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FROM THE EDITOR

In this issue, we round out the year 2003 and include the usual summary of known radiocarbon
laboratories and their contact information. This issue contains several interesting papers.

The French group of Tisnérat-Laborde et al. discuss their improvements to bone chemistry using the
methodology developed by Nelson et al. in 1991. Hatté et al. discuss an automated combustion
system to convert organic material to CO2, with various options. This system is an example of
developments being undertaken in several laboratories, to use current computer technology to
improve the repetitive processes in radiocarbon laboratory chemistry.  

Fischer et al. studied food residues on pottery and found significant “reservoir effects”, presumably
from the use of fresh fish used in cooking. These results indicate the reservoir effect might be 100–
500 years in Denmark, so that dating using food residues from such contexts has an additional
caveat, as well as the usual ones.  

Hua et al. have studied the differences in the bomb 14C record in tree rings from Pinus radiata, from
New South Wales. They compare these records to oceanic and other atmospheric data. They are able
to derive estimates of the air-sea exchange time in the southern Pacific mid-latitudes based on these
results. In a more oceanographic vein, von Rad and coauthors report on AMS 14C dating of a
laminated marine sediment, which records Heinrich events 1 and 2. This allowed the authors to
establish a floating marine varve chronology for this core.

Vandergoes and Prior discuss methods for concentrating pollen and successful AMS pollen dating,
using a peat bog in New Zealand as the source of pollen, which had previously been difficult to date.
The pollen ages are systematically older than other organic fractions, which leads these authors to
conclude the organic fractions are contaminatied by incorporation of younger humic materials.  

In a note on the next radiocarbon intercalibration to be called VIRI, Scott et al. discussed the need
for continued intercomparisons. In VIRI, 14C laboratories have a chance to determine how well their
procedures result in 14C ages within the expected norms, or whether changes to their protocols are
needed. The 14C intercalibration exercises have been most successful in the past, and indeed this
successful model of blind intercomparisons is now being copied for other contexts.

Rasmussen et al. continue the earlier discussions in Radiocarbon about the accuracy of the dates on
the Dead Sea Scrolls, a matter which surely will continue to generate interest. It also emphasizes the
importance of good intercomparisons of protocols and measurements between laboratories.

Lastly, Solow presents a simple expression for the variance in the estimated age due to dating errors
and bioturbation.

I trust everyone will enjoy a happy and peaceful New Year, 

A J Timothy Jull
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AMS RADIOCARBON DATING OF BONES AT LSCE

N Tisnérat-Laborde1,2 • H Valladas1 • E Kaltnecker1 • M Arnold3

ABSTRACT. In this paper, we explain our routine pretreatment of bone for radiocarbon dating by accelerator mass spec-
trometry (AMS), based on the specific reaction between amino acids and ninhydrin described by Nelson (1991). The values
and uncertainties of the total system background are presented as a function of the carbon sample mass and the reliability of
this method is discussed.

INTRODUCTION

Since the first 14C dates were obtained (Arnold et al. 1951), radiocarbon laboratories have developed
many methods of bone pretreatment. Usually, these methods are based on the extraction of the bone
organic matter. The extract can consist of the whole collagen (Longin 1971; Brown et al. 1988;
Hedges et al. 1989; Law et al. 1989; Kretschmer et al. 1998), a mixture of collagen amino acids
(Gillespie et al. 1986; Gurfinkel 1987; Long et al. 1989; Redvers-Newton et al. 1994), specific indi-
vidual amino acids (van Klinken et al. 1990), or non-collagenous proteins (Ajie et al. 1992). These
extracts are oxidized to CO2, then reduced to graphite and dated.

For more than 10 years at the Laboratoire des Sciences du Climat et de l’Environnement (LSCE), we
have prepared bone by the method described by Nelson (1991), based on a chemical reaction that
extracts CO2 from carboxylic groups of proteinaceous molecules. This chemical treatment is pre-
ceded by elemental analyses (%N, %C, C/N) in order to quantify the bone collagen, and, conse-
quently, to determine if the bone is datable.

In this paper, we describe the protocol of bone preparation. We present the blank values obtained on
bones from 2 sites, Sclayn and Gerde. Finally, we discuss the reliability of the 14C ages obtained by
this method by comparing some of them to other 14C dates available for the same archeological lay-
ers. These samples are either charcoal, burnt bones, or bones treated differently. 

MATERIAL AND METHOD

Material

On the basis of porosity, bone may be classified as cortical bone (also known as compact bone) or
trabecular bone (also called cancellous or the spongy part). The cortical bone, which is much denser
and less porous than the cancellous bone, is preferred for 14C dating since it is generally less altered
by diagenesis.

The fossil bones used to estimate the degree of contamination introduced by our protocol come from
2 sites. Five bones were collected in Scladina Cave (Sclayn, Belgium), under a stalagmitic floor in
layer 4A, which was dated by thermoluminescence to approximately 100,000 yr ago (Debenham
1998). Another bone comes from layer 2b of Carrière cave (Gerde, France), which is below a sta-
lagmitic floor and dated to 52,500 yr ago by U/Th (Clot 1987).

1Laboratoire des Sciences du Climat et de l’Environnement, UMR CEA-CNRS 1572, Avenue de la Terrasse, F-91198 
Gif-sur-Yvette, France.

2Corresponding author. Email: tisnerat@lsce.cnrs-gif.fr.
3Gif-sur-Yvette Tandetron facility, UMS 2004, Avenue de la Terrasse, F-91198 Gif-sur-Yvette, France.
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Method

The protocol used for the bone treatment is summarized in Figure 1.

Mechanical Treatment and Elemental Analyses

A piece of bone sample (∼1–2 cm) is cleaned mechanically with an airbrasive system with 27 µg
aluminum oxide to remove superficial contaminants (roots, glue) and the spongy part, which is con-
sidered to be the most contaminated.

A sub-sample of approximately 5 mg is drilled out and subjected to elemental analysis. It is intro-
duced in a tin capsule into a Carlo-Erba NA 1500 elemental analyzer.

Figure 1 Diagram showing pretreatment steps of bones for AMS 14C dating

H2O washes 

BONE

Physical cleaning 
sanding – ultrasonic cleaning - dried

CLEAN BONE POWDER

Demineralised 
0.5M HCl at RT 
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The other part of the mechanically cleaned bone (1–3 g)—if it contains enough collagen—is ultra-
sonically rinsed in Milli-Q water to remove aluminum oxide and dried at 45 °C. This bone is then
finely ground in a planetary micro-mill composed of bowls and balls of zirconium oxide (ZrO2).

Chemical Treatment

The powdered bone is repeatedly treated with 0.5M HCl and stirred at room temperature to remove
carbonates, phosphates, and fulvic acids until the residue becomes colloidal. The acid-insoluble col-
lagenous residue is then rinsed with Milli-Q water until neutral pH is reached.

Next, 50 mg of ninhydrin (2,2-dihydroxy–1,3-indandione) in a 2-ml sodium citrate buffer (pH = 4.8)
is added to the residue, which is heated at 100 °C for 10 min. The ninhydrin reacts specifically with
the free amino acids, which come from either degraded collagen or contaminants. The ninhydrin
reacts with the α-NH2 of amino acids to give α-imino acids, which react with water to give α-ceto
acids (Moore et al. 1950). These α-ceto acids are unstable and release CO2 from the α-carboxyl
group:

The CO2 is not collected and the residue is rinsed until the solution is decolorized.

Next, this “pure” residue is hydrolyzed to free amino acids with hot acid (HCl 6M at 100 °C over-
night). The solution of free amino acids is filtered on a precleaned glass filter and collected in a glass
reactor. This filtrate is evaporated at 80 °C under nitrogen. The free amino acid residue is rinsed 5
times with Milli-Q water, which is then evaporated at 80 °C under nitrogen.

The reactor is connected to a vacuum line (Figure 2) and heated to 100 °C with heating coils. Once
the vacuum reaches ≈2.10–4 mb after ∼2 days, 2 ml of ninhydrin solution is injected through a sep-
tum. The released CO2 is dried by passing through 2 “water traps” (–78 °C, mix of dry ice and eth-
anol), trapped in a liquid nitrogen trap (–196 °C), quantified into the calibrated volume, and then
collected in a glass vial. The entire treatment and the CO2 transformation take more than 8 days.
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The CO2 was reduced to graphite (Arnold et al. 1989) and the 14C ages were obtained by accelerator
mass spectrometry (AMS) at the Gif-sur-Yvette Tandetron Facility (UMS 2004). 

RESULTS AND DISCUSSION

Blanks

Results of Elemental Analyses

Several sub-samples were removed from different parts of the Sclayn and Gerde bones for elemental
analyses (%N, %C, C/N). The results are reported in Table 1.

Nitrogen concentrations in the Sclayn bones range from 0.57–2.17%wt, in agreement with previous
measurements (Bocherens et al. 1997), and in the Gerde bones from 1.21–2.5%wt. These nitrogen
concentrations in the whole bone give some idea of the quantity of collagen (Hedges et al. 1992;
Bocherens et al. 1997; Gillespie et al. 1984; Ambrose 1990; Hedges et al. 1995). Indeed, the quantity
of nitrogen ranges from about 4% in a fresh bone (Stafford et al. 1988; Ambrose 1993) to below 0.2%
in poorly preserved bone, which cannot be dated by the ninhydrin method. With nitrogen amounts
ranging from 0.5–2.5%wt, the Sclayn and Gerde bones contain enough collagen for AMS dating.

The scatter of the nitrogen measurements shows that the diagenesis of the organic matter is not
homogeneous within any one bone. The C/N ratio of the whole bone can help to estimate the degree
of diagenetic alteration. High values (i.e., >5) indicate extensive diagenesis (deamination) or a high
proportion of exogenous carbon (humics). For the Sclayn bones, the C/N ratios are statistically sim-
ilar with a mean value of 4.55 ± 0.4 (n = 14; χ2; P0.05 = 9.95/22.40), excluding the value of the

Figure 2 Photograph of the vacuum line

Reactor

Septum 

Liquid N2 trap Water traps

Glass vial 

Calibrated volume
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spongy part of sample SC91-503G30/3 (C/N = 9). This high C/N ratio is attributed to the addition
of humic contaminants since the nitrogen concentrations are similar within the compact and the
spongy parts; the high C/N ratio confirms the importance of removing this porous part of the bone.
This mean C/N ratio of Sclayn bones is approximately equal to the fresh bone (5) and shows the
good preservation of these bones. For the Gerde sample, the mean C/N ratio is equivalent to 3.58 ±
0.6 (n = 3, χ2; P0.05 = 0.4/5.99), and is slightly lower than the C/N value in Sclayn. This lower value
can be explained by a loss of inorganic carbon (decalcification) during burial. The Gerde bone
seems less well preserved than the Sclayn bones.

The nitrogen concentrations show that the Sclayn and Gerde bones contain enough collagen for
AMS datings and the C/N ratios show their degree of preservation and their non-contamination.

AMS 14C Results

The 14C values of the Sclayn and Gerde bones (Table 2) are presented as a function of the carbon
mass in Figure 3. These blank values take into account the chemical pretreatment, the conversion
into CO2, the graphitization, and the machine background contaminants. They increase from 0.10
pMC to 0.80 pMC as the carbon sample size decreases from 2400 µg to less than 300 µg.

Table 1 Nitrogen and carbon concentrations in bone, expressed as % of bone weight (%wt) and
the atomic C/N ratio of the Sclayn (SC91-) and Gerde blank bones. The results of the underlined
line correspond to the analyses carried out on the spongy part of the bone.

