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ABSTRACT. The Laboratoire de Mesure du Carbone 14 (LMC14) has operated a radiocarbon dating laboratory for
almost twenty years with ARTEMIS, the Accelerator Mass Spectrometer (AMS) based on a NEC 9SDH-2 Pelletron
tandem accelerator. A first status report describing the chemical pretreatment methods was published in 2017
(Dumoulin et al. 2017). This article summarizes updates of the routine procedures and presents new protocols. The
quality checks in place at the LMC14 and results obtained for the GIRI international inter-comparison are reported.
New protocols developed by the laboratory over the last five years are described with the preparation of iron, lead
white, cellulose, calcium oxalate, and mortar. This report also provides a summary of practical information for sample
preparation and can help the laboratory users who provide samples and publish results to better understand all the work
behind a 14C dating.
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INTRODUCTION

The Laboratoire de Mesure du Carbone 14 (LMC14) was established in 2003 in Saclay,
France. This facility is a national laboratory and uses a 9SDH-2 Pelletron tandem accelerator
from National Electrostatic Corporation (NEC). The accelerator mass spectrometer (AMS)
ARTEMIS is dedicated to radiocarbon measurement and is funded by the following French
research institutions: the Commissariat à l’Energie Atomique et aux Energies Alternatives
(CEA), the Centre National de la Recherche Scientifique (CNRS), the Institut de Recherche
pour le Développement (IRD), the Institut de Radioprotection et de Sureté Nucléaire (IRSN),
and the Ministère de la Culture (MC).

In 2023, the laboratory will celebrate its 20th anniversary and more than 70,000 samples of very
different natures and origins will have been measured (Beck et al. 2023). In 2017, a status report
explaining our protocols and laboratory procedures was published (Dumoulin et al. 2017).
Over the last five years, “routine” protocols have continued to be applied on charcoals, wood
or plant remains, shells, corals or foraminifera but also on artefacts containing various carbon
contents such as paint, leather, wax or pearl. The quality of our procedures is often tested with
international inter-comparison campaigns and the latest results for the GIRI inter-comparison
are presented. More recently, new protocols have been developed to expand our range of
datable materials and take into account the expectations of new archaeological projects. The
specific protocols implemented for dating iron, cellulose (wood), calcium oxalates (rock art),
mortars (buildings) or lead white (cosmetics and paintings) will be detailed.

SERVICE ACTIVITY: SAMPLE PREPARATION AND QUALITY CONTROL

As described in Dumoulin et al. (2017), for the service activity, two main types of samples are
treated: carbonates and organic matter (OM). Carbonates include shell, coral, foraminifera,
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calcite crust or speleothems. After a microscope inspection and, if necessary, sand blasting, the
samples are leached in a 10–2 N acid solution for 15 min. OM, including charcoals, wood,
plants, peats and sediments are also subjected to microscopic examination to remove mineral
grains and potential contaminants such as synthetic fibers or rootlets. Then, the samples are
treated with the classical ABA method: acid (HCl, 0,5N, 80°C, 1 hr)—base (NaOH 0.1N,
80°C, 1 hr)—acid (HCl 0.5N, 80°C, 1 hr).

Sometimes, less common samples are dated in the laboratory with the same ABA protocol
adapted according to the type, the fragility or the amount of the sample. This is the case for
textile, rope, leather or paint and canvas (Beck et al. 2017; Quiles et al. 2021; Bonnot-Diconne
et al. 2021; Beck 2022; Beck et al. 2022a). Some samples are directly combusted or hydrolysed
without any pretreatment because the material is pure and was sampled directly inside the
matrix; this is the case for pearls, amber or wax (Reiche et al. 2021; Beck et al. 2022b).

To control the efficiency of the pre-treatments as well as the quality of the measurements, the
LMC14 participated in the last international intercomparisons SIRI (Scott et al. 2017; Moreau
et al. 2020) and very recently GIRI. The LMC14 results for the GIRI are presented in Table 1.

