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RADIOCARBON CONCENTRATIONS OF WOOD ASH CALCITE: POTENTIAL FOR
DATING

Lior Regev! « Eileen Eckmeier22 « Eugenia Mintz2 « Steve Weiner! « Elisabetta Boaretto24

ABSTRACT. Ash is formed when plant calcium oxalate crystals (CaC,0,) decompose to form calcite (CaCO3). We found
that ash does retain the original calcium oxalate radiocarbon concentration, but in addition, there is another minor 14C source.
This is shown by the presence of a consistent small shift in the pMC and §13C levels when comparing cellulose and ash from
modern and archaeological woods. Possible mechanisms for 14C exchange during combustion or due to diagenesis are con-
sidered in order to define parameters for identifying better-preserved wood ash samples.

INTRODUCTION

Wood ash is often an abundant component of the archaeological record of many sites. The major
inorganic component of wood ash is calcite. Other minor inorganic components include the sili-
ceous aggregates and silica phytoliths (Weiner 2010). Wood ash may be dispersed and mixed with
other sediments, or may form distinct layers. The distinct layers should represent well-defined con-
texts within the site stratigraphy, and thus radiocarbon dating the ash calcite of these layers would
contribute significantly to a better understanding of the absolute chronology of the site.

The wood ash may also contain charcoal fragments, if the combustion process was incomplete. To
date, 1*C dating of wood ash has been restricted to dating the charcoal component. Charcoal, how-
ever, is often not present in ash accumulations. There is therefore much interest in dating the major
calcitic component itself.

Wood ash calcite forms when the biogenic calcium oxalate monohydrate (whewellite crystals,
CaC,0,-H,0) present in the wood and bark decomposes to calcite and carbon monoxide (CO) at
around 450 °C during combustion (Dollimore 1987; Huaqing 1989; Frost and Weier 2004). This cal-
cite should, in principle, retain the original carbon atoms sequestered by the plant from the atmo-
sphere during photosynthesis, provided that it was not subsequently altered diagenetically. Thus,
pristine ash calcite should also retain the 14C signal of the atmosphere at the time the tree formed the
calcium oxalate crystals (Franceschi and Nakata 2005). This in turn implies that the age of the ash
should be identical to the age of the source wood. An ash calcite 14C date would thus suffer from the
well-known “old wood effect” (Schiffer 1986; Bowman 1990:15). Note that the fuel used at a spe-
cific location could originate from various sources, such as from different parts of trees with differ-
ent ages, from grasses and dung. This would produce ash calcite with heterogeneous ages.

If the wood was burned at a high temperature, i.e. over ~750 °C, the ash calcite that was formed at
450 °C would be calcined. During this process, the calcite loses carbon dioxide (CO,), resulting in
the formation of calcium oxide (CaO, quicklime), as occurs in lime plaster formation (Boynton 1980;
Frost and Weier 2004). When exposed to water or even to the atmospheric humidity, the quicklime
slakes to form calcium hydroxide (Ca(OH),), which dries and absorbs carbon dioxide from the atmo-
sphere over time, forming calcite again (Boynton 1980). This high-temperature ash calcite thus con-

1 Department of Structural Biology and the Kimmel Center for Archaeological Science, Weizmann Institute of Science, Reho-
vot 76100, Israel.

2Radiocarbon and Cosmogenic Isotopes Laboratory, Kimmel Center for Archaeological Science, Weizmann Institute of Sci-
ence, 76100 Rehovot, Israel.

3INRES - Soil Science and Soil Ecology, University of Bonn, 53115 Bonn, Germany.

4Department of Land of Israel Studies and Archaeology, Bar-llan University, Ramat-Gan 52900, Israel. Corresponding
author. Email: elisabetta.boaretto@weizmann.ac.il.

117

https://doi.org/10.1017/50033822200034391 Published online by Cambridge University Press


https://doi.org/10.1017/S0033822200034391

118 L Regev et al.

tains 14C from the atmosphere at the time of combustion, and should not be affected by the “old wood
effect.” Such high-temperature ash calcite could be produced in kilns and other high-temperature
installations, but presumably not in hearths and cooking installations. As part of an anthropological
study, Lyons and D’Andrea (2003) measured the temperature of cooking installations in Ethiopia.
While the temperature at the cooking point was 300-600 °C, the temperature in the ash did not
exceed 200 °C. Either way, the temperature in the measured cooking installations did not reach the
750 °C required for calcination. Note that if the ash calcite crystals are relatively well preserved, low-
and high-temperature archaeological ash calcite can be differentiated based on the extent of atomic
disorder in their crystal lattices, using a new infrared spectroscopic method (Regev et al. 2010).