Sample
Nitrogen
(%wt ± ∆)

Carbon
(%wt ± ∆) C/N ratio

SC91-500G30 1.33 ± 0.14
0.67 ± 0.07

6.6 ± 0.3
3.9 ± 0.2

5.0 ± 0.8
5.9 ± 0.9

SC91-450F28 0.69 ± 0.07
0.57 ± 0.06
1.33 ± 0.14
1.02 ± 0.11

3.1 ± 0.2
3.0 ± 0.2
5.2 ± 0.3
4.5 ± 0.2

4.4 ± 0.7
5.3 ± 0.8
3.9 ± 0.6
4.4 ± 0.7

SC91-503G30 0.59 ± 0.06
0.60 ± 0.06
0.60 ± 0.06

3.0 ± 0.2
3.3 ± 0.2
5.4 ± 0.2

5.1 ± 0.8
5.5 ± 0.9
9.0 ± 1.3

SC91-588F27 2.17 ± 0.22
0.65 ± 0.07
1.07 ± 0.11

8.2 ± 0.4
3.3 ± 0.2
4.6 ± 0.2

3.8 ± 0.6
5.0 ± 0.8
4.3 ± 0.7

SC91-619F30 1.12 ± 0.12
1.21 ± 0.13
0.79 ± 0.08

4.7 ± 0.2
4.9 ± 0.2
4.0 ± 0.2

4.2 ± 0.6
4.0 ± 0.6
5.1 ± 0.8

Gerde 1.21 ± 0.14
2.50 ± 0.29
1.66 ± 0.19

4.7 ± 0.3
8.4 ± 0.4
6.0 ± 0.3

3.9 ± 0.7
3.4 ± 0.6
3.6 ± 0.6
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The data indicate a statistically significant mass dependence relationship, as previously reported by
several studies of 14C background (Vogel et al. 1987; Kirner et al. 1995; Brown et al. 1997; Schle-
icher et al. 1998; Tisnérat-Laborde et al. 2001). By using the least-squares method, the best fit
between 14C concentrations and the inverse carbon mass is obtained by:

y = 119.68 (± 28.59) / x + 0.1295 (± 0.0486)

where y = 14C concentration (pMC) and x = carbon mass (µg). This increase of the 14C background
is due to the addition of 1.3 µg of modern carbon (100 pMC) per mg of sample during the whole
process.

All the blank values from Sclayn and Gerde (Figure 3) are consistent, although the C/N analyses
showed a lower preservation for the Gerde sample. Such agreement indicates the reliability of our
protocol.

These blank values are higher than those obtained from the Carrara marble IAEA C-1, which range
from 0.06–0.14 pMC as the size decreases from 2400–300 µg (Tisnérat-Laborde et al. 2001). The
contamination during the chemical treatment and the conversion of bone into CO2 may be responsi-
ble for the high blank values since the graphitization and the machine processing are the same for

Table 2 14C results of the Sclayn (SC91-) and Gerde bones, reported in pMC

Sample Mass (µg)
Fraction modern
pMC ± 1 σ

SC91-500G30 280
290
950

1760

0.60 ± 0.07
0.31 ± 0.03
0.15 ± 0.02
0.31 ± 0.07

SC91-450F28 1040 0.32 ± 0.03

SC91-503G30 460
460
970

1240
1270

0.16 ± 0.02
0.18 ± 0.02
0.66 ± 0.06
0.37 ± 0.04
0.24 ± 0.03

SC91-588F27 2390 0.16 ± 0.02

SC91-619F30 390
660

1300
1345
1575
1630
1740
1790
2050

0.79 ± 0.05
0.28 ± 0.03
0.17 ± 0.03
0.16 ± 0.03
0.19 ± 0.03
0.22 ± 0.03
0.10 ± 0.02
0.18 ± 0.02
0.10 ± 0.02

Gerde 290
580
990

0.42 ± 0.06
0.41 ± 0.05
0.30 ± 0.04
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these 2 types of sample. We also reject the intrinsic contamination because the same results were
obtained for different bones and different sites. We suspect the vacuum line processes before the
conversion stage of the amino acids to CO2 to be responsible for this level of contamination for the
following 2 reasons: 

1. The pumping is less effective for the bone than for the carbonate (by ∼1 order) because the res-
idue quickly becomes pasty under the vacuum;

2. Atmospheric CO2 may have been introduced during the addition of ninhydrin, either in the
form of dissolved CO2 in the ninhydrin or when the septum was perforated.

The 14C ages of bone are calculated using the blank values determined from the mass dependent
equation. From this equation, the age limit is about 50,000 BP (0.2 ± 0.08 pMC) for a carbon mass
of 1500 µg, and about 45,000 BP (0.37 ± 0.1 pMC) for a carbon mass of 500 µg. 

Reliability of the Method

The 14C ages of bones treated by the ninhydrin method are compared to those obtained for the same
archeological layer on associated organic materials (charcoal, burnt bones) and bones treated by
other methods. We use the Chi-squared test statistic to check consistency of these determinations
(Ward et al. 1978).

In the first test of reliability, 3 sites (Trois-Frères Cave, Laugerie Haute, and Kozarnika) allowed the
comparison of 14C dates of ninhydrin-treated bones with those of associated charcoals or burnt
bones. These charcoals or burnt bones underwent the classical AAA treatment. The 14C results of
the 3 archeological sites are reported in Table 3 and Figure 4. At Trois-Frères Cave and Laugerie-

Figure 3  14C concentration (pMC) as a function of carbon sample mass (µg). The error bars are shown as ±1 σ (68% of
overall confidence). The inset small figure is the relation between the inverse carbon sample weight and the 14C concen-
tration (pMC). Dashed lines correspond to the 1 σ error.
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Haute (Delpech et al. 2001; Roque et al. 2001), the burnt bones and bones have consistent 14C ages.
The Kozarnika site (Fontugne et al. 2002) reveals the 14C age of the bone to be slightly older than
those of the 2 charcoals, but, nevertheless, statistically in agreement.

Table 3 Comparison between 14C dates from bones (ninhydrin method) and from associated char-
coals or burned bones (AAA treatment). All ages are given in 14C yr BP (before 1950). Statistical
errors are given at 1 σ.

Site Lab nr Material
Age 
(yr BP)

Error 
(1 σ) Chi-squared test Reference

Trois-Frères Cave GifA 99552
GifA 99555
GifA 99550
GifA 99551
GifA 99553
GifA 99554

bone
bone
burnt bone
burnt bone
burnt bone
burnt bone
average

14210
13930
14060
13980
14210
14200
14100

110
110
110
120
110
120
50

6.21/χ2
6; 0.05 = 11.1

Laugerie Haute GifA 100634
GrN-4442
GrN-4495
Ly-1173 (OxA)
GifA 100630

bone
bone
bone
burnt bone
burnt bone
average

19550
19600
19740
19525
19600
19600

340
140
200
155
200
80

0.75/χ2
5; 0.05 = 9.49 Delpech & Riguad 2001

Roque et al. 2001

Kozarnika GifA 99662
Gif/LSM-
10994
GifA 101050

bone
charcoal
charcoal
average

39310
38700
37170
38000

1000
1400
700
530

3.37/χ2
3; 0.05 = 5.99 Fontugne & 

Tisnérat-Laborde,
in press

Figure 4 From a same archeological level, the average 14C dates obtained with the ninhydrin method are plotted versus
the average 14C ages obtained with the Oxford bone method (open circles) or associated materials (solid circles). The
ages are expressed as yr BP. The error bars are shown as ± 1 σ (for 5 of the data points, these error bars are smaller than
the symbols). The dotted line is the 1:1 correlation line. 
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In the second test, we compared the 14C dates of bones treated by different chemical methods. The
results are reported in Table 4 and Figure 4. A comparison with the Oxford method (Hedges et al.
1989; Law et al. 1989) may be made for 3 sites: Margaux Cave, Flageolet, and Combe Saumière
(Delpech et al. 2001) (Table 4). A comparison with the Groningen procedure can be done for the site
of Laugerie Haute (Table 3). In all cases, the 14C ages are similar whatever the chemical treatment,
as previously noted by Nelson (1991).

The 2 tests show the good correlation between the 14C ages of the ninhydrin-treated bones and those
of samples collected at the same archeological level (Figure 4) for time intervals ranging between
9000–45,000 yr BP. All these comparisons confirm the reliability and accuracy of the method for
dates up to 45,000 yr BP.

CONCLUSION

In this paper, we described our routine protocol of bone pretreatment for AMS 14C dating. This rou-
tine is applied to fossil bones containing more than 0.2% of nitrogen in whole bone.

The blank level is a function of the mass of the carbon sample. According to the equation (y =
119.68 / x + 0.1295), the blank value is equal to 0.20 ± 0.08 pMC (≥ 50,000 yr BP) for a sample mass
of 1500 µg and 0.37 ± 0.10 pMC (≥ 45,000 yr BP) for a sample mass of 500 µg. The contamination
by modern carbon is attributed either to the difficulty of degassing the sample or to the introduction
of atmospheric CO2.

The validity of the method and the protocol is tested by comparing the 14C ages obtained on bones
by this method and those obtained by other methods (Oxford and Groningen bone methods or asso-
ciated materials). The satisfactory results of these comparisons and the good estimation of the blank
level show the reliability and accuracy of the method for dates up to 45,000 yr BP.

Table 4 Comparison of 14C ages of bones pretreated by the method used by the Oxford Radiocarbon
Laboratory (OxA) and by the ninhydrin method (LSCE, GifA). All ages are given in 14C yr BP
(before 1950). Statistical errors are given at 1 σ.

Site Lab nr Material
Age 
(yr BP)

Error 
(1 σ) Chi-squared test Reference

Margaux Cave GifA 92354
GifA 92355
GifA 92362
OxA-3533
OxA-3534

bone
bone
bone
bone
bone
average

9590
9530
9260
9530
9350
9460

110
110
120
120
120
50

5.76/χ2
5; 0.05 = 9.49

Flageolet GifA 95538
GifA 95559
OxA-598

bone
bone
bone
average

32040
34300
33800
33000

850
1100
1800
630

2.87/χ2
3; 0.05 = 5.99 Delpech & Riguad 2001

Combe Saumière GifA 96768
OxA-6507

bone
bone
average

35500
34000
34560

1100
850
670

1.16/χ2
2; 0.05 = 3.84 Delpech & Riguad 2001
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DEVELOPMENT OF AN AUTOMATED SYSTEM FOR PREPARATION OF ORGANIC 
SAMPLES

Christine Hatté1 • Jean-Jacques Poupeau • Jean-François Tannau • Martine Paterne
Laboratoire des Sciences du Climat et de l’Environnement, UMR CEA-CNRS 1572, Avenue de la Terrasse, F-91198 
Gif-sur-Yvette, France.

ABSTRACT. We constructed an automated system to transform organic samples to CO2, which included several options
such as: combustion in 2 steps with collection of the 2 fractions, volatile fraction combustion, and 13C sampling. The process
includes organic matter combustion, CO2 drying, quantification of the mass of carbon, CO2 collection in a glass vial, and
eventually 13C sampling. The system is computer-controlled and -monitored. The apparent background age of the automated
system reaches 0.191 ± 0.011 pMC (2 σ), equivalent to a 14C age of about 51,700 yr BP, and requires only 30 min of handling,
instead of the several days needed when using a manual procedure.

INTRODUCTION 

The radiocarbon group of the Laboratoire des Sciences du Climat et de l’Environnement (LSCE)
previously developed a semi-automated system to transform carbonate samples into CO2 (Tisnérat-
Laborde et al. 2001) in order to reduce the time and effort of sample processing. A further step of the
automation consists of the elaboration of a system allowing transformation of all types of organic
samples into CO2. The system must be able to handle both simple samples (e.g. charcoals and veg-
etal macrorests) and complex samples (e.g. peat and sediment) requiring step combustion and/or
including volatile fractions. An option permitting aliquot collection for further 13C analysis is also
necessary.

METHODS

Organic Sample Pretreatment

Sample preparation depends on sample type, ranging from classical Acid-Alkali-Acid treatment for
routine charcoals to ABOx, for N-rich woods and Fe2+-rich paleosols (Hatté et al. 2001), and ninhy-
drin extraction for bones (Tisnérat-Laborde et al., this issue).

To validate manual and automated lines and to measure backgrounds, we use a 0-pMC charcoal as
an internal standard. This standard, known as “Afrique du Sud,” is from inside the Border cave (South
Africa) in a Paleolithic level (Middle Stone Age) dated to more than 70 kya. It is routinely prepared
by using an Acid (HCl 1N 60 °C)–Alkali (NaOH 0.1N 60 °C)–Acid (HCl 1N 60 °C) treatment.

