well as increasing
efficiency, accuracy, and precision tend to focus on specific '*C age
groups (the pre- or post-bomb timescale), effective ways to deal with
woods within the *C limit, and/or levels of structural degradation (e.g.,
Southon and Magana, 2010, Santos and Ormsby, 2013, Hajdas et al.,
2017; Gillespie, 2019; Michczynska et al., 2018; Lange et al., 2019,
Cercatillo et al., 2021). Thus far, a universal 14¢ wood procedure has
been deemed difficult to accomplish.

Hence, we developed an a-cellulose procedure for a large array of '*C
ages. The procedure’s effectiveness has been demonstrated on multiple
types of woody materials (e.g., 1*C-free and sub-fossil rimu, spruce, oak,
pine, and post-bomb barley). But even more impressively, the proced-
ure’s accuracy and precision have been found using the Chilean long-
lived conifer F. cupressoides (Table 1) and Amazon basin tropical pa-
renchyma rich woods (H. petraeum, this study). Other Amazon Basin
tropical trees, the deciduous tree species of P. paniculata and C. fissilis
(Santos et al., 2021), were accurately measured as well. Many of those
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Fig. 7. Radiocarbon values for post-bomb H. petraeum of the 11 selected calendar years (36 results in total) as well as those from FIRI-J barley, used as secondary
. Results include various batches measurement dates.

standard on a-cellulose extractions and '*C-AMS measurements
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Table 1
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Results of '*C measurements for wood LENO13A F. cupressoides series. Measurements were made for wood samples treated using a-cellulose at KCCAMS according to
Fig. 3, as well as the CIGA’s holocellulose extracts, obtained as described in Southon and Magana (2010). All samples were converted into graphite at KCCAMS, and
measured in the same spectrometer. For background corrections we used '*C-free woods, AR2, subject to the same chemical treatments as the late Holocene samples.

Sample name” UCIAMS# Dated material Fl4c + 14C age (yrs BP) + Avg. of dupl. St. dev. of dupl.

LENO13A-003W 438-442CE 255,222 a-cellulose 0.8176 0.0010 1620 15 1623 4
255,223 a-cellulose 0.8170 0.0011 1625 15
253,653 holocellulose 0.8181 0.0014 1615 15

LENO013A-004W 433-437CE 255,224 a-cellulose 0.8162 0.0013 1630 15
253,654 holocellulose 0.8180 0.0013 1615 15 1620 7
253,671 holocellulose 0.8170 0.0015 1625 15

LENO013A-008W 413-417CE 255,226 a-cellulose 0.8094 0.0010 1700 15
253,658 holocellulose 0.8096 0.0013 1695 15 1685 14
253,672 holocellulose 0.8116 0.0013 1675 15

LENO013A-013W 388-392CE 255,227 a-cellulose 0.8074 0.0010 1720 15 1720 0
255,228 a-cellulose 0.8074 0.0012 1720 15
253,673 holocellulose 0.8080 0.0013 1715 15

LENO013A-017W 368-372CE 255,230 a-cellulose 0.8068 0.0011 1725 15
253,667 holocellulose 0.8032 0.0013 1760 15 1738 32
253,674 holocellulose 0.8078 0.0013 1715 15

@ Each LENO13A - sample was processed in triplicate using different chemical extractions; dupl. — short for duplicate.
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Fig. 8. FTIR spectra of the parenchyma-rich
H. petraeum samples subjected to the chemical prep-
aration methods ABA, holocellulose, and «-cellulose
(cf. Fig. 3), using a single batch of wood reduced to
<250 pm particles. Spectra of untreated wood and
a-cellulose fibers extracted on a separate occasion
directly from reduced chips are also shown. Wave-
number for stretching vibrations associated with
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most aromatic rings of lignin, hemicellulose, and
cellulose tend to happen. For a better visualization of
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cm ™!, This wavelength range corresponds to the re-
gion where many soluble wood compounds are found,
and can be chemically removed once treatment reach
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Fig. 9. For visualization’s sake, individual a-cellulose spectrum associated with samples are shifted vertically from reference cellulose IAEA-C3 spectrum. CF =
C. fissilis, PP = P. paniculata (those are tropical tree species reported in Santos et al., 2021), and HP = H. petraeum (this study). Here, the full spectral range is shown
except for the region below 200 cm™! to avoid the noise at the low wavenumber end of each spectrum.