Very few attempts to 14C date ash calcite have been published. In one case, carbonates from a
sequence of hearths and soils were dissolved, the CO, was extracted, and dated (Koumouzelis et al.
2001). All the carbonate samples yielded younger ages than the dates obtained from associated
organic samples. This difference was attributed to subsequent deposition of carbonates or secondary
cementation processes (Koumouzelis et al. 2001).

Several difficulties may complicate the process of dating archaeological wood ash produced at
around 500 °C, over and above the “old wood effect.” Minor difficulties may arise from the possi-
bility that calcium oxalate crystals form over a long period of time while the tree is living, and pos-
sibly undergo some isotopic exchange during this period. More significantly, it is conceivable that
there is an exchange of CO molecules between the wood ash and the air during the combustion pro-
cess (Price et al. 1980). A high-temperature exchange process between CO, and bone mineral is sus-
pected to occur for cremated bones (Zazzo et al. 2009). In the case of silicates minerals (e.g. phy-
toliths and diatoms), recent studies indicate that these materials interact with the CO, in the
environment and change the original 4C content (Hatté et al. 2010; Santos et al. 2010). Further-
more, when dealing with archaeological ash samples, a serious difficulty is the problem encountered
by Koumouzelis et al. (2001) and when dating calcitic plaster/mortar (Lindroos et al. 2007), namely
that the crystals are relatively unstable and undergo diagenetic alteration that results in the original
14C concentration changing over time.

Here, we present the 1C concentrations of modern and ancient wood ash samples that were burned
in the laboratory at 500 °C and 900 °C, as well as modern and archaeological ash samples. The ages
of the fossil ash samples were known in order to enable the detection of exchange and/or diagenetic
processes.

MATERIALS AND METHODS
Materials

Tree rings from a pine tree (Pinus halepensis) were extracted from a slice of a large tree trunk that
was cut down on the campus of the Weizmann Institute of Science (Rehovot, Israel) in 2002. Rings
5, 17-19, and 50-52 were milled into powder. Modern wood trunks of various tree species were
obtained from the Keren Kayemeth Leyisrael and were used as fuel for open bonfires to produce
modern ash samples. The species types were not documented. However, all wood came from trunks
and branches over 7-10 cm in diameter. Archaeological wood samples were obtained from 2 loca-
tions: a piece of Maerua crassifolia wood, excavated by Profs Richard Freund and Rami Arav, at the
2000-yr-old site of the Cave of Letters (Dead Sea area, Israel), and a 6th century CE cedar tree
(Cedrus libani) from a building in Jerusalem, sampled by one of us. Rings 32—41 of this cedar wood
were milled. Archaeological ash samples were collected from the Natufian strata of Hayonim Cave
(upper-west Galilee, Israel): sample HAY 2000 was taken from square P28a/P27c (collected during
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excavation in 2000) and sample EHY2 from square M24, Locus 8 freshly collected in 2009. The
Natufian culture in Israel existed between 13,000-10,200 BP (Belfer-Cohen 1991; Bar-Yosef 2002).

Methods

Cellulose Extraction: The method is based on Gupta and Polach (1985:24-26). Some 200 mL of
Nanopure water (NANOpure Diamond™, Barnstead) and 20 mL of 1N HCI were added to 20-25 g
of milled wood, and placed with a stirrer on an 80 °C hot plate. Sodium chlorite (Fluka 71388-250g)
was gradually added until no more wood pieces were observed. The solution was diluted by an addi-
tional 1.5 L of Nanopure water and was left for 16 hr. The following day, the supernatant was dis-
carded, and the cellulose was centrifuged and dried at 105 °C. It was subsequently burnt in a calori-
metric bomb to produce CO,, which was chemically transformed to benzene for 4C measurement
using a liquid scintillation counter.