“Manual” Procedure to Transform Organic Samples into CO2

Organic samples are sealed in quartz tubes under a vacuum with an excess of CuO and silver wire.
Tubes are introduced into a furnace at 835 °C for 5 hr to transform the organic matter into CO2. The
quartz tubes are then broken under a vacuum to release, dry, measure, and collect CO2. This proce-
dure requires complex handling (installation of tubes, sealing of the tubes, vacuum setting, etc.) and
is time consuming.

Graphite Target Preparation

The graphite target is obtained by direct catalytic reduction of the CO2, using Fe powder as the cat-
alyst with a ratio of 1:5. The reduction reaction occurs at 600 °C with excess H2 (H2/CO2 = 3) and is

1Corresponding author. Email: hatte@lsce.cnrs-gif.fr.
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complete after 5–7 hr. The iron-carbon powder is pressed into a flat pellet (1-mm diameter) and
stored under pure argon in a sealed tube.

To reduce contamination from modern carbon or memory effects, all quartz and glass dishes are
burned at 450 °C for at least 12 hr. A turbo-molecular pump reaching 10–6 mbar is used to evacuate
the vacuum lines.

Results are presented as 14C activity in pMC (i.e., normalized to a δ13C of –25‰).

AUTOMATED SYSTEM DESCRIPTION AND FUNCTIONALITY

Technical Choices

We developed the automated system based on the manual procedure, rather than derivation from an
elementary analyzer (EA) (Aerts-Bijma et al. 1997, 2001; Hedges et al. 1992). This latter technique
is susceptible to carbon contamination from Sn capsules and memory effects caused by the gas chro-
matographic column. The Gröningen team reports a blank value of 0.56 ± 0.17 pMC and a memory
effect of a factor 2 with the initial EA system (Aerts-Bijma et al. 1997). Modifications of the proto-
col (combustion of an empty Sn capsule between each sample) and of the line (elimination of the GC
separation) significantly reduced the memory effect and the blank to 0.24 ± 0.05 pMC (Aerts-Bijma
et al. 2001). The Oxford team reports a mass-dependent contamination, essentially due to the cap-
sules combustion, of about 0.15 pMC on a 1 mg sample, which one must add to the background of
the physical measurement of 0.25 ± 0.1 pMC (Hedges et al. 1992).

The automated system (hereafter, “BMOA”) allows: i) combustion of 2–5 samples in the presence
of 500 mg of CuO and Ag wire; ii) CO2 drying; iii) measurement of the carbon amount; and iv) CO2
storage in glass vials.

The new automated system called for flexible handling to accommodate both routine samples (i.e.
charcoals) and decomposable samples or samples showing a volatile fraction (some peats and wood).
To allow for different sample types, we motorized the furnace for vertical shifts. This solves the prob-
lem of a “cold wall” that exists with a static furnace. Indeed, with a furnace heating only the lower
part of the quartz tubes, the vaporized volatile fraction rises and condenses on the quartz tube above
the furnace. This fraction is not burned. On the contrary, if the furnace is raised above the sample
before the heating phase and lowered only after the combustion temperature is reached, the volatile
fraction will first encounter a high temperature zone, where it will be combusted to CO2. Thus, volatile
fractions never encounter a “cold wall.” The obtained CO2 is then representative of the whole sample.

With the idea of using this automated system for all types of samples, and because it is already
shown that it can be advantageous to burn peat in 2 steps (Bird et al. 1999), a 2-step combustion
option was added to our system. In addition, we have included a user-definable option to remove an
aliquot of obtained CO2 for 13C analysis. Our line allows a partition of 10% for 13C and 90% for 14C.

Finally, the calibrated finger is shaped to optimize CO2 freezing. Indeed, organic matter combustion
evolves not only CO2, but also nitrogen and sulphur oxides that interfere with CO2 during the freez-
ing. The finger shape combines a small volume (permitting good precision of CO2 measurement)
with a high surface area.

Description

The line and storage vials are made of glass. Samples introduced into quartz tubes are connected by
a Cajon Ultra-Torr fitting with a Viton o-ring. Glass vials are connected via “Rotulex” unions with
Viton o-rings.
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The vacuum is assured by a rotary and a turbo-molecular pump, and is controlled through 2 Pirani
gauges and 1 inverted magnetron gauge (AIM-S). The amount of obtained carbon is calculated from
the pressure gauge measurement in a calibrated finger.

All valves are either electro-pneumatic (vacuum system) or vacuum-actuated and connected to a
vacuum reservoir emptied by a membrane pump.

The furnace (➀ on Figure 1) may be operated by a jack system operating as a step-to-step motor.

Five warm and cold traps are operated by a pneumatic-jack system: 

• A cold trap (–78 °C, dry ice and ethanol) and a warm trap (70 °C water) to remove H2O between
2 consecutive samples for the water trap (② on Figure 1);

• A cold trap (–173 °C, liquid nitrogen) and a warm trap (40 °C water) to expand CO2 for the cal-
ibrated finger (➂ on Figure 1);

• A cold trap (–173 °C, liquid nitrogen) for storage vials (④ on Figure 1). 

Electro-pneumatic valves control the transfer of liquid nitrogen from an adjacent liquid nitrogen
storage reservoir, which is secured by the filling level.

The entire system is monitored by a PC computer and controlled by software written in DELPHI
(Turbo Pascal Objet). The computer collects external parameters by an IEEE interface card through
a digital multimeter. The electro-pneumatic valves, the vacuum-actuated valves, and the jack sys-
tems are connected via actuators to a 24-channel relay Output Board PC, then to a Data Acquisition
Board (Digital I/0).

Functionality

The software tests the vacuum and leaks on different parts of the line, monitors organic sample com-
bustion and CO2 transfers until final storage in a vial, and calculates the amount of produced and
stored carbon.

Figure 1 Schematic overview of the automated system. ➀: movable furnace; ②: cold (–78 °C) or
warm (70 °C) water trap; ➂: cold (–173 °C) or warm (40 °C) calibrated finger trap; ④: cold (–173 °C)
storage vials trap; P.P.: rotary pump; P.S.: turbo-molecular pump.
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Figure 2 Synoptic of the automated system, including optional ways and user-definable user param-
eters. In italics, user-definable parameters. Nb: number of samples (2<Nb<5); Gauge thresholds (Cap:
capillary to primary pumping, Pir: primary to turbo-molecular pumping, Dyn: limit vacuum under
pumping, Sta: limit without pumping, Freez: limit pumping on freezing CO2); furnace parameters: ri,
ti, Ti: heating time, hold time, and temperature for i = drying (# 100 °C), first combustion step (# 450
°C), the second or single combustion step (# 900 °C) and cooling step (# 150 °C). The grey squares
correspond to the following options: ➀ preliminary line pumping included in automated run; ②: com-
bustion in 2 steps; ➂: moving furnace; ④: 13C aliquot sampling. The diamond boxes correspond to
tests that have to be successful in allowing a passage to the following step. If the condition is not sat-
isfied, either the operation continues until satisfaction (pumping, temperature rise, etc.), or a series of
steps is carried out again for the following sample (until i = Nb), or a message preventing of a leak is
sent if the time to obtain satisfaction is exceeded (<3 hr, <7 times).
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Different options can be added to the basic run procedures:

• Preliminary line pumping before the combustion step, included in the automated system;
• Combustion in 2 steps with storage of the 2 fractions of obtained CO2;
• Combustion with a furnace vertical shift (from top to bottom), allowing total combustion of

decomposable or volatile fraction containing samples; 
• Aliquot sampling of obtained CO2 for further 13C analysis.

Several parameters are user-definable:

• Number of samples (from 2 to 5);
• Timing of the different steps;
• Furnace parameters: heating rate, temperature hold time and temperature for drying, the even-

tual 2 combustion steps, and the cooling phase;
• The following gauge thresholds allowing continuation of the run:

“Cap” threshold on Pirani 1 allowing a shift from primary pumping through a capillary to a direct primary
pumping (necessary for fine sediments);
“Pir1/Pir2” threshold on Pirani 1/2, allowing a shift from primary pumping to a turbo-molecular pumping;
“Dyn” threshold on AIM-S, indicating that the limit vacuum is reached through the whole line;
“Sta” threshold on AIM-S, controlling pressure increase on AIM-S in 50 seconds. It allows run continu-
ation id est drying and combustions;
“Freez” threshold on AIM-S, controlling the residual gas pumping on freezing CO2.

Several parameters are logged during the automated protocol and are easily available during and
after the run:

• Sample names;
• Results of combustion in terms of the amount of residual gases (measured in mbar on Pirani 1)

and obtained carbon (in mg of carbon);
• Records of AIM-S pressure during leak testing, including results from Pirani 1 during CO2

transfer from the quartz tube to the calibrated finger, pressure gauge during the CO2 expanding
in the calibrated finger, and Pirani 2 during the CO2 transfer from the calibrated finger to the
glass vial;

• Record of action messages showing progress and timing of the run.

RESULTS

Background Level of Manual Procedure

Figure 3 presents 14C activity versus mass or inverse mass of carbon obtained for different amounts
of the Afrique du Sud standard through a manual procedure. As expressed by the very low correla-
tion coefficient, there is no relationship between carbon mass and activity. Considering a 2 σ error
margin, all data are consistent (χ2 test with 56 observations) with a mean of 0.138 ± 0.006 pMC (2
σ), equivalent to a 14C age of about 54,400 yr BP.

For the common size range (between 0.8 and 2 mg) a mean apparent background age of 0.134 ±
0.006 pMC (about 54,700 yr BP) is measured.

Background Level of BMOA

The Afrique du Sud standard was used extensively to test different options and to cover a large range
of mass. Results ranging between 430 and 1640 µg of carbon are presented in Figure 4.
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The results show that the relationship between mass and 14C activities may be represented by:

14C activity = (194 ± 28) × (1/mass) + (0.022 ± 0.040) (1)

with the mass in µg of carbon (r2 = 0.67). However, this empirical relationship is not valid for samples
containing more than 800 µg of C, as exhibited by the very low regression coefficient (r2 = 0.0015)
between 14C activities and 1/mass. Considering the 2 σ error margin, all data are consistent (χ2 test
with 11 observations) with a mean of 0.191 ± 0.011 pMC (2 σ), equivalent to a 14C age of about 51,700
yr BP.

Figure 3 Background level of manual procedure. ➀, above: 14C activity (pMC) as a function of carbon
sample mass (µg); ②, below: 14C activity (pMC) as a function of inverse carbon sample mass (1/µg).
The error bars are shown ± 1 σ (68% of overall confidence). Full lines represent regressions (equa-
tions and coefficients are noted above). Dotted lines are the range of variation within 2 σ. The grey
bar represents the mean value (0.138 ± 0.006 pMC).
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Consequently, it is more appropriate to replace Equation 1 by the following 2 equations:

mass ≤ 800 µg 14C activity = (300 ± 55) × (1/mass) + (–0.16 ± 0.09) (2)

mass ≥ 800 µg 14C activity = 0.191 ± 0.035 (3)

Mass dependencies can be appreciated as a constant addition of 1.8 ± 0.4 µg of modern carbon (112
pMC as 2002 atmospheric CO2) into a 0-pMC charcoal.

Figure 4 Background level of BMOA. ➀, above: 14C activity (pMC) as a function of carbon sample mass (µg). Open
circles represent memory effect tests, whereas open triangles are for 9-mm tubes (see text). ②, below: 14C activity
(pMC) as a function of inverse carbon sample mass (1/µg). The grey line represents the linear regression tying 14C
activity and inverse carbon mass for all tests (equation and coefficient are noted below). The error bars are shown ± 1
σ (68% of overall confidence). Full black lines represent the couple of equations tying 14C-activity and inverse mass
(see text). Equations and coefficient are noted above. Dotted black lines are the range of variation within 1 σ.
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Memory Effects

In Figure 4, open circles symbolize the “memory effect” tests. These were performed using a small
amount of the Afrique du Sud, which was run just after a large sample of “Sucrose” (IAEA-C6,
150.6 pMC). Values obtained are consistent with mean standard values obtained during normal runs,
indicating that the procedure timing is well calibrated to induce no memory effect.