11



G.M. Santos et al.

wood samples are rich in extractive substances, such as terpenoids and
steroids, waxes, fats, and phenolics (Willfor et al., 2003; Pinto et al.,
2018). Here, we also showed that our extraction method (cf. Fig. 3) can
remove resins from Belfast pine FIRI-F (Pinus sylvestris L.) (Fig. 9). Pine
woods are known to be highly resinous (<10% by dry-weight of wood),
as shown by the FTIR spectra of untreated whole wood in Rinne et al.
(2005).

The procedure’s high success rate in organic extractive removal
(Fig. 8) may be attributed to the cycling of 1N acid-base-acid treatments
at 70 °C, of the standard ABA treatment. Treating plant material with
warm diluted acid hydrolysis is known to help to remove organic ex-
tractives and soluble sugars, as well as to condition lignin (Pingali et al.,
2010). Moreover, experiments in sub-fossil woods (Gillespie, 2019; Van
der Wal 2021) and **C pantropical tree species (Hadad et al., 2015;
Baker et al., 2017; Linares et al., 2017; Beramendi-Orosco et al., 2018;
Santos et al., 2015, 2020, 2021; Ancapichtin et al., 2021) have shown
that removal of extractives with organic solvents is not paramount for
accurate '“C results. Thus, our analysis, as well as holocellulose extracts
conducted by CIGA, have excluded organic solvent treatments for
obtaining cellulosic extracts. Second, the application of diluted NaOH to
woody parts before the bleaching stage allows for the initiation of
delignification, where the bonds between the lignin and the carbohy-
drates can be weakened (Lehto and Alén 2015). For the remaining
portion of our a-cellulose method, the bleaching procedure did not also
differ significantly from others, except for the removal of glacial acetic
acid as a buffer to activate the chlorite solution. As suggested by Southon
and Magana (2010), we replaced this carbon-containing buffer by equal
volumes of 1N HCI and 1M NacClO; solution during complete delignifi-
cation. We also adopted the alkaline extraction step of 17% (weight/-
volume) NaOH for 1 h at room temperature for hemicellulose removal
(Oh et al., 2005), and the 1N HCI treatment at 70 °C afterwards before
water washes. However, our procedure differs from Southon and Mag-
ana (2010) in many ways. We kept sample sizes between 10 and 30 mg
per test tube treated (except for blanks and barley, where 40 mg was
allowed), so that the total bleaching time could be reduced to less than 3
h. Studies carried out by others had already demonstrated that an
extended bleaching duration time beyond 3 h is unnecessary to reach
complete delignification (Fogtmann-Schulz et al., 2021). In our case,
delignification completion was determined when the reaction
(bubbling) stopped, and by the visual inspection of the holocellulose
extracts (whiteness level). Both seem to be effective means of deter-
mining reaction duration, as demonstrated by the FTIR spectra of the
final products (Figs. 8 and 9). We also introduced an additional 1N HCl
rinse, just after the 1:1 mixture of 1N HCl and 1M NaClO; (bleaching), to
help on completely remove Cl; residues, as well as create a stopping
point for leaving samples to rest overnight at room temperature.