The preparation and measurement of these GIRI samples, without knowing the consensus
values in advance, was a very interesting challenge for the national laboratory. The
presentation of the preliminary results at the Radiocarbon 24 International Conference in
Zürich, Switzerland (Scott et al. forthcoming) makes it possible to assess the performance of the
laboratory, and therefore the quality of the preparations and measurements carried out. A
simple statistical test is used to evaluate each individual result: the z-score, defined as follows:

z � XM � XA

σP

where XM is the reported result, XA the assigned or true value for the sample and σP the target
value for the standard deviation. Here the assigned value is the median calculated on the entire
results given by the participating intercomparison laboratory and the quoted error is used
for σP.

The interpretation of the z-score results is done as follows:

z-score = 0: it means a “perfect” result.

z-scorej j ≤ 2: the single measurement result is “satisfactory”.

2 < z-scorej j < 3: the single measurement result is still quite good but, “warning”, the
agreement between the result with its error and the consensus value begins to be less good.

z-scorej j3: this would be a very unusual result and further “investigation” would be needed to
find out the reason for the discrepancy.

The results of the GIRI sample prepared and blindly measured on the LMC14 ARTEMIS
AMS facility show excellent agreement with the preliminary consensus values of each sample.
The z-score values are, with the exception of one case out of the 51 results, less than 2, which
means “satisfactory”. These results show the excellent performance of the LMC14 in C14
analysis.
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Table 1 LMC14 GIRI results. In this table, the values are not rounded as is the usual practice with radiocarbon results. Fm is the fraction
modern of the sample background corrected. Results not distinguishable from the background are indicated as < in Fraction modern (Fm)
and > in Before Present (BP).

GIRI
Sample
code

LMC14
Sample
reference

δ13C ± 1σ
error

(permil)
Fm value ± 1σ

error
Age ± 1σ
error (BP)

Age
limit

LMC14 Fm Mean
value ± 1σ error

z-
score

z-score
interpretation

A SacA 65972 –25.9 ± 0.5 1.16185 ± 0.00445 1.16367 ± 0.00337 –0.75 Satisfactory
A SacA 65973 –25.5 ± 0.4 1.16891 ± 0.00440 0.84 Satisfactory
A SacA 65974 –21.1 ± 0.5 1.16058 ± 0.00425 –1.09 Satisfactory
A SacA 66566 –24.8 ± 0.2 1.16507 ± 0.00436 –0.03 Satisfactory
A SacA 66567 –25.2 ± 0.3 1.16194 ± 0.00422 –0.77 Satisfactory
B SacA 65975 –28.5 ± 0.3 0.22985 ± 0.00110 11811 ± 38 0.22892 ± 0.00100 0.03 Satisfactory
B SacA 65976 –26.3 ± 0.6 0.22906 ± 0.00108 11839 ± 38 0.76 Satisfactory
B SacA 65977 –29.6 ± 0.6 0.22785 ± 0.00124 11881 ± 44 1.61 Satisfactory
C SacA 65978 –34.0 ± 0.3 1.02391 ± 0.00371 1.02424 ± 0.00053 0.38 Satisfactory
C SacA 65979 –32.4 ± 0.3 1.02396 ± 0.00380 0.38 Satisfactory
C SacA 65980 –32.6 ± 0.4 1.02485 ± 0.00381 0.62 Satisfactory
D SacA 65981 –31.3 ± 0.4 0.62401 ± 0.00195 3788 ± 30 0.62419 ± 0.00127 –1.02 Satisfactory
D SacA 65982 –29.7 ± 0.4 0.62303 ± 0.00172 3801 ± 30 –0.58 Satisfactory
D SacA 65983 –29.3 ± 0.4 0.62555 ± 0.00180 3768 ± 30 –1.68 Satisfactory
E SacA 65984 –32.8 ± 0.6 0.95250 ± 0.00242 391 ± 30 0.95379 ± 0.00360 0.37 Satisfactory
E SacA 65985 –27.6 ± 0.4 0.95794 ± 0.00188 345 ± 30 –1.17 Satisfactory
E SacA 65986 –28.2 ± 0.4 0.95687 ± 0.00184 354 ± 30 –0.87 Satisfactory
E SacA 66568 –25.8 ± 0.2 0.95253 ± 0.00201 391 ± 30 0.37 Satisfactory
E SacA 66569 –24.8 ± 0.3 0.94911 ± 0.00212 420 ± 30 1.33 Satisfactory
F SacA 65987 –28.4 ± 0.2 1.00842 ± 0.00380 1.01236 ± 0.00528 –1.89 Satisfactory
F SacA 65988 –25.9 ± 0.3 1.00509 ± 0.00368 –2.86 Warning
F SacA 65989 –28.4 ± 0.4 1.01611 ± 0.00375 0.14 Satisfactory
F SacA 66570 –27.9 ± 0.3 1.01682 ± 0.00384 0.32 Satisfactory
F SacA 66571 –27.6 ± 0.3 1.01535 ± 0.00380 –0.07 Satisfactory
G SacA 65990 –24.3 ± 0.3 0.56755 ± 0.00145 4550 ± 30 0.56824 ± 0.00063 0.80 Satisfactory
G SacA 65991 –24.3 ± 0.3 0.56880 ± 0.00158 4532 ± 30 0.20 Satisfactory
G SacA 65992 –24.7 ± 0.3 0.56836 ± 0.00148 4539 ± 30 0.43 Satisfactory
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Table 1 (Continued )