Quartz Tube Evaluation

Due to differences in dimensions between the international metric and imperial systems, tests were
conducted to define the type of quartz tubes to be used. Cajon Ultra-Torr fittings correspond to a
tube with an external diameter of 3/8", but common quartz tubes are manufactured in international
metric units with an external diameter of 9 mm (i.e., 0.54 mm smaller than the Cajon fitting). Our
tests showed that values obtained using the metric tubes (9 mm, open triangles in Figure 4) are con-
sistent with values obtained using the 3/8" tubes. This indicates that no extensive leak exists with the
association of Cajon Ultra-Torr fittings and the 9-mm tubes. The use of metric tubes allows for sub-
stantial lab-cost savings.

DISCUSSION

Ranges of background variation of the BMOA and the manual procedure are consistent for samples
containing more than 800 µg of carbon (Figure 5). Nevertheless, the mean level of BMOA is defi-
nitely higher than that of the manual process, 0.191 ± 0.011 pMC versus 0.138 ± 0.006 pMC (2 σ).
The small number of manual measurements for the lowest masses (5 lower than 800 µg of carbon)
do not allow us to confirm an apparent background activity as low as that of the heavier samples.
Nevertheless, it seems that the difference in background between the manual process and the
BMOA is even larger for the samples lower than 800 µg than it is for the largest samples. Neverthe-
less, the BMOA background is lower than the blank value of the EA-based systems, even modified,
which show a value of 0.24 ± 0.05 pMC. (Aerts-Bijma et al. 2001).

The particular nature of the BMOA procedure may explain its apparent greater background age
compared to the manual procedure for 2 reasons:

1. The major difference between the manual procedure and the BMOA is that for the former, com-
bustion occurs in a sealed tube, while in the latter, it occurs under a valve and an Ultra-Torr
Cajon. Undoubtedly, flame-sealed tubes are more airtight than a “closed valve–Ultra-Torr
Cajon” assembly. In particular, an increase of Viton o-ring porosity can occur consecutively
with an increase of temperature (around 50 °C) during the combustion step and can allow small
contamination by o-ring degassing. Perhaps a preliminary heating of the Viton o-rings would
be sufficient to decrease the background level.

2. A leak due to differential thermal expansion between quartz, Viton and Stainless of Cajon is not
very probable. Indeed, a more significant leak would be expected to occur in the case of the 9-
mm tubes, for which the pressure on the o-ring is weaker than for the 3/8" tubes. Such leaking
is not observed. Consequently, at this stage of the development, it does not seem necessary to
implement a room with double walls around the Cajon connection, as proposed by Bird et al.
(1999).

Nevertheless, the constancy and relatively low background obtained for samples containing more
than 800 µg on BMOA allows for the treatment of the majority of organic samples. Moreover, this
configuration requires minimal handling to obtain, dry, measure, and collect CO2 from 5 samples;
thus, only 30 min of human handling is necessary. Furthermore, an automated run of only 10 hr is
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necessary to obtain the collected CO2, compared with the more than 8 hr distributed over 4 days nec-
essary to arrive at the same result “manually.”

CONCLUSION

We developed an automated system to obtain, dry, measure, and collect CO2 from organic samples.
This new procedure considerably reduces the human handling time, while preserving a background
level sufficiently low to treat samples containing more than 800 µg of carbon, with a limiting age of
approximately 51,700 yr. This system includes many options, such as allowing aliquot extraction for
13C measurement and step combustion of specific samples.
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BOMB RADIOCARBON IN TREE RINGS FROM NORTHERN NEW SOUTH WALES, 
AUSTRALIA: IMPLICATIONS FOR DENDROCHRONOLOGY, ATMOSPHERIC 
TRANSPORT, AND AIR-SEA EXCHANGE OF CO2

Quan Hua1,2 • Mike Barbetti3 • Ugo Zoppi1 • David M Chapman4 • Bruce Thomson3

ABSTRACT. We have analyzed by radiocarbon 27 consecutive single rings, starting from AD 1952, of a preliminarily cross-
dated section (DFR 021) of Pinus radiata, which grew in Armidale, northern New South Wales, Australia. The bomb 14C
results suggested the possibility of 2 false rings, and, consequently, 2 misidentified rings in the preliminary count for this sec-
tion. This possibility was supported by a better ring-width correlation between the revised DFR 021 count and other Pinus
radiata chronologies in the study region. This indicated that bomb 14C is a useful tool to complement the standard techniques
of dendrochronology in tree species where annual rings are not always clearly defined.

Our accelerator mass spectrometry (AMS) 14C results for Armidale Pinus radiata, on a corrected timescale, can be compared
with previously published atmospheric and oceanic 14C data. The data show interesting features of atmospheric circulation
and the regional air-sea exchange of CO2 for the bomb period. On average, the difference between ∆14C values for Armidale
(30°S) and those for Tasmania (42°S) was negligible, implying a small latitudinal 14C gradient in the Southern Hemisphere.
However, small offsets between Armidale and Tasmania were observed for some periods. The variation of these offsets sug-
gests some slight changes in the relative contributions of the 2 excess 14C sources (the northern troposphere and southern
stratosphere) to the southern troposphere. In the decay of bomb 14C, atmospheric 14C reached a global equilibrium at the end
of the 1960s and decreased exponentially, halving every 16 years. The time for air-sea exchange of CO2 for southern Pacific
mid-latitudes was found to be about 7.5 yr, which was equivalent to a CO2 flux from the atmosphere to the oceans of 21.5
moles m–2y–1 for the 1970s.

INTRODUCTION

Hundreds of nuclear weapons were detonated in the atmosphere between 1945 and 1980. The radio-
carbon produced around the nuclear fire ball was directly injected into the atmosphere. As a result,
the concentration of 14C in the atmosphere increased dramatically in the late 1950s and early 1960s.
The atmospheric 14C level reached a maximum in the Northern Hemisphere in 1963–1964, almost
double its pre-bomb level. Since then, the 14C concentration in the atmosphere has been decreasing
due to rapid exchange between the atmosphere and other carbon reservoirs (mainly the oceans and
biosphere), and the absence of major atmospheric nuclear explosions.

Bomb 14C was recognized as a useful tracer for the study of atmospheric circulation (Nydal and
Lövseth 1983; Levin et al. 1985; Manning et al. 1990), air-sea exchange of CO2 (Nydal 1968;
Druffel and Suess 1983), and the global carbon cycle (Oeschger et al. 1975; Broecker et al. 1980;
Levin and Hesshaimer 2000). To contribute to the global effort, we have recently published the first
long records of 14C in tree rings from the northern tropics (Thailand, 19°N) and the southern tem-
perate region (Tasmania, Australia, 42°S) for the bomb pulse period (Hua et al. 2000). Here we
present the results of new measurements on a series of annual tree rings from Armidale, Australia
(30°S). This is the first time that a site in inland Australia has been used to examine the rise in atmo-
spheric 14C due to atmospheric nuclear explosions. The accelerator mass spectrometry (AMS) 14C
results were used to correct the preliminary ring boundary assignments in this cross-section, made
first by using the standard techniques of dendrochronology. We then discuss the features of bomb
14C in the Southern Hemisphere and their implications for atmospheric transport. Finally, we esti-

1Australian Nuclear Science and Technology Organisation (ANSTO), PMB 1, Menai, New South Wales 2234, Australia.
2Corresponding author. Email: qhx@ansto.gov.au.
3The NWG Macintosh Centre for Quaternary Dating, Madsen Building F09, University of Sydney, New South Wales 2006,
Australia.

4School of Geosciences, Madsen Building F09, University of Sydney, New South Wales 2006, Australia.
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mate the air-sea exchange of CO2 for southern Pacific mid-latitudes, based on our measured 14C data
from Armidale tree rings and those from Great Barrier Reef corals for the bomb period reported by
Druffel and Griffin (1995).

SAMPLE DESCRIPTION

An introduced species of pine in Australia, Pinus radiata, was used for this study. The tree was on
the New England Tableland of northern New South Wales, Australia (30°S, 152°E). This medium-
sized tree, catalog nr DFR 021, grew near a fence along a quiet countryside road from Armidale to
Dangar Falls. The sampling site is at moderate altitude, about 1000 m above sea level and about 5
km east-southeast of Armidale. The tree was a sapling in 1922 and was felled in mid-winter (July)
1998, when the 1997 ring was complete but the 1998 ring had not yet begun to form. We chose DFR
021 over sections from neighboring trees because the rings were wider and easier to sample for 14C
analysis. The cross-section used for 14C analysis is shown in Figure 1. The heartwood-sapwood tran-
sition for DFR 021 is around rings 1962–1966. Note that organic materials (e.g., lignin, waxes) in
the outermost sapwood rings may be added to heartwood at the time of conversion from sapwood to
heartwood (Cain and Suess 1976), but should be removed by pretreatment to pure cellulose (Hua et
al. 1999 and references therein). This pretreatment was employed for this study (see below), so that
the 14C measurements are unaffected. The outer rings, where samples were taken for 14C measure-
ment, are typically 2–3 mm wide, necessitating the use of AMS for 14C analysis. During the summer
growing season of Armidale Pinus radiata, the air mass movement is predominantly from the north-
east/southeast sector (Linacre and Geerts 1997). 

Figure 1 Cross-section of Armidale Pinus radiata DFR 021 with rings from AD 1922 to 1997, from which a sub-
section was used for AMS 14C analysis.

Sub-section used for 14C analysis
10 cm
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AMS 14C ANALYSIS AND THE DENDROCHRONOLOGY OF PINUS RADIATA

The ring pattern of Pinus radiata is clear and well-defined for the inner part of the DFR 021 section,
where the rings are wide. For this part of the section, a typical ring width is 5–10 mm. As the tree
became older and the outer rings became narrower, the ring pattern was less clear, with many doubt-
ful ring boundaries. There are many bands of small dark cells, which are similar to ring boundaries,
across the section. This made it difficult to date the DFR 021 section using the standard techniques
of dendrochronology because these uncertain ring boundaries might result in false (or intra-annual)
rings being counted in one part of the section and true rings not being counted in other parts of the
section or vice versa. The cross-dating of DFR 021 against other Pinus radiata trees in the region
was carried out at the NWG Macintosh Centre for Quaternary Dating of the University of Sydney
and a preliminary ring count (pc) for DFR 021 was achieved.

Fortunately, the narrow rings in the section, where the potential problems occur, are in the bomb
pulse period. There are 2 unique features of bomb 14C, which can be used to examine the prelimi-
nary chronology of DFR 021. The first one is that atmospheric 14C contents are similar for similar
latitudes in the Southern Hemisphere. We employed atmospheric 14C records for Pretoria 26°S
(South Africa, Vogel and Marais 1971) and Wellington 41°S (New Zealand, Manning and Melhuish
1994) as a norm for the 14C level for Armidale. The second feature is the significant difference in 14C
levels between consecutive annual tree rings during the bomb period, especially for the period of ris-
ing atmospheric 14C and a decade after the major bomb peak (1955–1965 and 1966 to the late
1970s). These features are very effective for detecting misidentified rings.

Figure 2 14C in tree rings versus atmospheric 14CO2 at similar latitudes. Lines represent ∆14C values for atmospheric
samples. Data for Pretoria and Wellington are from Vogel and Marais (1971) and Manning and Melhuish (1994), respec-
tively. Triangles depict ∆14C values for tree rings. ∆14C values for Armidale Pinus radiata are shown for the preliminary
ring counts (pc) and revised chronology (RC).
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Twenty-four consecutive single tree ring samples, starting from AD 1952, were prepared for AMS
14C analysis using the protocols set up by Hua et al. (1999). Our sampling strategy was to avoid the
ring boundary areas due to very different levels of 14C between consecutive rings. The woody mate-
rial of each ring, well clear from ring boundaries, was selected for 14C analysis. The samples were
pretreated to alpha-cellulose using the method of Hua et al. (2000). The pretreated material was con-
verted to graphite using methods described in Hua et al. (2001). The AMS 14C measurements were
performed using the ANTARES facility at ANSTO (Lawson et al. 2000; Fink et al. 2003), with a
precision of 0.35–0.45%.