More extreme variations included the replacement of the freeze-
vacuum-drying step by heat-block-drying overnight, which allowed us
to obtain smaller '*C data variations, especially for the '*C-free a-cel-
lulose AVR and AR2 results (Fig. 4). Other important changes were
attentive wood cutting before starting chemical extractions (Fig. 2; S1
video - supplementary data) and homogenization of cellulose bundles
toward the end of the procedure (Fig. 3). Both steps allowed us to
repeatedly obtain accurate and precise radiocarbon dating results of
a-cellulose extracts of post-bomb H. petraeum tree rings (Fig. 6), as well
as from other tropical tree species (Santos et al., 2021), including from
the calendar years with the highest variations of atmospheric “C.
Moreover, our chemical procedure seems to handle extremely well with
the isolation of structural carbon from woods with abundant paren-
chyma cells. Such structures (Fig. 1) are known to store nonstructural
carbon compounds (Plavcova and Jansen 2015), which can be older
than wood stem tissue (Richardson et al., 2013). In this study, we also
removed several unwanted wood compounds (Fig. 8), including phe-
nolics. P. paniculata tree species, reported in Santos et al. (2021) and
FTIR analyzed here (Fig. 9), are known to be loaded with phenolic
compounds, which gives it a natural rosacea timber coloration. In order
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to strip these compounds, first acid treatment of ABA (Fig. 3) was
repeated until the supernatant moved from bright-pink (Fig. S2) to clear.
As a result, both FTIR spectra (Fig. 9) and 14C results (reported in Santos
et al., 2021) were in alignment with expected values of pure a-cellulose
extracts.

The simplicity of this hand-operated procedure, which relies on in-
dividual test tubes, also allows for some flexibility and adjustments. The
wet chemical procedure can be carried on for only a single day, or it can
be spread out into two or three days (Fig. 3). No differences in extract
quality and/or '*C results were found according to the way sample
batches were produced. A hand-operated method may be deemed a
limiting factor. But the freedom to adjust loaded batches and chemical
volumes up or down as desired avoids the wait for an exact number of
samples to begin the procedure. Since this protocol relies mostly on off-
the-shelf purified-grade chemicals and the use of single-use (disposable)
items, the steps associated with pre-cleaning and sterilizing materials
are minimized. Individual test tubes prevent cross-contamination and
provide 1*C quality assurance. We can conclude that we have perfected a
simpler, straightforward, but robust unique protocol that can secure
high-quality a-cellulose extracts for '*C analysis of several types of
woods of different ages, including tropical trees. Small modifications
ensured better background C results, as well as remarkably accurate
and precise results for post-bomb single tree rings.

4.6. Implications for tropical tree-ring atmospheric **C reconstructions
and beyond

Many ongoing efforts to optimize the *C timescale have allowed
researchers to produce calibration curves beyond 50 cal kyr BP (Hogg
et al., 2020; Reimer et al., 2020; Hua et al., 2022). Since just a few
biological materials can reliably accumulate annual layers (e.g., tree
rings, varves, corals, speleothems; Hughen et al., 2004) to help extend
the atmospheric 1*C time series, dendrochronologically dated tree rings
still dominate the development and improvement of C calibration
curves. To this end, measurements of 1*C in tree rings have been taken
routinely within five years to the decadal scale (i.e., 5- or 10-year ring
measurements) for tree-ring/**C chronologies beyond 1950 AD, while
single tree-ring measurements have been mostly used for the post-1950
AD period. Recently, several 1-year ring measurements have been also
produced from portions of the pre-1950 AD period to better understand
extremely rapid fluctuations in the #C record in association with
astrophysical phenomena (Miyake et al., 2012, 2017; Jull et al., 2014;
Giittler et al., 2015; Park et al., 2017; Wang et al., 2017), and/or just for
the sake of improving the identification of the ages of significant events
(Friedrich et al., 2020), or to increase the robustness of existing datasets
(Pearson et al., 2020). As a refinement of such single tree ring l4c
measurements, researchers have been proposing to measure just one
wood fraction (e.g., late wood - Pearson et al., 2020). The difference
between early and late wood may be known as intra-annual, or
sub-annual variability, and may result from atmospheric changes or
stored carbon (Grootes et al., 1989; Pilcher 1995; Robertson et al.,
1997). Intra-annual variability may also be affected by tree species and
environmental factors (Kudsk et al., 2018). It is also worth noting that to
prevent the influence of old 1C storage in tree rings, o-cellulose frac-
tions should be preferentially used for *C measurements (Kudsk et al.,
2018; Santos et al., 2021, 2022). However, early versus late wood l4c
measurements have been limited to few tree species in the extra tropics
(Kudsk et al., 2018; Pearson et al., 2020), and insufficient statistical
information (e.g., data replication — McDonald et al., 2019).