Modern Wood (Pine Tree Rings) — Ring Counting, Burning, and 1C Concentration Measurements:
Based on tree-ring counting, we estimated the age of the tree as 52 yr (Figure 1). Note that the ring
pattern was not compared with neighboring trees, and the counting of the rings has a precision of 1
to 2 rings. About 20 g of each milled sample (Figure 1) were used for cellulose extraction and dating.
An additional 20 g were burnt at 500 °C for 1 hr to produce ash. About 120 mg of ash were obtained,
from which ~60 mg remained after one wash with Nanopure water. The resulting ash was mainly
calcitic and was dissolved in phosphoric acid for 16 hr at 40 °C to release CO,, which was subse-
quently chemically transformed into graphite for accelerator mass spectrometry (AMS) dating.

Figure 1 A section of a pine tree trunk that was cut down in 2002. Some 52 rings were counted. Note that the first 3
growth rings are not shown in this piece. The sampled rings and their expected growth years are marked. Scale is 20 cm.
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Archaeological Wood from the Cave of Letters: Cellulose was extracted and dated in 2001. In order
to produce ash, 18 g of the wood sample were milled, burned, and prepared for dating as above. For
high-temperature ash production, 25 g of the wood were milled and burned at 900 °C for 1 hr in
December 2008. For recarbonation, the sample was left in an open 50-mL tube, horizontally ori-
ented, forming a layer a few mm thick. The tube was left on the laboratory shelf at a room temper-
ature of 20-25 °C for 9 months. The environmental conditions were not monitored. The sample was
dated following the method used for the ash from the pine tree rings.

Modern Ash from an Open Bonfire: An open fire was made in Rehovot, Israel, in January 2007. The
fire was made on a tiled surface in order to avoid sediment contamination of the ash. About 100 kg
of wood were used. The fire was kept burning for 8 hr and then allowed to die down without the
addition of water. The temperature was measured every 15 min in the middle of the fire, about 10 cm
above ground level. The average temperature of the flames was 840 °C. The air pressure was 1.0 atm
and the wind speed was 1.5-2 m per second. The ash was collected the next morning after cooling
overnight and kept in the laboratory in closed bags. An ash sample from the open bonfire was sieved
through a 1-mm mesh in order to remove the larger charcoal fragments. Some 20 g of the sieved
material were dissolved with 5N HCI for CO, extraction and chemically transformed (through Li,C,
and C,H,) into benzene for liquid scintillation counting (LSC). Some 50 g of the ash was burnt to
900 °C in August 2008, for 1 hr, and left as a 1- to 3-mm-thick layer in an open box on the laboratory
shelf for recarbonation for 12 months. The environmental conditions and the 14C measurement pro-
cedure were the same as for the high-temperature ash produced from the Cave of Letters sample.

Archaeological Ash Samples from Hayonim Cave: Sample HAY2000 was separated into different
size fractions by sieving through 1.0-, 0.5-, and 0.25-mm mesh sieves. Three fractions were pre-
pared for LSC as above: 0-1 mm, 0.25-0.5 mm, and smaller than 0.25 mm. Sample EHY2 was
sieved through a 20-pum mesh and prepared for AMS dating as above. The 14C dates were calibrated
using the OxCal v4.1 online version (Bronk Ramsey 2009; available at http://c14.arch.ox.ac.uk/
embed.php?File=oxcal.html) using IntCal09 calibration curve (Reimer et al. 2009).

Fourier Transform Infrared Spectrometry (FTIR): A few milligrams of sample were homogenized
and powdered in an agate mortar and pestle. About 0.3 mg were left in the mortar and mixed with
~40 mg of KBr and pressed into a 7-mm KBr pellet using a manual hydraulic press (Specac). Each
sample was measured repeatedly, either by repetitive grinding of the same KBr pellet or by using
different aliquots of the same sample that were ground to different extents. Both methods produced
the same results (Regev et al. 2010). Infrared spectra were obtained at 4-cm-1 resolution for 32 scans
using a Nicolet 380 instrument (Thermo Scientific). The baselines for the height measurements of
the v3, v, and v, peaks were determined following the method of Chu et al. (2008). The v, and v,
peak heights were normalized to a v, peak height of 1000, corresponding to 1.0 Absorbance Unit
(Regev et al. 2010). This method was used for all samples presented in Figure 2b.