GIRI
Sample
code

LMC14
Sample
reference

δ13C ± 1σ
error

(permil)
Fm value ± 1σ

error
Age ± 1σ
error (BP)

Age
limit

LMC14 Fm Mean
value ± 1σ error

z-
score

z-score
interpretation

HB SacA 65993 –20.6 ± 0.5 0.75828 ± 0.00183 2223 ± 30 0.75047 ± 0.00139 0.73 Satisfactory
HB SacA 65994 –21.0 ± 0.3 0.75912 ± 0.00170 2214 ± 30 0.43 Satisfactory
HB SacA 65995 –21.5 ± 0.3 0.76099 ± 0.00166 2194 ± 30 –0.23 Satisfactory
I SacA 65996 –22.7 ± 0.2 0.05218 ± 0.00083 23722 ± 128 0.05162 ± 0.00056 0.49 Satisfactory
I SacA 65997 –23.0 ± 0.3 0.05105 ± 0.00083 23897 ± 131 1.82 Satisfactory
I SacA 65998 –22.5 ± 0.4 0.05163 ± 0.00083 23807 ± 129 1.15 Satisfactory
J SacA 65999 –26.0 ± 0.3 0.00705 ± 0.00077 39804 ± 877 0.00715 ± 0.00026 1.35 Satisfactory
J SacA 66000 –26.0 ± 0.3 0.00745 ± 0.00077 39363 ± 835 0.89 Satisfactory
J SacA 66001 –23.8 ± 0.5 0.00697 ± 0.00077 39894 ± 888 1.44 Satisfactory
LB SacA 66002 –22.4 ± 0.5 0.75756 ± 0.00168 2230 ± 30 0.75678 ± 0.00071 –0.23 Satisfactory
LB SacA 66003 –20.0 ± 0.4 0.75619 ± 0.00175 2245 ± 30 0.27 Satisfactory
LB SacA 66004 –22.6 ± 0.4 0.75658 ± 0.00167 2241 ± 30 0.13 Satisfactory
M SacA 66005 –27.1 ± 0.3 0.98549 ± 0.00194 117 ± 30 0.98664 ± 0.00100 –0.47 Satisfactory
M SacA 66006 –25.5 ± 0.4 0.98710 ± 0.00196 104 ± 30 –0.91 Satisfactory
M SacA 66007 –27.5 ± 0.3 0.98732 ± 0.00191 103 ± 30 –0.94 Satisfactory
N SacA 66008 –20.5 ± 0.4 < 0.00190 Not distin-