Until further data can be compiled from multiple tree-species and
locations, 1*C measurements of whole single tree rings when investi-
gating 1*C reconstructions or industrial effects are preferable (see sug-
gestions in Hua et al., 2022). As we demonstrated here, high levels of
replication/precision can be obtained from whole rings, so that wood
composition variability is insignificant relative to the true atmospheric
isotopic signal from when the photosynthates were formed and stored.
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This was possible due to: i) careful separation of whole tree rings from
wood cross-sections or increment-core (Santos et al., 2021, for example),
followed by ii) evaluation under microscopy (to assure growing season
uniformity) before reducing them to wood chips (Fig. 2), and iii)
extraction to a-cellulose microfibers by a rigorously tested procedure
supported with large numbers of all kinds of reference materials and
H4C-free samples.

While tropical tree-ring atmospheric *C reconstructions is still in its
infancy compared to the extra tropic works, high levels of replication/
precision (Figs. 6 and 7) can be obtained when the precautions
mentioned above are applied. As such, a full sequence of 63 single tree
rings from 1938 to 2007 from H. petraeum tree species found at 1°S,
56°W has been recently measured by 14C (122 results in total) and
published in Santos et al. (2022). Fifty-six of the 1*C results reported
were obtained using the a-cellulose microfibers procedure described in
Fig. 3, with the remaining results using extracts from another procedure,
as an interlaboratory approach (standard deviation of 0.3%). In Santos
etal. (2021), post-1950 AD tree ring **C results pertaining to 6 calendar
years among 7, but from coexisting tree species from sites separated by
less than 10 km (e.g., C. fissilis and P. paniculata), 1*C values were within
+20 of each other. It seems that our protocol allows us to precisely
capture local atmospheric 1*CO, distributions, even when we utilize tree
species with lifecycles that are most likely slightly misaligned. These
examples reinforced the findings of the present study, and will help us
move forward on mapping past and present-day “CO, distribution in
trees in places where air-sampling stations are not available.

This is rather important, as currently there is still little data to better
define intrahemispheric offsets, which define the geographical division
of the most recent *C atmospheric timescale (i.e., the last 70 years; Hua
et al., 2022). Further tree ring atmospheric ¢ reconstructions across
distinct latitudinal and longitudinal regions will helps us evaluate future
changes: e.g., how atmospheric circulation may change as the climate
warms and how trees will cope under extreme climatic conditions. We
believe that our method can help to expedite the production of new *4C
records.

5. Conclusions

Findings from our study, which is based on a statistically significant
number of measurements, demonstrate that a universal o-cellulose
procedure can be applied with high degrees of reliability from wood
materials ranging from the *C limit to the post-bomb era. In sum, our
procedure repeatedly yields accurate and precise 1*C results, regardless
of wood types, myriads of natural wood extractives, varying loads and
allocations of labile carbon in wood cells, and most importantly, their
14¢C age group. Radiocarbon results from cellulosic extracts were on the
order of 0.2% based on a simple pooled standard deviation calculation.
Nonetheless, we chose to quote an accuracy/precision of 0.29% to
include the standard deviations of measurements of organic combusti-
bles (OX-IIs and ANUs), which were measured with cellulosic samples
for spectrometer quality control.

The chemical procedure for isolating cellulose per se is not very
different from other simpler treatments already described in the litera-
ture. Nonetheless, the success of the improved procedure has been
attributed to modifications both before and after chemical treatment
takes place. Special attention has been given to tree-ring dissection and
wood sample preparation before the chemical procedure is applied, to
microfiber homogenization upon a-cellulose extraction, and to micro-
fiber drying, so that high-quality and reliable results can be obtained.
Our results also support previous studies indicating that solvent
extraction prior to chemical bleaching during cellulose extraction can be
suppressed. Moreover, this procedure is very versatile and inclusive. It
can be easily scaled up or down and/or modified on demand (i.e., steps
can be easily added or removed, depending on wood sample
specifications).

Here, we demonstrate very small differences in 1*C signatures within
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a growing season through replication of results. Therefore, we feel that
our simpler and straightforward a-cellulose procedure would benefit the
scientific community by providing faithful signatures of past atmo-
spheric 1*CO, variations as well carbon isotopic analysis for a variety of
studies.
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