RESULTS

Our strategy was first to determine whether exchange of 14C occurs during the combustion process
by analyzing the 14C contents of ash samples produced in an oven from modern wood, followed by
ash from modern open fires and ancient woods. We then analyzed archaeological ash samples to
evaluate the problem of ash preservation. The results are summarized in Table 1.

Cellulose and Ash 4C Contents

In order to verify whether calcitic ash maintains the atmospheric 14C concentration of the tree at the
time it was formed, we produced ash from modern wood and compared its 14C concentration, given
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Table 1 Description, *C contents, and §13C values of cellulose and ash wood samples. pMC refers
to the percentage of modern carbon (100 pMC is the AD 1950 atmospheric C/12C concentration).

Cellulose Ash
Type Wood type Sample name pMC d13C pMC 313C
Modern ash pro- Pinus halepensis Pine rings 50-52 106.89 + 0.28 -21.8%0. 106.79 + 0.49 -22.5%o
duced in an oven at RT 5724 RTT 5834
500 °C 105.96 + 0.49 —24.3%0
RTT 5835
Pinus halepensis Pine rings 17-19 14554 +0.72 -22.4%0 141.33+0.70 -24.0%o
RT 5995.2 RTT 5973
Pinus halepensis Pine ring 5 108.68 £ 0.28 —22.5%0 105.62 +0.55 —24.8%0
RT 5975 RTT 5974
Ash from archaeo-  Maerua crassi-  Cave of Letters 785+0.15 -23.7% 81.28 +0.47 —23.6%0
logical wood pro- folia wood ash RT 3916 RTT 5911.2
duced inanovenat Cedrus libani  Jerusalem wood  83.62+0.41 —20.5% 90.54 +0.47 —21.3%o
500 °C ash, rings 32-41 RT 6069.1 RTT 5998
Modern ash pro- Various Modern bonfire  n.a. n.a. 112.50 £ 0.59 —24.5%0
duced in an open fire ash RT 5879
Ash burned at 900 °C
Modern ash Various Modern bonfire  n.a. n.a. 102.9 £ 0.54 -21.1%0
ash 900 °C RTT 5993
Ash from archaeo-  Maerua crassi-  Cave of Letters 785+£0.15 -23.7%0 102.77 £0.54 —-17.5%0
logical wood folia wood ash 900 °C RT 3916 RTT 5994

as the percentage of modern carbon (pMC; 100 pMC is the AD 1950 atmospheric 14C/12C concen-
tration), to that of the extracted cellulose fraction. We used rings from a pine tree that was cut down
at the Weizmann Institute of Science (Rehovot, Israel) in 2002 (Figure 1).

Bearing in mind the nuclear explosions conducted in the atmosphere in the late 1950s and early
1960s (reaching a peak in 1964, which doubled the world’s atmospheric pMC level), we compared
rings from 3 periods. The outermost rings (50-52) reflect the modern atmosphere. Rings 17-19
were formed a few years after the peak of the nuclear tests, and thus should have much higher levels
of 1C. Ring 5 formed prior to the increase in atmospheric 14C concentration. Pine rings 50-52
showed excellent agreement between pMC concentrations in cellulose and ash from the same wood.
This clearly demonstrates that the calcium oxalate monohydrate crystals do incorporate the pMC
levels of the atmosphere at the time they formed, and that this signal is retained during the decom-
position and ash formation processes. Pine rings 17-19 and pine ring 5, however, had lower pMC
values in the ash as compared to cellulose from the same rings. This shows that during the decom-
position process of calcium oxalate to calcite at around 500 °C, there is an exchange with the atmo-
sphere. This was confirmed by the burning of 2 samples of ancient wood at 500 °C (Table 1). In both
cases, the ash produced in 2009 from the ancient wood had higher pMC values than the cellulose
extracted from the wood. The cellulose represents the CO, pMC value of the atmosphere at the time
the tree ring was formed. Significantly, the ash produced from these wood samples did not yield the
same pMC values for all samples, indicating that when ash is produced at temperatures ~500 °C,
only a partial exchange occurs. This is in contrast to the ash that was prepared at 900 °C. The mod-
ern bonfire ash and the Cave of Letters ash were both heated to 900 °C, and in both cases their pMC
values were those of the present-day modern atmospheric CO, (Levin and Kromer 2004; Turnbull
et al. 2007). This shows that such high-temperature ash totally exchanges with the atmosphere. This
ash is formed by the same process by which lime plaster forms. Note that the modern bonfire ash ini-
tially had a pMC value higher than the modern atmosphere since a variety of wood logs were used,
some of which grew when the atmospheric pMC values were much higher than today.