The AMS 14C results for DFR 021 were reported in ∆14C values, after corrections for isotopic frac-
tionation using δ13C and radioactive decay of both sample and standard (Hua et al. 1999, and the ∆
term of Stuiver and Polach 1977). The results are presented in Table 1 and illustrated in Figure 2.
The ∆14C values for tree rings are plotted as points in the middle of the presumed growing period of
December–January. For ease of comparison, the atmospheric 14C records from the Southern Hemi-
sphere temperate regions, namely Pretoria 26°S (South Africa) and Wellington 41°S (New Zealand),
are also shown in Figure 2.

Table 1 Measured ∆14C from Pinus radiata in Armidale, Australia (30°S, 152°E), for both prelim-
inary ring counts and revised chronology.

Ring formation (year AD)
Laboratory
code 

δ13C
(‰ PDB)

Preliminary
ring counts (pc)

Revised
chronology (RC) ∆14C (‰)

OZE208 –22.1 1952 1952 –28.8 ± 4.5
OZE209 –21.9 1953 1953 –21.8 ± 4.1
OZE210 –21.5 1954 1954 –22.0 ± 4.3
OZE211 –22.6 1955 1955 –17.0 ± 4.6
OZE212 –22.4 1956 1956 18.7 ± 4.5
OZE213 –19.9 1957 1957 40.5 ± 3.3
OZE214 –21.0 1958 1958 98.1 ± 4.2
OZE215 –21.8 1959 1959 186.8 ± 4.2
OZE216 –20.4 1960 1960 195.5 ± 3.4
OZE217 –22.3 1961 1961 191.2 ± 4.1
OZE218 –22.9 1962 1962 251.6 ± 4.6
OZE219 –22.1 1963 1963 435.8 ± 5.2
OZE220 –21.8 1964 1964 606.6 ± 5.9
OZE221 –20.7 1965 1965 628.2 ± 5.7
OZE222 –20.5 1966 1966 615.4 ± 5.6
OZE223 –21.9 1967 1967 (early wood) 586.9 ± 5.4
OZE224 –21.9 1968 1967 (late wood) 580.7 ± 5.3

1967 583.8 ± 3.9
OZE225 –21.1 1969 1968 556.6 ± 5.6
OZE226 –21.7 1970 1969 531.6 ± 5.7
OZE227 –22.7 1971 1970 516.1 ± 5.1
OZE228 –23.0 1972 1971 475.6 ± 6.0
OZE229 –22.2 1973 1972 448.1 ± 5.3
OZE230 –22.3 1974 1973 416.7 ± 5.4
OZE231 –21.8 1975 1974 396.0 ± 5.6
OZG572 –22.9 1976 1975 378.7 ± 4.4
OZG573 –22.5 1977 1976 (early wood) 351.9 ± 4.9
OZG574 –23.4 1978 1976 (late wood) 340.5 ± 4.9

1976 346.2 ± 5.2
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Excellent agreement between measured 14C data for Armidale tree rings and atmospheric 14C
records for Pretoria for the period of 1952 to 1967 (pc) was found. However, for the period of 1968
to 1975 (pc), ∆14C values for the Armidale tree rings were significantly higher than those of atmo-
spheric 14C records for Pretoria and Wellington. In addition, ∆14C value for ring 1967 (pc) was equal
to that for ring 1968 (pc) (Table 1). These results suggested that 1967 (pc) ring boundary was a false
one and that rings 1967 and 1968 (pc) were in fact a single 1967 ring.

To test this hypothesis, we shifted results one year back for rings 1968–1975 (pc) and plotted their
∆14C values in Figure 2. A very good agreement with the atmospheric data sets was then found, indi-
cating that the hypothesis was correct. We therefore adopted a revised ring count, with the (new)
1967 ring consisting of the 2 rings, 1967 and 1968 of the preliminary count (Figure 3). We then
noted the similarity between rings 1967–1968 (pc) and rings 1977–1978 (pc) (see Figure 3), and
inferred that the 1977 (pc) ring boundary may also be a false one. To confirm this, the 3 single rings,
1976–1978 (pc), were prepared and measured by AMS. The 14C results from these rings, which are
also presented in Table 1, showed that the ∆14C value for ring 1977 (pc) was similar to that for ring
1978 (pc). These results confirmed that the 1977 (pc) ring boundary was also a false one.

14C contents for rings 1952–1976 of the revised count (rc), equivalent to rings 1952–1978 (pc),
agreed well with the atmospheric records for Pretoria and Wellington. This therefore meant that 2
later true rings were not counted, somewhere between rings 1979 and 1997 (pc). Using the standard
techniques of dendrochronology, and the fact that ring 1982 in other trees from this site was a very
narrow ring influenced by a strong El Niño event (low rainfall from November 1982 to January 1983
for the Armidale region, data files provided by Bureau of Meteorology 1999), we inferred that the
correct ring boundaries were those shown in the revised count (Figure 3). Unfortunately, we could
not use additional 14C measurements to confirm the revised count because the 14C levels between
consecutive rings in this period are not so different (the atmospheric 14C bomb curves for the South-
ern Hemisphere from 1980 onwards decreases less steeply; Vogel and Marais 1971; Manning and
Melhuish 1994). However, after the identification of 2 false ring boundaries in 1967 and 1976 (rc),
and new ring boundaries for 1982 and 1991 (rc), the revised count was supported by statistical cor-
relation, with a significant improvement in ring-width correlation between DFR 021 and other Pinus
radiata trees in the region for rings 1947 outwards (Table 2). This gave us confidence in the revised
chronology (RC).

Table 2 Ring-width correlation between DFR 021 and other Pinus radiata trees in the study region.
Calculation was performed for 25-yr segments lagged 12 yr.

Statistical correlation
Counted  segment
(year AD) Preliminary ring counts (pc) Revised chronology (RC)
1923–1947 0.79 0.79
1935–1959 0.82 0.82
1947–1971 0.79 0.83
1959–1983 0.54 0.69
1971–1995 0.52 0.63
1973–1997 0.53 0.65
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Figure 3 Tree-ring pattern of Armidale Pinus radiata DFR 021. Preliminary ring counts (pc) versus revised chronology (RC). 
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IMPLICATIONS FOR ATMOSPHERIC TRANSPORT

Measured ∆14C values for Armidale Pinus radiata (RC only) are shown in Figure 4, together with
previously published ∆14C data for tree rings at different latitudes from the Northern and Southern
Hemisphere. They are, respectively, the data for Hungary (48°N, 1951–1978, Hertelendi and Cson-
gor 1982), Germany (49°N, 1966–1982, Levin et al. 1985), Japan (38°N, 1960–1969, Muraki et al.
1998), Thailand (19°N, 1952–1975, Hua et al. 2000), and Tasmania (Australia, 42°S, 1952–1975,
Hua et al. 2000). These data are plotted in the middle of the growing period: June–July for the
Northern Hemisphere and December–January for the Southern Hemisphere.

The difference between Armidale (30°S) and Tasmania (42°S) was generally small or negligible
(Figure 4). The weighted average of the difference of the 2 data sets for the period influenced by
atmospheric nuclear detonations (rings 1954–1975) was 0.3 ± 2.9‰ (Armidale is higher). The mag-
nitude of this difference is similar to the mean monthly difference of 0.5 ± 1.1‰ between Pretoria
(26°S) and Wellington (41°S) for the period of 1957–1993 (Hua and Barbetti 2003). This indicated
a small latitudinal gradient in terms of ∆14C for the Southern Hemisphere. The reason for the low
latitudinal gradient in the Southern Hemisphere is that the sources of bomb 14C, which are mainly in
the Northern Hemisphere, are far from the south (Manning et al. 1990), and once the 14C excess is
transported over the broad Inter-Tropical Convergence Zone (ITCZ), atmospheric 14C diffuses rap-
idly with fast mixing in the Southern Hemisphere and does not allow for a large gradient there (Hua
et al. 1999). This feature of bomb 14C in the Southern Hemisphere is in contrast to that for the North-
ern Hemisphere, where there is a large latitudinal gradient of ∆14C—note the significant difference
between ∆14C values for Hungary (48°N) and those for Japan (38°N) at least for the bomb peak
period (Figure 4).

Although the average difference between Armidale and Tasmania was negligible, small offsets
between the 2 data sets were observed during the rise and fall of bomb 14C. Note that the excess 14C
produced by bomb tests was mostly injected into the stratosphere, then returned to the troposphere
through the mid- to high-latitude tropopause gap in both hemispheres during the spring and summer
time of each hemisphere. Because the main sources of bomb 14C were in the Northern Hemisphere,
the southern troposphere received excess 14C from the northern troposphere and the northern strato-
sphere through the southern stratosphere. Excess 14C from the northern troposphere reached Armi-
dale (30°S) before it reached Tasmania (42°S), meanwhile Tasmania was more sensitive to the injec-
tion from the southern stratosphere (compared to Armidale) because Tasmania is located further
south and is close to the injection areas (mid- to high-latitudes) in the Southern Hemisphere.1 Due
to a very similar growing season between Armidale Pinus radiata and Tasmanian Huon pine
(approximately from November to February), the variation of the small offsets between Armidale
and Tasmania during the bomb period might indicate some indications about relative contributions
of the 2 excess 14C sources to the southern troposphere.

1The seasonal structure for the Wellington record (41°S, New Zealand), which is close to Tasmania in latitude, was well
determined with a maximum in March and a minimum in August (until 1980; Manning et al. 1990). This seasonality
reflected the injection of excess 14C from the southern stratosphere into the southern troposphere. Meanwhile, the seasonal
structure for the South Pacific sites including Funafuti 9°S (Tuvalu) and Suva 18°S (Fiji), which is close to Armidale in lat-
itude, were not well determined (Manning et al. 1990). It is likely that these sites received more excess 14C from the North-
ern Hemisphere, which became diffused when transferred to the Southern Hemisphere across the broad ITCZ. As a result,
atmospheric 14C over these sites lost the Northern Hemisphere seasonal pattern: maximum in July–August and minimum in
January–March (Meijer et al. 1995), which mainly reflected the seasonality of the injection of excess 14C from the northern
stratosphere to the northern troposphere.
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∆14C values for Armidale were slightly lower than those for Tasmania at the ends of 1954, 1957, and
1961 (Figure 4). Unfortunately, the 2 atmospheric 14C records for Pretoria and Wellington shown in
Figure 2, which have latitudes similar to Armidale and Tasmania, respectively, are not detailed
enough at those times to determine if there are similar 14C offsets between the 2 records. It is inter-
esting that the ends of 1957 and 1961 were times when there were changes in the rates of increase
of 14C in Armidale Pinus radiata: a small rise from the end of 1955 to the end of 1957, an interme-
diate increase from the end of 1957 to the end of 1959, a plateau from the end of 1959 to the end of
1961, and a steep rise from the end of 1961 to the end of 1965 (Figure 4). These changes suggest
variations in the amount of excess 14C transferred from the northern troposphere to the southern tro-
posphere. There was a plateau in ∆14C in the northern troposphere during 1956, followed by a small
increase during 1957. There was effectively no increase in the amount of 14C transferred to the
Southern Hemisphere during 1957 because there is a time lag for the transfer of excess 14C between
the 2 hemispheres of the troposphere. Meanwhile, ∆14C values of the southern stratosphere
increased slightly during 1957 (Figure 5). A similar situation was noted for 1961, when there was no
increase in the amount of 14C transferred from the Northern Hemisphere to the Southern Hemi-
sphere (see Figure 4), and a slight increase of 14C in the southern stratosphere (see Figure 5). These
slight changes in the relative contributions of the 2 excess 14C sources to the southern troposphere
might explain the negative Armidale-Tasmania offsets at the ends of 1957 and 1961 (and perhaps
also 1954, for which there are no data on stratospheric 14C; see Figure 5; Telegadas 1971;
Hesshaimer and Levin 2000).