guishable
> 50318 0.00186 ± 0.00015

N SacA 66009 –23.0 ± 0.4 < 0.00169 Not distin-
guishable

> 51254

N SacA 66010 –20.0 ± 0.4 < 0.00198 Not distin-
guishable

> 49993

O SacA 66011 –30.2 ± 0.3 0.22811 ± 0.00113 11872 ± 40 0.22869 ± 0.00051 1.38 Satisfactory
O SacA 66012 –28.8 ± 0.4 0.22898 ± 0.00117 11841 ± 41 0.59 Satisfactory
O SacA 66013 –27.1 ± 0.5 0.22899 ± 0.00115 11841 ± 40 0.60 Satisfactory
P SacA 66014 –25.4 ± 0.4 0.75392 ± 0.00181 2269 ± 30 0.75361 ± 0.00120 1.12 Satisfactory
P SacA 66015 –22.4 ± 0.4 0.75462 ± 0.00191 2262 ± 30 0.88 Satisfactory
P SacA 66016 –23.7 ± 0.4 0.75228 ± 0.00173 2287 ± 30 1.72 Satisfactory
Q SacA 66017 –25.2 ± 0.4 0.95446 ± 0.00194 374 ± 30 0.95592 ± 0.00336 1.23 Satisfactory
Q SacA 66018 –23.8 ± 0.5 0.95353 ± 0.00188 382 ± 30 1.50 Satisfactory
Q SacA 66019 –25.3 ± 0.3 0.95975 ± 0.00185 330 ± 30 –0.23 Satisfactory
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Figure 1 presents the average of the measurements in fraction modern for each of the GIRIs
according to the associated preliminary results in Fm (median of the values provided by the
participating international laboratories), coupled with their respective error bars, over the
entire time range reachable by 14C analysis.

By performing a linear fit on these points (consensus value in Fm; mean of experimental results
in Fm), a linear regression curve on plot 1 is obtained:

Fm exp result � a � Fm consensus value � b

with

Leading coefficient: a � 1:00002

y-intercept: b � �0:00064

Square of the correlation coefficient: R2 � 0:99998

The leading coefficient is equal to 1, to within 2 × 10�5. The y-intercept is close to zero and is a
negative value. It depends on the measured background level, which is greater than the
consensus value in this case. The correlation coefficient calculated from Pearson’s correlation
formula is very close to 1, to within 2 × 10�5, showing that there is no significant difference
between the experimental results and the associated consensus values over the entire time
domain accessible by radiocarbon analysis.

Figure 1 Linear regression on the Fm data coming from the intercomparison and the LMC14 results (mean per
sample).
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NEW DEVELOPMENTS FOR SAMPLE PREPARATION

Beside our service activity for the French scientific community, the laboratory develops new
protocols to widen the range of the datable materials and to respond to various challenges
raised in the context of different scientific collaborations.

Iron Objects

As tools, weapons or elements of architecture, iron objects are critical markers of societies
development for more than 3000 years. Until the beginning of the nineteenth century, iron was
produced from the reduction of iron ore by carbon oxide provided by the combustion of wood
charcoal. Carbon was trapped into the metallic matrix in the form of iron carbide with a 14C
content derivated from the wood charcoal used as fuel in the reduction process. In these
conditions, iron objects are suitable for direct radiocarbon dating. A specific methodology to
prepare samples taken from massive iron objects was developed in collaboration with the
Laboratoire Archéomatériaux et Prévision de l’Altération (CEA-CNRS, Saclay, France)
(Leroy et al. 2015). Prior to 14C dating, a metallographic study is performed on a cross-section
of the metal to inform on its micro-structure and avoid any risks of misdating that could be due
to the recycling process or to exogenous carbon. Then, sampling is done by drilling in the most
carburized areas of the cross-section that were determined by the metallographic observation.
However, when the iron piece is located within the object, as in the case of some bronze statues
reinforced with iron armatures, sampling is only possible by drilling the exposed part of the
armature directly (Leroy et al. 2021). Careful observation is necessary to select the most
appropriate part and avoid any damage to the artwork. Before drilling, the surface is sanded
down with a grinding wheel until the metallic surface is exposed and possible contamination
eliminated. The iron particles are then combusted at 850°C for 5 hr in an excess of CuO and
a 1 cm pure Ag wire (Dumoulin et al. 2017).