https://doi.org/10.1017/50033822200034391 Published online by Cambridge University Press


https://doi.org/10.1017/S0033822200034391

122 L Regev et al.

The stable carbon isotopic compositions of the cellulose and the ash of all the wood samples pro-
duced at 500 °C are very similar (Table 1), and clearly show that the source of the wood ash calcite
is indeed the calcium oxalate in the plant and not some other form of inorganic carbon brought into
the wood via the roots. However, the 813C of almost all the ash samples is slightly lighter than the
cellulose values. It is interesting to note that the 2 ash samples produced at 900 °C have stable iso-
topic compositions heavier than the typical cellulose values, and are as expected for calcites formed
through the lime plaster pathway (Pachiaudi et al. 1986; Van Strydonck et al. 1989). Note that high-
temperature ash eliminates the “old wood effect” since all the carbon atoms are replaced by atmo-
spheric carbon atoms during the process. However, for this to occur, the temperature of the ash itself
should exceed ~800 °C. The average flame temperature of the modern open-fire experiment that we
conducted was 840 °C over 8 hr. This temperature was measured 10 cm above ground level. Based
on the 813C value of the produced ash (—24.5%., Table 1), the presence of a small infrared absorption
peak of Ca(OH), at 3643 cm™1, and the fact that calcite was the major mineral phase a day after the
fire, we infer that only a small fraction of the ash decomposed to CaO during the heating process. In
this case, the 14C signal reflects mainly the original 14C levels of the wood.

Diagenesis of Wood Ash

Another challenge in dating wood ash is to identify samples that have not undergone any diagenesis,
or at least have been only minimally affected by diagenesis. During diagenesis, the ash carbonate
might dissolve and reprecipitate while absorbing foreign carbonates from the air and ground that
will alter the original 1C content.

We first separated the ash samples collected from the Natufian strata in Hayonim Cave (Israel) into
3 size fractions on the assumption that the larger grains would derive mainly from recrystallized cal-
cite, and the fine-grained fraction from the original ash calcite. Table 2 shows that the smallest-sized
fraction (<0.25 mm) has the lowest stable carbon isotopic composition and the highest pMC con-
tents. This implies that it is indeed better preserved than the larger-sized fractions, but as the 813C
value is clearly above the value expected for wood, it must have undergone significant diagenesis.
Note that the 313C value obtained (-16.8%o) could be consistent with a C, type plant origin (Smith
and Epstein 1971; Oleary 1988). Hayonim Cave, however, is located in northern Israel, within the
Mediterranean phytogeographical region, which is occupied mainly by C5 plants (Shomer-1lan et al.
1981). Therefore, 513C values of around —25%. were expected.

Table 2 14C ages of archaeological ash and charcoal from the Natufian period at Hayonim Cave

(Israel).

Sample Sample 14C age Calibrated age Calibrated age 33C
name type Lab nr pMC (yr BP) BPtlco BP+2 ¢ %0 PDB
HAY 2000 Ash RT 5890 15.17 £ 0.26 15,150 + 140 18,600-18,080 18,660-18,000 —13.8%o
<l mm

HAY 2000 Ash RT 5937 10.81+£0.19 17,870+ 140 21,530-21,170 21,750-20,800 —10.2%0
0.25-0.5 mm

HAY 2000 Ash RT 5938 16.75+0.17 14,350+80 17,610-17,230 17,830-17,120 -16.8%0
<0.25 mm

EHY2 Ash RTT 6120 26.89+0.22 10,550+70 12,575-12,420 12,647-12,375 —23.9%0
<0.02 mm

EHY7 Charcoal RTT 6129.1 12,260 £ 70 14,244-13,966 14,596-13,883 —25.5%0
EHY12 Charcoal RTT 6130.1 12,470 £ 70 14,781-14,464 15,044-14,162 —27.0%0
EHY12 Charcoal RTT 6130.2 12,210+ 70 14,171-13,942 14,525-13,831 —-27.4%0
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Figure 2 (a) Plot of the v, versus v, peak heights of geogenic and pyrogenic calcites after each spectrum was
normalized to the corresponding v; peak height. For each type of calcite, data points correspond to successive
grindings of the same specimen. Adapted from Regev et al. (2010). (b) Plot of the v, versus v, peak heights of
the calcitic fraction from ash samples. The trend line of the EHY 2 sample correlated with the position of modern
ash samples (n.a.u. = normalized absorbance units).