Figure 4 14C in tree rings at different latitudes and atmospheric nuclear detonations AD 1950–1980. Symbols depict ∆14C
values for tree rings. Data sources are Hertelendi and Csongor (1982) for Hungary, Levin et al. (1985) for Germany, Muraki
et al. (1998) for Japan, and Hua et al. (2000) for Thailand and Tasmania. Measured ∆14C values for Armidale Pinus radiata
are shown for the revised chronology (RC) only. Error bars are too small to be shown. Bars represent effective yield of
atmospheric nuclear detonations for 3-month periods (for 1945–1976, Enting 1982; for 1977–1980, Yang et al. 2000).
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In contrast, during the steepest rise of bomb 14C, ∆14C values for Armidale were slightly higher than
those for Tasmania (at the ends of 1963, 1964, 1968, and 1969). It was clear that this steep rise of
14C was due to high-yield nuclear weapon tests in 1961–1962 (Figure 4). These detonations injected
a large amount of artificial 14C into the upper and high stratosphere in the Northern Hemisphere. As
a result, the major transport of excess 14C was from the northern stratosphere to the northern tropo-
sphere then to the southern troposphere. During this period of time, the concentration of excess 14C
in the northern stratosphere was much higher than that in the southern stratosphere (Figure 5), so the
amount of excess 14C injected into the southern troposphere from the southern stratosphere would be
smaller than that from the northern troposphere. This would explain why there were positive Armi-
dale-Tasmania offsets for the steep rise of bomb 14C (at the ends of 1963 and 1964). Bomb 14C
reached a maximum at the end of 1965, then decreased. There were no differences between Armi-
dale and Tasmania at the ends of 1965, 1966, and 1967. However, there were positive Armidale-Tas-
mania offsets at the ends of 1968 and 1969. This might be due to some sporadic nuclear bomb tests
in the Northern Hemisphere in 1967, 1968, and 1969. 

In the decay of bomb 14C, there were some disturbances (Figure 6). A small peak in tree ring ∆14C
was found in German pine in the middle of 1970. Levin et al. (1985) suggested that a nearby nuclear
power plant caused this effect (see Table 6 of Levin et al. 1985). This ∆14C peak was also found in
Hungarian tree rings in the middle of 1970 and in Thai tree rings in the middle of 1971 as the trans-
port time of bomb 14C from northern temperate region to the tropics is ~1 yr (Hua et al. 2000). These
disturbances were also observed around 1970 in the atmospheric records for Fruholmen, Norway, at
71°N (Nydal and Lövseth 1983). These features indicate that the effect was not local or regional, but
global, and that it was caused by sporadic atmospheric nuclear tests after 1963 performed by China
in the Northern Hemisphere and France in the South Pacific (Enting 1982). A small bomb peak is

Figure 5 ∆14C values in the stratosphere and troposphere for the bomb period (after Manning et al. 1990). The upper
2 curves are for the stratosphere and the lower 2 for the troposphere. The solid and dotted lines denote the Northern
and Southern Hemisphere, respectively.
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expected to be found in the Southern Hemisphere temperate region at the end of 1971 as the trans-
port time of bomb 14C from the tropics to the southern temperate region is ~0.5 yr (Hua et al. 2000).
However, as mentioned above, the 14C excess becomes diffused when it is transported over the
broad ITCZ; no small bomb peak was found in either the Armidale or the Tasmanian series at the
end of 1971.

There were small upward fluctuations in Tasmanian Huon pine at the ends of 1970 and 1972 and the
∆14C value for Tasmania was slightly higher than that for Armidale at the end of 1972. These fluc-
tuations might be due to atmospheric nuclear tests in the South Pacific in 1968 and 1970, and 1971,
respectively (Figure 6). However, there were no significant fluctuations for Armidale Pinus radiata
(except perhaps for a small upward fluctuation less pronounced than that for Tasmania at the end of
1970). As mentioned above, Tasmania is more sensitive to the injection from the southern strato-
sphere and, therefore, to atmospheric nuclear bomb tests in the Southern Hemisphere. As a conse-
quence, Tasmania became equal to Armidale at the ends 1970 and 1971 (Tasmania was lower than
Armidale at the end of 1969, as mentioned previously), and was slightly higher than Armidale at the
end of 1972. This would also explain why no pronounced fluctuations in atmospheric 14C between
1970–1976 were found in Armidale tree rings.

Most of the Armidale-Tasmania offsets discussed above (negative at the ends of 1954, 1957, 1961
and 1972; positive at the ends of 1964, 1968, and 1969) were small, as the 2 data sets did not overlap
within 1 σ error but did overlap within 2 σ error.  Only one significant offset, where the 2 data sets
did not overlap within 2 σ error, was found at the end of 1963. This significant difference between
Armidale and Tasmania might be due to large amount of excess 14C transferred from the Northern
to Southern Hemisphere during the steep rise of bomb 14C at the end of 1963. 

Figure 6 Influences of sporadic atmospheric nuclear tests after the 1963 Test Ban Treaty and decay of bomb 14C. Measured
∆14C values for Armidale Pinus radiata are shown for the revised chronology (RC) only. Sources of ∆14C data for tree
rings and effective yield of atmospheric nuclear detonations are shown in Figure 4.
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Although there were some small disturbances between 1970–1972, bomb 14C reached a global equi-
librium at the end of 1968 (Telegadas 1971) and decreased exponentially, halving every 16 yr (Fig-
ure 6). This estimate is very similar to those of previous work: 17 yr from Manning et al. (1990) and
Dai et al. (1992), 18 yr (inversion of a decay constant of 0.055 yr–1) from Nydal and Gislefoss
(1996), and 16 yr from Levin and Kromer (1997) and Park et al. (2002).

AIR-SEA EXCHANGE OF CO2 FOR SOUTHERN PACIFIC MID-LATITUDES

Measured ∆14C values for Armidale tree rings and those for corals from the Great Barrier Reef are
shown in Figure 7. The coral ∆14C were the average values of 3 different sites: Heron Island (23°S,
152°E), Abraham Reef (22°S, 153°E), and Lady Musgrave Island (24°S, 153°E) (Druffel and Griffin
1995). Atmospheric ∆14C for Armidale increased from –22‰ at the beginning of 1955 to 186.8‰
at the beginning of 1960. As a result of the transfer of bomb 14C from the atmosphere to the surface
ocean, ∆14C in Great Barrier Reef corals slightly increased from –54.7‰ in early 1955 to –22.8‰
in early 1961. Then, atmospheric ∆14C dramatically increased from 191.2‰ at the beginning of 1962
to a maximum level of 628.2‰ at the beginning of 1966 due to the high level of atmospheric nuclear
detonations in 1961–1962 (Figure 4). The ∆14C level in corals increased from –29.2‰ in early 1962
to 95.5‰ in early 1968. This period saw a steep rise of bomb 14C in the surface ocean of the Great
Barrier Reef. After 1966, although atmospheric ∆14C decreased, the ∆14C level in Great Barrier Reef
corals still increased with a lower rate and reached a maximum of about 141‰ between 1976–1980.
This occurred because there was a large amount of excess 14C in the atmosphere after the major
bomb tests which was still being transferred to the oceans. After 1980, the ∆14C level in the surface
ocean of the Great Barrier Reef decreased.

Figure 7 14C in tree rings compared with that in corals for southern mid-latitudes. Measured ∆14C values for
Armidale Pinus radiata are shown for the revised chronology (RC) only. ∆14C values for corals are the average
values of 3 different sites (Heron Island, Abraham Reef, and Lady Musgrave Island) from the Great Barrier Reef
(Druffel and Griffin 1995). Error bars are too small to be shown.
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We have used a 1D box model to estimate the time for air-sea exchange of CO2 for the mid-southern
Pacific, with the assumption that only vertical transport in the oceans was responsible for the transfer
of bomb 14C from the atmosphere to the oceans. The model consisted of a box diffusion ocean from
Oeschger et al. (1975), including a homogenous surface-mixed layer of 75 m, and deep sea water
divided into 36 boxes of 25 m and 5 boxes of 560 m. The transfer of 14CO2 between the surface-
mixed layer and deep sea water was parameterized by a constant vertical eddy diffusivity K. The
transfer of bomb 14C from the atmosphere to the surface-mixed layer was parameterized by a con-
stant exchange coefficient kam, which is inversely proportional to the time for the air-sea exchange
τam. If the time history of atmospheric 14C (the source of bomb 14C for the oceans) and the constant
eddy K are known, one can estimate the air-sea exchange coefficient kam for a particular region using
the above model.

The source function of bomb 14C in the atmosphere was our measured ∆14C data from Armidale tree
rings (1953–1977). Because atmospheric CO2 content was not constant but increased significantly
(Etheridge et al. 1998) during the period of our study (the bomb pulse period), we had to include the
12C species in our modelling. The source function of atmospheric CO2 was the measured CO2 data
from Law Dome DE08 and DE08-2 ice cores from Antarctica (AD 1832–1977, Etheridge et al.
1998). The eddy diffusivity K for the ocean close to the Great Barrier Reef corals (22–24°S, 152–
153°E) was determined from GEOSECS Tritium data of Pacific stations 269 (23°57′S, 174°31′W)
and 310 (26°57′S, 157°9′W) (see Figure 8 for locations of Armidale tree rings, corals from the Great
Barrier Reef, and the 2 GEOSECS Pacific stations). The mean depth of tritium penetration in 1973
for the 2 stations was 360 m (370 m for station 269 and 350 m for station 310, Broecker et al. 1980),
which was equivalent to an eddy diffusivity K of 4890 m–2y–1 (Broecker et al. 1980). The average
pre-bomb ∆14C value of Great Barrier Reef corals was about –50‰ (–49.6 ± 3.6‰ for Abraham
Reef for 1800–1957, Druffel and Griffin 1993; –49.8 ± 3.8‰ for Heron Island for 1849–1955,
Druffel and Griffin 1999). The model was run from 1832 to 1977 and the initial ∆14C value of the
surface-mixed layer was chosen so that the average pre-bomb ∆14C value of the surface waters for
1832–1955 calculated from the model was in agreement with that of the Great Barrier Reef corals
of –50‰.

The model was then run with different values of kam. The best kam was determined when there was
the best fit to the measured ∆14C for the mixed layer (∆14C values from the Great Barrier Reef corals
for 1953–1977, Druffel and Griffin 1995) and the measured ∆14C for the deep ocean close to the
Great Barrier Reef (∆14C values of deep ocean for stations 269 and 310 in 1974, Östlund and Stuiver
1980). The air-sea exchange coefficient kam for mid-southern Pacific estimated by the model was 1/
7.5 yr–1, which was equivalent to a τam of 7.5 yr. Figures 9 and 10 show ∆14C values calculated by
the model versus experimental ∆14C data for the surface-mixed layer and deep ocean for the best
estimated value of kam of 1/7.5 yr–1, respectively. A good agreement between measured ∆14C data
for surface ocean derived from corals and those calculated from the model was found (Figure 9).
However, for the deep ocean the agreement between experimental 14C data and those determined
from the model were not very good for the depth between 100–600 m (Figure 10). This suggested
that using only vertical transport (diffusion) in the oceans does not properly explain the transfer of
bomb 14C to the deep sea for the mid-southern Pacific Ocean.

The corresponding flux of CO2 (kam of 1/7.5 yr–1) from the atmosphere to the surface ocean for mid-
southern Pacific for the 1970s (CO2 mixing ratio of 330 ppm, Etheridge et al. 1998) was 21.5 moles
m–2y–1. Our estimated value is in agreement with the estimate of 22 moles m–2y–1 for the CO2 inva-
sion rate for the south temperate region of the Pacific by Broecker et al. (1985). Quay and Stuiver
(1980) determined the CO2 gas exchange for the mid-southern Pacific. Their average value of CO2



Bomb 14C in Tree Rings from Northern NSW, Australia 443

Fi
gu

re
 8

 M
ap

 o
f A

us
tra

lia
 an

d 
th

e S
ou

th
w

es
t P

ac
ifi

c s
ho

w
in

g 
lo

ca
tio

n 
of

 th
e A

rm
id

al
e P

in
us

 ra
di

at
a 

tre
e,

 si
te

s f
or

 G
re

at
 B

ar
rie

r R
ee

f c
or

al
s (

H
er

on
 Is

la
nd

, A
br

ah
am

 R
ee

f,
an

d 
La

dy
 M

us
gr

av
e 

Is
la

nd
), 

an
d 

G
EO

SE
C

S 
Pa

ci
fic

 st
at

io
ns

 2
69

 a
nd

 3
10

.