Another sampling protocol for iron alloys is being experimented with a laser beam. In the
literature, this technique is used for isotopic analysis of tooth enamel and shells (Rosenheim
et al. 2008; Garcia et al. 2015) and was also tested for 14C dating of organic matter by
Watchman et al. (1992). This method offers two advantages: the precision of sampling due to
the sharp beam that can be computer-monitored, and the one-step production of CO2 that
limits sample handling and consequently avoids possible contamination. A first experiment
was carried out to test the feasibility of this sampling procedure on a cast iron sample GL03-24
(2–3%C) coming from an iron-making archaeological site—the Glinet site—whose operation is
attested between 1480 and 1580 AD by historical texts (Arribet-Deroin 2001; Leroy et al.
2015). This iron piece was selected because of its homogeneous and high carbon content that
are more suitable for an initial experiment with the laser beam. The laser beam was produced
by an ytterbium pulsed fiber laser which provides a wavelength output at around 1064 nm
(YLP-V2 1mJ series from IPG Laser) and operates at 20Wwith 140 ns temporal width. A cross
section was prepared and enclosed in a cell pumped until 10–5 mbar and filled with 250 mbar of
pure oxygen. A 4.5 cm2 area was scanned by the laser beam for 8 hr and 4.6 mg of carbon in the
form of CO2 was recovered for graphitization on the automated graphitization line (Dumoulin
et al. 2017). Two dates were obtained (Table 2)—360 ± 30 BP and 345 ± 30 BP—that gave a
calibrated range between the middle of the 15th century and the middle of the 17th century, in
perfect agreement with the expected period of metallurgical activity of the Glinet metallurgical
site. These initial results suggest several possibilities for improvement. In particular, the laser
ablation parameters need to be optimized to increase the carbon extraction yield and its
oxidation in CO2.

6 J-P Dumoulin et al.
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Lead White Used as Cosmetic and Pigment

Lead white was one of the most important pigments used for more than 25 centuries. This
pigment, composed of cerussite, (PbCO3) and hydrocerussite, (Pb3(CO3)2(OH)2) occurs in
nature but was also manufactured from the 4th–3rd centuries BC to the early 20th century.
During this long period, and until the 19th century, lead white was synthesized by corrosion,
involving lead, vinegar and a fermenting medium (such as horse manure). Then, new industrial
processes using fossil sources of CO2 were developed to produce large amounts of lead white.
Synthetic lead carbonates have been shown to carry the carbon isotopic signature of the initial
ingredients (Messager et al. 2022; Beck et al. 2023 in this collection) leading to a possible
absolute dating of lead white by 14C when all the ingredients participating in its synthesis are of
organic origin. This hypothesis has been confirmed by the successful radiocarbon dating of
Greek cosmetics (Beck et al. 2018), Roman collyria (Messager et al. 2021), pigment (Messager
et al. 2022) and paint (Beck et al. 2018; Messager et al. 2019; Hendriks et al. 2019, 2020b; Beck
et al. 2020). On the contrary, when lead carbonates are produced using a fossil source of CO2,
absolute dating is not possible. However, the absence of 14C allows the identification of modern
productions that are therefore indirectly dated (Messager et al. 2022).

To prepare carbonate samples for radiocarbon analysis, acid hydrolysis is usually performed.
However, this procedure is not carbonate selective in the case of a mixture of lead white and
calcite, which is very common in paintings. In order to avoid contamination by dead carbon
from calcite, the thermal decomposition approach was investigated, showing that heating the
sample to 400°C leads to the release of CO2 from lead carbonate only when mixed with calcite
(Beck et al. 2019). However, when lead white and linseed oil are mixed to form a paint layer,
part of the linseed oil also decomposes at 400°C (Messager et al. 2020). The proportion of
linseed oil extracted during the thermal preparation contributes to the radiocarbon dating of
the paint layer together with lead white. If the two ingredients are contemporaneous, the partial
decomposition of the binder does not alter the date obtained from lead white. In the case of
acrylic-based paints, however, the small quantity of CO2 extracted will give an incorrect
apparent age. To overcome this issue, it is necessary to decrease the heating temperature to
250°C–300°C as also pointed out by Hendriks et al. (2020a) for paint reconstructions prepared
with linseed oil, lead carbonate and calcium carbonate. In conclusion, it is important to
chemically characterize the paint layer before 14C dating to adjust the decomposition
temperature.