We surveyed a series of ash samples (small-size fraction <0.02 mm) from Hayonim Cave using a
newly developed infrared spectroscopic method for evaluating the extent of atomic disorder (Regev
et al. 2010). Figure 2a demonstrates that calcites formed through different pathways can be distin-
guished by certain parameters of their infrared absorbance spectrum. When each sample is ground
and measured repetitively, trend lines specific for each sample are formed. Interestingly, the geo-
genic samples (e.g. limestone and Iceland spar) fall on one side of the plot, while pyrogenic samples
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(such as ash and lime plaster) fall on the other side. Figure 2b shows the trend lines obtained after
repeated grinding and measurement of the samples for modern ash, the Hayonim Cave ash samples
(HAY 2000 samples and 1 additional sample [EHY 2 size fraction <0.02 mm]), as well as the highly
ordered Iceland spar calcite. The EHY?2 sample trend line falls on the modern ash trend line and
above the trend lines for the different size fractions of the HAY2000 samples, which are located
closer to the geogenic calcite trend lines. Since the EHY2 ash sample has similar characteristics to
modern ash, based on the infrared data, we conclude that the EHY?2 small-sized fraction is better
preserved than the other ash samples. Furthermore, its stable isotopic composition (Table 2) is
essentially the same as the one of wood organic matter. This sample is therefore a good candidate for
providing a reliable date, based on these 3 criteria. Its pMC content (26.89 + 0.22) corresponds to an
uncalibrated 14C age of 10,550 + 70 yr BP. After calibration, the age is 12,575-12,420 cal BP (1 &)
and 12,645-12,160 cal BP (2 o). Two charcoal samples, taken from lower levels of the same locus,
produced dates of 12,200-12,500 yr BP (Table 2), corresponding to a calibrated interval between
14,000-14,700 cal yr BP for (1 o) and 13,800-15,000 cal yr BP (2 ). All these ages are within the
expected age range of the Natufian period (Belfer-Cohen 1991; Bar-Yosef 2002).

DISCUSSION

The results showed that wood ash calcite retains the original carbon of the calcium oxalate mineral
produced at the time of growth. However, 2 processes may change the isotopic signature of that car-
bon and hence the 14C date: exchange with the atmosphere during combustion and post-burial diage-
netic processes.

We noted a consistent shift in isotopic composition between the ash and the cellulose. Most ash sam-
ples had lower 813C values, and pMC levels that are closer to values from current atmospheric CO..
Since all examined modern ash samples were recently burned in the laboratory or the field, we pos-
tulate that such a shift can be explained by an exchange of CO between the decomposing calcium
oxalate crystals and atmospheric CO during the combustion process.

14CO is the first chemical product of cosmogenic 14C, which within a few months is converted to
14CO0, by reacting with OH (Pandow et al. 1960; Weinstock 1969; Rom et al. 2000b). Most atmo-
spheric 1#CO is produced in this way. A minor amount of CO is formed by the oxidation of hydro-
carbons that derive from biomass (Rom et al. 2000a). On the other hand, the current widespread use
of fossil fuels contributes CO that contains dead carbon. Therefore, the sampling location is impor-
tant when collecting an air sample for 14CO measurement. Brenninkmeijer et al. (1992) reported 841
pMC for atmospheric CO collected at a clean-air station in New Zealand during 1989, and Rom et
al. (2000b) reported samples with a 14C content of up to 500 pMC. Measurements in Los Angeles
and its vicinity yielded 20-40 pMC (Sakugawa and Kaplan 1997), and in different areas of Russia
~120 pMC was measured (Bergamaschi et al. 1998). Our ash samples were prepared in an urban
area (the city of Rehovaot, Israel; population 100,000), so a mixture of CO sources is expected. A CO
exchange mechanism during combustion is also supported by the consistent change in 813C to
lighter values in the ash samples, since the 313C value of atmospheric CO is lower than —25%o; typ-
ically from —26 to —29%. (Sakugawa and Kaplan 1997; Bergamaschi et al. 1998; Rom et al. 2000a).