A
us

tra
lia

In
do

ne
si

a
Pa

pu
a-

N
ew

 G
ui

ne
a

A
rm

id
al

e

G
re

at
B

ar
rie

r
R

ee
f

N
ew

 Z
ea

la
nd

0 10 20

120

140

160

100

Pa
ci

fic
 S

ta
tio

n 
26

9
Pa

ci
fic

 S
ta

tio
n 

26
9

To
ng

a

Sa
m

oa

Fr
en

ch

Po
ly

ne
si

a

Pa
ci

fic
 S

ta
tio

n 
31

0

160

180



444 Q Hua et al.

gas exchange from 4 stations (322, 320, 317, and 324) located east of 150°W was 25 moles m–2y–1.
Stuiver et al. (1981) estimated the average air-sea exchange rate of 26.5 moles m–2y–1 for the south
Pacific from 10°S to 50°S. Our estimate is slightly lower than those from Quay and Stuiver (1980)
and Stuiver et al. (1981). The difference between the 3 estimates might be due to the difference in
study areas: 23–27°S, 152°E–158°W (this study); 23–43°S, 128–146°W (Quay and Stuiver 1980);
south Pacific between 10–50°S (Stuiver et al. 1981).

CONCLUSION

This is the first time that a site in inland Australia has been used to examine the rise in atmospheric
14C due to atmospheric nuclear detonations in the late 1950s and early 1960s. Our AMS 14C results
for single tree rings from Armidale 30°S (Australia, rings 1952–1976) revealed some interesting
features of Southern Hemisphere bomb 14C and their implications for global atmospheric circula-
tion. On average, the difference between Armidale and Tasmania in terms of 14C was negligible,
implying a small latitudinal gradient for the Southern Hemisphere. This situation contrasts with that
of the Northern Hemisphere, where there was a large latitudinal gradient of 14C during the bomb
peak. However, small offset variations between Armidale and Tasmania were observed. This might
suggest some indications about relative contributions of the 2 excess 14C sources (the northern tro-
posphere and southern stratosphere) to the southern troposphere. Together with previously pub-
lished 14C data from tree rings, 14C in Armidale Pinus radiata decreased exponentially, halving
every 16 yr.

Figure 9 ∆14C in corals from the Great Barrier Reef (average values of corals from 3 different sites as in Figure 7) com-
pared to that calculated from the model for the case of best estimate kam of 1/7.5 yr–1.
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Figure 10 Oceanic ∆14C for stations 269 and 310 in the South Pacific (values respectively for January and
April 1974 during the GEOSECS expedition, Östlund and Stuiver 1980) compared to that calculated from
the model for the case of the best estimate kam of 1/7.5 yr–1. The penetration of bomb 14C in the Pacific Ocean
at the time of GEOSECS expedition in 1974 was less than 1000 m (Broecker et al. 1985); therefore, only
oceanic 14C data from depths less than 1000 m were used for comparison. 
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By using our measured 14C from Armidale Pinus radiata together with previously published 14C
data from Great Barrier Reef corals (Druffel and Griffin 1995) and from 2 GEOSECS southwest
Pacific stations (269 and 310, Östlund and Stuiver 1980), we estimated the time for air-sea exchange
of CO2 of ~7.5 yr for the mid-southern Pacific, which was equivalent to a CO2 flux from the atmo-
sphere to the surface ocean of 21.5 moles m–2y–1 for the 1970s. The results also showed that bomb
14C is a very useful tool to complement the standard techniques of dendrochronology in detecting
misidentified rings when tree rings are analyzed by 14C in a way similar to our experiment—a series
of consecutive annual rings during the bomb pulse period.
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ABSTRACT. Radiocarbon dates of food residue on pottery from northern European inland areas seem to be influenced sig-
nificantly by the freshwater reservoir effect (“hardwater” effect) stemming from fish and mollusks cooked in the pots. Bones
of freshwater fish from Stone Age Åmose, Denmark, are demonstrated to be 100 to 500 14C yr older than their archaeological
context. Likewise, food residues on cooking pots, seemingly used for the preparation of freshwater fish, are shown to have 14C
age excesses of up to 300 yr. It is probable that age excesses of similar or even larger magnitude are involved in food residue
dates from other periods and regions. Since this effect cannot, so far, be quantified and corrected for, 14C dating of food res-
idue, which may potentially include material from freshwater ecosystems, should be treated with reserve.

BACKGROUND AND HYPOTHESIS

Radiocarbon dates of charred food remains on pottery have become very popular among archaeolo-
gists. In principle, this kind of material has the obvious advantage of indisputable chronological
association with the very usage of the pottery, a category of artifacts of fundamental importance for
the study of prehistoric cultural processes. In practice, however, it has recently become apparent that
many 14C dates of food residue from northern Europe are up to several centuries older than expected
from other kinds of evidence (Fischer 2002; cf. Koch 1998:96, 98, 101, 107; Persson 1999:86). 

Some of these surprisingly old food residue dates are probably due to the marine reservoir effect,
which applies to cases where the δ13C values are greater (less negative) than about –26‰ (see
below). This paper discusses the hypothesis that dates of food residue which do not contain material
of marine origin may also have significant reservoir effects, in this case stemming from freshwater
organisms such as fish and mollusks cooked in the pots. This hypothesis was formulated on the basis
of the following observations and inferences:

• Many of the surprisingly old food residue dates from northern Europe derive from Stone Age
pots which are found in inland regions, including the Åmose bog in eastern Denmark. Some of
the most striking examples are marked in Figure 1.

• Examinations of Stone Age food residue on pottery found in the inland have revealed remains
of bones and scales of freshwater fish, which apparently have been cooked in the vessels (Koch
1998:151).

• In the Åmose, which is a bog with very fine preservation conditions for food remains, bones and
scales from freshwater fish and shells from freshwater mollusks (Anodonta) often constitute a
major part of Stone Age culture layers. Consequently, freshwater food is expected to have been
a frequent ingredient in the food prepared in the cooking vessels found in this bog and probably
in cooking pots found in other wetlands as well, where faunal remains were not so well preserved.

• Present-day river water and freshwater fish and mollusks from other parts of northern Europe
are reported to have reservoir ages in the order of several hundred to a few thousand yr (Lanting
and van der Plicht 1996, 1998; Heinemeier et al. 1997; Heinemeier and Rud 1998; Cook et al.
2001). Similarly, several studies have reconstructed past reservoir ages, based on pre-bomb
samples in freshwater systems (e.g. Heier-Nielsen et al. 1995; Geyh et al. 1998). Thus, it can be
expected that freshwater organisms prepared in the cooking pots from Stone Age Åmose have
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significant apparent ages. This age offset can result from the hardwater effect and other variet-
ies of reservoir effect.

Figure 1 Northern European Stone Age sites with 14C-dated food residue on pottery, some of which has produced
surprisingly old dates. In the case of the coastal settlements (rectangular signatures), the age offsets probably derive
primarily from hitherto unrecognized marine reservoir effect. The apparent age of food residues from inland settle-
ments (round signatures) and votive pots (x signatures) can in most cases be explained by hitherto unrecognized
freshwater reservoir effect. 
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FOOD RESIDUE

In this paper, the term “food residue” refers to charred, usually dark residues up to several mm thick,
which adhere to the inner surface of cooking pottery (Figure 2). The color of this material varies
from pot to pot from black to dark brown to brownish gray—probably reflecting differences in the
original composition, as well as in the secondary decomposition of the residue. It is generally con-
sidered to be the remains of food, fixed to the vessels during the cooking process (e.g. Andersen and
Malmros 1985; Koch 1987, 1998; Isaksson 1997; Persson 1997, 1999; Nakamura et al. 2001).

The same kind of residue is regularly seen on the upper parts of the outer surface of many cooking
vessels, where it probably ended up as a result of boiling over (cf. Andersen and Malmros 1985;
Koch 1987, 1998:117). On the upper parts of the outer surface of such pots, another, generally thin-
ner and more glossy coating is often seen, too (Figure 3). The latter seems (primarily) to be deposits
of soot from the cooking fire (cf. Koch 1998:117).

A study of hundreds of Neolithic wetland votive pots with well-preserved traces of use concludes
that the vessels in question were used for boiling food (Koch 1998:117). The blistery inner structure,
which is often seen in the organic residues on the inner surface of the vessels, has been interpreted

Figure 2 Food residue on the inner surface of a sherd of a cooking pot from the Åkonge site. On this sherd, major parts of the
approximately 1-mm-thick layer have peeled off (scale in cm). Photo courtesy of John Lee, The National Museum of Denmark.
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as a result of intentional fermentation (Arrhenius 1984; Arrhenius and Lidén 1989; Isaksson 1997),
but might also have resulted from boiling food. Observation of microscopic fragments of pottery,
which apparently have entered such food residue as a result of stirring, may indicate that the food
was soup or porridge (Isaksson 1997).

Chemical analyses have revealed a diversity of fats, proteins, and trace elements in food residue on
northern European pottery (Arrhenius 1984; Arrhenius and Lidén 1989; Lidén 1990; Isaksson 1997;
cf. Malainey et al. 1999). Microscopic examination has, furthermore, demonstrated stray fragments
of plant material in a matrix lacking cellular structure (Arrhenius 1984; Andersen and Malmros
1985; Arrhenius and Lidén 1989; Isaksson 1997).

From the coastal Mesolithic site Tybrind Vig, food residues with clearly visible remains of vegetable
matter as well as bones and scales of marine fish are reported (Andersen and Malmros 1985; cf.
Koch 1998:305). Likewise, organic residues adhering to the inner surfaces of Stone Age cooking
pots from inland bogs have been demonstrated to include scales and bones of freshwater fish (Koch
1998:151, 307, 320; cf. Koch 1998:321, 323, 339). An apple seed embedded in the food residue is
also reported (Koch 1998:119).

Most of the dates of food residue presented in Table 3 and 4 were made at the AMS laboratory at the
University of Aarhus, Denmark (labeled “AAR”). The samples were given a standard AAA treat-
ment (1M HCl and NaOH at 80 °C for several hr prior to combustion and graphitization for dating).
The 14C dates are reported in accordance with international convention (Stuiver and Polach 1977) and
normalized to a δ13C of –25‰ VPDB as described in Andersen et al. 1989. Table 3 also includes
some dates produced by the AMS laboratory in Uppsala, Sweden (samples labeled “Ua”). To this are
added a number of context dates produced by the former 14C laboratory in Copenhagen (labeled “K”).

Figure 3 Potsherd with a thin layer of glossy, dark coating on its outer surface, probably mainly consisting of soot from the
cooking fire (scale in cm). Photo courtesy of Geert Brovad, The Zoological Museum, Copenhagen.
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TEST DESIGN

The Åmose in eastern Denmark (Figure 1) stands out as a suitable case for testing the hypothesis on
freshwater reservoir effect in food residue on pottery from inland areas. Among the numerous Stone
Age sites from this bog, the kitchen midden at the Åkonge site (Fischer 1985, 1999, 2002) was
selected as the primary source of data. It consists of 2 stratigraphic units, termed layer 3a (upper part
of the midden) and layer 3b (lower part of the midden). Both of these layers include pottery with
food residue, and both are rich in organic cultural remains of direct relevance, such as bones of
freshwater fish and marrow-split bones of terrestrial mammals (Figure 4).

A program for testing the hypothesis of freshwater reservoir effect in food residue dates was out-
lined in 1998. It included 4 experiments, which should provide the following kind of data:

1. A series of 14C dates of present-day fish and mollusks from the Åmose freshwater system.
2. Series of 14C dates from chronologically and stratigraphically well-defined Stone Age culture

layers. These series should include samples of bones of freshwater fish as well as samples of
terrestrial material of negligible lifespan, which could neither be suspected to be redeposited
nor influenced by marine or freshwater reservoir effects.