Calcium Oxalates

Dating rock paintings is difficult as the carbon content of the paint layers is tiny or sometimes
non-existent. The 14C dating of calcium oxalate deposits covering the rock paintings can then
provide a limit, a terminus ante quem for the age of the rock art. A technique was tested for the
chemical extraction of oxalates (Figure 2) from the mineral crust taken from decorated walls in
Namibia (Erongo Massif).

Table 2 14C dates obtained on archaeological cast iron after collecting CO2 by laser ablation.
The results are in agreement with the expected range of dates 1480–1580 AD.

Sample Lab ID mg C δ13C ‰ BP age Calibrated range at 95.4%

GL03-24 SacA 56907 1.76 –27.5 360 ± 30 1450 AD–1635 AD
SacA 56908 1.63 –29.8 345 ± 30 1465 AD–1638 AD
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The powdered material (between 200 and 400 mg) was introduced in a NaOH solution (0.5N)
at 60°C for 1 hr to remove humic acids. After extensive rinsing with Milli-Q® water, the sample
was treated with 6N HCl at 60°C, to remove carbonates and to dissolve the calcium oxalates
and in particular the whewellite (CaC2O4·H2O) and the weddellite (CaC2O4·2H2O). After 1 hr,
the solution was centrifuged and the supernatant was decanted and saved. The precipitate,
called “residue”, which contain various solids such as silica, pollen, charcoal or windblown
material was removed. The supernatant containing oxalic and HCl acids was evaporated,
washed with ultra-pure water and evaporated several times to remove a maximum of HCl with
the evaporation. It avoids having strong acid fumes during combustion which can weaken and
break the quartz tube.

Oxalate and the organic residues of the crusts were successfully separated and the different
fractions were 14C dated. FTIR was used to monitor the different pre-treatment phases ranging
from raw samples to pure oxalates as well as their organic residues. This preliminary technical
study allowed us to define a robust and reliable protocol for oxalate extraction (Jones et al.
2017; Dumoulin et al. 2020)

Cellulose Extraction

After the catastrophic fire of Notre Dame de Paris cathedral in 2019, several multidisciplinary
working groups drew up a plan to study the building materials: stone, metal and wood. Our
laboratory takes part in the CASIMODO national research project to refine the 14C calibration
curve around the 12th century by comparing dendrochronological analyses of the wooden
frame (oak) with 14C dating of cellulose tree rings (Daux et al. 2022).

The main components of wood are cellulose (40–60%), lignin (16–33%), hemicelluloses and
easily extractable minor components (5–10%), such as resins or waxes. The relative component
ratios depend on the type of tree and wood species (Němec et al. 2010). Cellulose is a long-chain
carbon-based glucan polymer (Leavitt and Danzer 1993) with a very stable molecular formula
(C6H10O5)n. Cellulose remains unchanged and immobile over long periods of time, representing the
isotopic composition of the original plant material, while lignin and hemicelluloses are considered
susceptible to longer-term change. The carbon of these compounds can cross the boundaries of tree

Figure 2 Protocol for calcium oxalate extraction developed at the LMC14 (from Dumoulin et al. 2020).
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rings after their formation (Wilson and Grinsted 1977; Leavitt and Danzer 1993; Gaudinski et al.
2005). Cellulose and hemicelluloses are collectively called holocellulose.