In this study, we compared the §13C values of ash (calcite formed by calcium oxalate decomposi-
tion) to those of cellulose and not to the §13C values of the calcium oxalate crystals in the wood.
However, a comparison of §13C values between oxalate carbon and whole-leaf organic carbon in 7
Angiosperm species showed that the calcium oxalate isotopic signature is equal (1 sample, —24.8%o)
or heavier (6 samples, —11.9%o to —27.9%o) than the whole-leaf organic carbon. The latter ranged
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from —22.3%o0 to —31.0%. (Raven et al. 1982). By comparing ash 813C values from our study with the
oxalate data (Raven et al. 1982), we infer that the shift to lighter isotope values can be attributed to
CO exchange during combustion.

In archaeological times, there was no fossil fuel contribution to atmospheric CO, and the CO pMC
level was much higher than the biospheric 14C concentrations. Therefore, even limited exchange
during the burning process of the wood alters the 14C date of the ash, and prevents it from being
accurately dated.

There is another possible source of error in dating wood ash. Wood ash contains, in addition to cal-
cite, a few percent by weight of siliceous aggregates and phytoliths (Weiner 2010). These silica min-
erals have large charged surface areas and a tendency to bind CO, and most probably CO from the
atmosphere at ambient temperatures. Thus, the presence of this minor fraction in an ash sample
could cause a small increase in the pMC, especially during sample preparation, if the sample is
exposed to the modern atmosphere.

We used 3 different strategies for identifying the best-preserved ash samples from the Natufian
strata of Hayonim Cave. The samples were sieved into different sized fractions, as the smallest size
fraction, according to the carbon isotopes concentration, is better preserved than the larger fractions.
We then used infrared spectroscopic grinding curves (Regev et al. 2010) to identify samples that
have atomic disorder similar to the relatively disordered modern ash samples, and finally we mea-
sured the stable isotopic composition of the sample. The latter should reflect the values that are char-
acteristic of wood cellulose rather than the ones typical of atmospheric carbon if diagenetic
exchange was low. Although all these criteria do not exclude the possibility that some exchange of
carbon has occurred, the obtained calibrated 14C age is well within the Natufian period. However,
the 2 charcoal dated samples yielded older dates by nearly 2000 yr, and are in agreement with pre-
vious published dates from locus 4 of lupine seeds: 12,360 + 160 and 12,010 + 180 BP (Bar-Yosef
1991). Since EHY?2 is situated above the charcoal samples, and its date is in correspondence with the
expected time for the end of the Natufian layer in the cave (Bar-Yosef 1991; Bar-Yosef and Belfer-
Cohen 1999), it is possible that the date obtained is correct and represents a later occupancy of the
Natufian people.

The potential for obtaining reliable dates from wood ash calcite as opposed to plaster/mortar calcite
is, in our opinion, more promising as most plaster samples contain, in addition to the calcite fraction
produced from CaO, a fraction of partially calcined limestone and/or deliberately added unburnt
limestone. Both sources of calcite suffer from their tendency to readily undergo diagenetic alter-
ation. In ash, such deliberate mixing does not occur, and most geogenic calcite from surrounding
sediments can be avoided by careful sampling.

CONCLUSIONS

Ash 14C does retain the original calcium oxalate 4C concentration in the burnt wood, but the pres-
ence of an additional 14C source was found. We suggest that the consistent small shift in the pMC
and 813C levels is either due to CO crystal-atmosphere exchange during the combustion process or
possibly to CO adsorption to silicates in the ash fraction. The identification of these additional
sources is important for assessing the feasibility of 14C ash dating. Another major problem for dating
archaeological ash samples is that they are likely to undergo significant post-burial alteration
(diagenesis). We present 3 ways for identifying better-preserved wood ash samples that could pro-
vide more accurate dates: size fraction separation, infrared analysis, and §13C values.
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