There are a large number of different treatments for the extraction of cellulose and they can
depend considerably on the types of wood. Capano et al. (2018) compared several protocols,
two of which were selected for this study: the BABA-B (Base/Acid/Base/Acid/Bleaching)
protocol, developed by Němec et al. (2010) and the ABA-B protocol proposed by Capano et al.
(2018). Some other protocols recommend eliminating the hemicellulose with a final step of
sodium hydroxide (NaOH, 17.5%) to leave only the insoluble α-cellulose. The advisability of
this final step is not agreed upon by all researchers and some consider it as a too destructive
chemical treatment when the wood is old and poorly preserved. Furthermore, the study
published in 2014 by Richard et al. showed that some tree species, such as oak and beech, did
not need the NaOH treatment and a less intensive chemical procedure can actually lead to pure
α-cellulose.

The tree ring samples are cut into small wood chips using a scalpel. An intercomparison sample
of oak called FIRI H (Quercus robur) was prepared. The BABA-B protocol (Němec et al.
2010) consists in leaving the samples in a bath of 5 mL of 4% NaOH at 75°C overnight (16 hr)
to dissociate the alcoholic, phenolic and carboxylic groups of the main components of wood.
Cellulose is then more accessible for subsequent treatments. The next day, ABA procedures are
performed and samples are placed on a heat block at 75°C. A treatment with 4% HCl (5 mL) is
carried out for 1 hr to eliminate the contamination of carbonates followed by a bath of 4%
NaOH (5 mL) for 1 hr and a second step of 4% HCl (5 mL) for 1 hr to remove any absorbed
atmospheric CO2. Finally, a bleach solution (8 g of NaClO2 with 300 mL of ultrapure water
and 11 ml of 37% HCl) to remove lignin and other contaminants is applied for 2 hr and can be
repeated if needed. The final extract is dried in an oven at 55°C overnight. The ABA-B
treatment (Capano et al. 2018) is the same without the NaOH bath overnight. In our study we
compared different treatment times to determine an optimised protocol for oak wood.

The quality of our extractions is controlled by Fourier transform infrared spectroscopy (FTIR)
in attenuated total reflectance mode (ATR-FTIR). This allows the identification of the
characteristic bands of the different compounds present in the wood. The spectrum of raw oak
wood (FIRI H without pretreatment) was carried out in order to associate each absorption
band with its component. Different characteristic bands appeared from the three main
constituents of wood, namely cellulose, hemicelluloses and lignin, and were attributed
according to the literature (Figure 3; Rinne et al. 2005; Antchukaitis et al. 2008; Fogtmann-
Schulz et al. 2020). In order to monitor the effectiveness of the protocols, the absence of the
lignin band (1508 cm–1) and hemicellulose band (1732 cm–1) was checked (Figure 3).

The spectra in Figure 3 show that for the FIRI H, the ABA- bleaching 2 hr is enough to remove
the lignin and most of the hemicellulose. There is no need to apply a 4% NaOH bath at 75°C
overnight (16 hr). It also confirms that the bleaching step is very important to remove lignin,
which is still present with ABA or B(16h)-ABA treatments.

Then, the dating of three different wood samples (SIRI G, FIRI H and a wood background
sample) was performed after an ABA-Bleaching 2 hr pretreatment. The results (Table 3) are in
accordance with the consensual values within 1σ error (Scott 2003; Scott et al. 2017).

The ABA-B procedure was chosen based on its accurate measurements on different ancient and
blank wood samples. The treatment proposed by Capano et al. (2018) presents many
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advantages: the overall duration is shorter than that of other procedures, the protocol is not too
destructive in the case of small wood samples, and it removes lignin and a large part of
hemicellulose. These treatments omit the post-bleaching bath in base solution (NaOH 17%)
which does not appear to be necessary for oak wood.

Mortar

The 14C dating of mortars is a real challenge because the contaminants are of the same nature
(CaCO3) as the sample itself. The idea is to date the atmospheric CO2 trapped during the
hardening of the binder and which re-carbonated the lime mortar. However, recrystallization,
delayed hardening, layered double hydroxide compounds (LDH), fire damage as well as
geological carbonate can strongly disturb the dating (Labeyrie and Delibrias 1964; Stuiver and
Smith 1965; Heinemeier et al. 1997; Lindroos et al 2012; Ricci et al. 2020). In the framework of
MODIS2 (Mortar Dating Inter-comparison Study number 2), the LMC14 proposed a

Figure 3 FTIR spectra of FIRI H oak sample according to the pretreatment procedure (ABA, ABA-Bleaching
overnight, ABA-bleaching 4 hr, ABA-bleaching 2 hr, B16h-ABA-bleaching 4 hr, B16h-ABA-no bleaching). Raw FIRI
H without any treatment shows a lignin band at 1508 cm–1 and a hemicellulose band at 1732 cm–1.

Table 3 14C measurements of three samples (SIRI G, FIRI H and a wood background
sample).

Sample Lab ID
mg
C

δ13C
‰ pMC BP age

Consensual
value BP

SIRI G (ABA-B) SacA 65100 1.05 –24.4 95.046 ±
0.246

410 ± 30 377 ± 3

FIRI H (ABA-B) SacA 64628 1.06 –24.0 75.514 2255 ± 30 2232 ± 5
Chiloé (ABA-B) SacA 65102 1.42 –32.0 0.164 ± 0.01 51490 ± 500 Background

sample
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preparation protocol based on the extraction of CO2 by thermal decomposition. This protocol
was coupled to a preliminary study, carried out by a thermal gravimetric analysis (TGA),
which made it possible to select the appropriate extraction temperatures (Moreau et al.
forthcoming).

The mortar was gently crushed with pliers to avoid producing small grains of geological
carbonates which can contaminate the lime mortar (Heinemeier et al. 2010). Sieves< 100 μm
were used to collect the under 100 μm fraction of the powder. The sample was then
characterized by TGA to determine the range of temperatures to be applied to release and
collect the different CO2 fractions.

An amount of 200 mg of this <100 μmmortar powder was placed in a quartz tube with quartz
wool (previously cleaned at 900°C overnight) to prevent the sample from being sucked into the
vacuum line. The mortar powder was pre-heated at 550°C for half an hour to remove organic
contaminants and layered double hydroxide (LDH) which can introduce young carbon dioxide
(Ricci et al. 2020; Daugbjerg et al. 2021).

The preheating and the heating of the mortar were carried out on the same vacuum line. A
succession of different temperature intervals (every 20–30°C) was applied and different
fractions were collected to cover the working range determined by TGA. Each sample was
graphitized and measured using the ARTEMIS facility (Dumoulin et al. 2017; Moreau et al.
2020). By comparing the different radiocarbon measurements, the aim was to locate a plateau
corresponding to the CO2 release of lime mortar, before a dip and an aging created by the
release of geological limestone. The correct age of the mortar should be located in this plateau.

The definitive results for theMODIS2 intercomparison will be presented in a later article (Scott
et al. forthcoming) but a summary of our results compared to the preliminary results of the
laboratories participating to the intercomparison is presented in Table 4. More details can be
found in this proceedings (Moreau et al. forthcoming).

CONCLUSION

The last overview of the chemical pretreatment procedures for LMC14 14C dating was
published in 2017 (Dumoulin et al. 2017) and these protocols still give very good results as show
the results of last GIRI international intercomparison. While the routine procedures remain the
same, new ones have been added to widen our range of datable materials. The studies

Table 4 LMC14 results for three MODIS2 mortar samples and preliminary results of the
other laboratories with the range of results and the median value. Several Id. Lab labels are
shown for each sample, corresponding to the different temperature experiments necessary to
determine the plateau zone of 14C.

Sample Lab ID
LMC14 results

(plateau BP ages)

Preliminary consensual
values (BP) from

different Laboratories
[range], median

MODIS2-1 SacA 64898 to SacA 64904 693 ± 22 [484–767], median 634
MODIS2-2 SacA 64905 to SacA 64910 689 ± 22 [602–899], median 682
MODIS2-3 SacA 64911 to SacA 64920 1874 ± 30 [1680–2024], median 1802
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undertaken by the LMC14 are the result both of collaboration with outside researchers and of
active research by the members of the laboratory itself. In the coming years, all the LMC14
team will continue its efforts to address new challenges in 14C dating and to support the French
scientific community in different fields and especially in archaeology.
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