Figure 4 A 0.5 × 0.5 m square of the Åkonge inland kitchen midden during excavation, seen obliquely from above. The site
belongs to the time immediately after the introduction of farming, when hunting and fishing still formed the primary subsis-
tence base. Fragments of cooking pots are scattered in between food remains of terrestrial and freshwater origin. Bones of
terrestrial mammals are the most conspicuous, but a closer view reveals numerous fragments of cracked hazelnut shells and
scales and bones of freshwater fish. Due to leaching, the carbonate of the mollusk shells has disappeared in the upper part of
the deposit. Photo courtesy of Peer Rievers.



454 A Fischer & J Heinemeier

3. Series of 14C dates from stratigraphically and chronologically well-defined sediments including
samples of food residue as well as samples of terrestrial material with negligible lifespan, which
could neither be suspected of having been redeposited nor influenced by reservoir effects.

4. Combinations of food residue dates and dates on less problematic material (preferably terres-
trial plant material of negligible lifespan) from individual potsherds.

Experiment 1

Live samples of relevant species of fish and mollusks were taken from present-day Lake Tissø in the
Åmose river valley (Figure 1). Hydrologically and geologically, this lake is related to the former
lakes in the Åmose basin in many ways, including its mix of groundwater and precipitation water
(Høy and Dahl 1993; Noe-Nygaard 1995; Hedeselskabet 2000:13). 

It was expected that any reservoir effect in prehistoric fish bones from the Åmose would primarily
be the result of dissolved fossil carbonate in the groundwater. It would have seeped into the former
lake from the surrounding hills with their calcareous underground, which is characteristic of most of
north and east Denmark. Alternative—but in the specific case less probable—causes of a potential
age offset could be water-absorbed CO2 resulting from decay of old organic material in the lake and
CO2 with a high residence time in truly old groundwater seeping into the lake (cf. Tauber 1983). 

In principle, the potential apparent age of the groundwater could be up to about 1 14C half-life (about
5700 yr) due to a 50% dilution with CO2 from fossil carbonate (Heier-Nielsen et al. 1995). It was
uncertain, however, if the hardwater effect in the groundwater could be detected in present-day fish
in Tissø, which are also influenced by the atomic bomb pulse.

Experiment 2

The Åkonge kitchen midden is very rich in bones and scales of freshwater fish (Figure 4). Of the
larger fish bones, 5404 had already been determined to species (Enghoff 1995). The dominant cate-
gories were cyprinids (Cyprinidae) and pike (Exox lucius), with a relative representation of 49% and
35%, respectively. Among the cyprinids, tench (Tinca tinca) was most numerously represented. 

A collection of tench and pike bones from the Åkonge kitchen midden was selected for 14C dating.
It was decided to study these particular species for 2 reasons. First of all, because they apparently
were the species most frequently consumed on this site, and secondly, because they represent differ-
ent trophic levels. Tench feed on insect larvae (primarily mosquito), bivalves, snails, and slugs
(Muus 1998). Pike of the size represented in the Åkonge sample almost exclusively feed on fish
such as cyprinids, but may also occasionally eat ducklings and frogs (Muus 1998). If the hardwater
effect was influencing the dates of these bones, it should be most pronounced in the tench samples
since its food is generally more aquatic than that of the pike. 

From the Åkonge kitchen midden, 6 14C dates of red deer bone were already available and these
were subsequently supplemented with dates on terrestrial plant and bone material. The same series
of dates was used also in Experiment 3.

Experiment 3

The large collection of potsherds with well-preserved food residue from the Åkonge midden had
been excavated and curated in such way that post-excavation pollution from dust, finger-grease, car
combustion particles, etc. could be excluded.
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Experiment 4

A detailed inspection of pottery from the Åkonge site had revealed a number of sherds from which
could be taken a sample of food residue, as well as a sample of other material of a less problematic
nature. These potential combinations of samples included terrestrial material of negligible lifespan
that had been incorporated in the clay when the pottery was produced. 

In the following, the complete set of dates from the test program is presented, with the exception of
1 fishbone sample which yielded too little collagen carbon (<0.2 mg) for a precise date.

Apparent Age in Present-Day Freshwater Fish

In Table 1, we list the result of dating a series of freshwater species caught live in Lake Tissø in May
2001 (mollusks) and February 2002 (fish). As can be seen, all individuals have unrealistic, positive
14C ages of, on average, about 300 BP. Due to the remains of the atmospheric 14C bomb pulse caused
by nuclear bomb tests since the late 1950s, negative 14C ages of around –700 yr BP are expected for
contemporaneous terrestrial samples (see e.g., Goodsite et al. 2001). By extrapolation of the dataset
presented in this reference, the atmospheric 14C level around the time of collection is estimated at
109.4 percent modern carbon (pMC) and from the pMC ratio fish/atmosphere, estimated equivalent
reservoir ages of the fish samples have been calculated in the last column of Table 1, averaging about
1000 yr. Since the atmospheric 14C level has been even higher in the preceding years (1963–2000),
this value is probably underestimated, but it may be taken as indicative of local freshwater reservoir
ages in the past having been considerably higher than the typical marine reservoir age of 400 yr.

A considerable part of the water in Tissø stems from groundwater. Some of it comes directly into the
lake through its bottom. During the summers of 1998–2002, for instance, the average inflow of
groundwater through the lake bottom was about 14% of the total inflow to the lake (Vestsjællands
Amt 1999, 2000, 2001, 2002, 2003). A probably larger supply of groundwater arrives through the
Åmose River and smaller streams from the hills surrounding the Åmose Valley (personal communi-
cation 2003 with Claus Koch, County Administration of West Zealand; cf. Hedeselskabet 2000:13).

Table 1 14C dates on flesh from present-day fish and mollusks (Anodonta) from Lake Tissø in the
Åmose Valley. From the ratio of the measured 14C level in the fish to the expected atmospheric 14C
level of 109.4 pMC (percent modern carbon) around the time of collection (2001/2002), the appar-
ent reservoir ages have been calculated in the last column. The average observed reservoir age is
1034 yr. 

Sample species
Lab nr
AAR-

14C age
BP

δ13C ‰
VPDB

Measured 14C
level (pMC)

pMC ratio fish/
atmosphere

Reservoir
age (yr)

Pike 8369-1 209 ± 44 –26.4 97.4 0.891 931 
Bream 8370-1 185 ± 55 –29.0 97.7 0.893 907 
Pike-perch 8371-1 505 ± 36 –26.2 93.9 0.858 1226 
Roach 8372-1 325 ± 60 –28.0 96.0 0.878 1049 
Perch 8373-1 225 ± 80 –27.9 97.3 0.889 945 
Freshwater mussel 8374 281 ± 43 –29.8 96.6 0.883 1003 
Freshwater mussel 8375 315 ± 41 –32.0 96.2 0.879 1037 
Freshwater mussel 8376 283 ± 36 –31.6 96.5 0.882 1005 
Freshwater mussel 8377 417 ± 39 –31.2 94.9 0.868 1139 
Freshwater mussel 8378 375 ± 34 –30.4 95.4 0.872 1097 
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The moraine hills bordering the Åmose Valley are rich in grains of fossil carbonate, which is grad-
ually dissolved in the groundwater and transported into the lakes. Here, its 14C-dead fossil carbon
enters the aquatic food chain through photosynthesis.

Dates on Stone Age Fish Bones Versus Dates on Their Context

Table 2 presents the result of dating extracted collagen from 6 samples of freshwater fish bones from
the Åkonge site in the Åmose. In one of these cases, the residual material—after extraction of col-
lagen—has also been dated (AAR-4573), yielding the same age and δ13C value within the measur-
ing uncertainty. In the table the weighted average age of the collagen and of the residue from this
sample is presented.

The context samples from the 2 layers of the Åkonge kitchen midden all represent cultural debris with
well-documented find circumstances, which makes it reasonable to exclude the possibility that they
were brought into the culture layer as a result of erosion or bioturbation. The zoological samples come
from large, horizontally positioned bones of terrestrial mammals, the lifespan of which is of the order
of 1–10 yr. The charred rootlet has a lifespan of less than 1 yr, and derives from a terrestrial tree.

The observed scatter in the ages of the terrestrial context samples is so small (70% of the statistically
expected scatter) that all samples within each stratigraphic unit can be considered of the same 14C
age. In Table 2, this is expressed by the value S, the observed scatter (relative to the measuring uncer-
tainty), which should be around 1 for a large number of samples assumed to be contemporaneous.

The weighted average context ages of the 2 layers are used for calculating the reservoir age of each
fish sample. All tench samples show highly significant reservoir ages of 310–480 14C yr. The pike
samples show much smaller reservoir ages, although significant for both layers, at about 115–160
14C yr.

Present-day Åmose has a significant inflow of lime-rich groundwater from the surrounding hills
(Hedeselskabet 2000:13). Due to differences in topography and water permeability of the under-

Table 2 Dates of bone of freshwater fish versus dates of context samples from 2 culture layers at
the Åkonge site, Denmark. The dates of the contexts are based on terrestrial samples that have neg-
ligible lifespan and are not influenced by reservoir effects. It transpires that the 14C age of the fish
bones are systematically older than the context samples. * = standard value assumed. S = observed
scatter.
Stratigraphic
unit

Sample
category Material dated

Nr of bones
in the sample

14C age
BP

δ13C
‰ Lab nr

Weighted average
14C age BP 

Reservoir
14C age

Layer 3b Fish bone Tench 2 5565 ± 40 –26.7 AAR-4576 5347 ± 19 480 ± 46
Tench 2 5395 ± 40 –25.0 AAR-4574 (S = 3.0) 310 ± 46
Pike 3 5245 ± 40 –23.1 AAR-4575 160 ± 46
Pike 2 5238 ± 32 –21.2 AAR-4573 153 ± 39

Context Domestic ox bone 1 5120 ± 40 –21.8 AAR-4452 5085 ± 23
Charred rootlet 0 5095 ± 45 –26.6 AAR-5363 (S = 0.75)
Red deer bone 1 5070 ± 65 –20.9 K-4882
Red deer bone 1 5060 ± 65 –20.8 K-4881
Red deer bone 1 5010 ± 65 –21.4 K-4883

Layer 3a Fish bone Tench 1 5315 ± 55 –20.9 AAR-4580 5229 ± 43 340 ± 66
Pike 1 5090 ± 70 –24.6 AAR-4577 (S = 2.5) 115 ± 79

Context Red deer bone 1 4990 ± 65 –21.9 K-4886 4975 ± 36
Red deer bone 1 4990 ± 65 –21.6 K-4884 (S = 0.37)
Red deer bone 1 4950 ± 60 –22.6 K-4885
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ground, some places in the basin now have a much higher influx of groundwater than others. Since
the same general hydrological situation existed in the Stone Age, some branches of this former lake
system probably had relatively high concentrations of groundwater, too. This may be the cause of
the considerable variation in reservoir age within each of the 2 species of fish.

The results of experiments 1 and 2 are compatible and allow a clear conclusion: if the food residues
in the pots from Åkonge are exclusively derived from the cooking of freshwater fish or mollusks,
these residues would theoretically have apparent ages in the order of 100–500 14C yr.

Dates of Food Residues Versus Dates of Their Context

In Table 3, we present results from the analysis of 3 small, chronologically and stratigraphically
well-defined Stone Age inland sites: the Åkonge and Spangkonge sites in the Åmose, Denmark (Fis-
cher 2002), and feature 8 from the Mossby site, Sweden (Larsson 1992), from each of which dates
of food residue, as well as a number of dates on terrestrial context samples are available. All 3 sites
belong to the initial part of the Neolithic, which in Denmark and southern Sweden began around
5150 BP (Fischer 2002).

In the table, we only include dates of food residue from the inner surface of pottery. It shall, further-
more, be noticed that 1 of these dates (AAR-2678) is from a so-called blubber lamp. The others are
from larger, round-belly vessels of the cooking-pot type.

Table 3 Examples of discrepancy between dates of food residue on the inner surface of pottery and
their chronologically well-defined contexts. The dates of the contexts are based on samples of ter-
restrial material with a negligible lifespan. * = standard value assumed; S = observed scatter.

Reservoir 14C age
of food residue

Site Provenance Material
14C age
BP

δ13C
‰ Lab nr

Weighted
average BP

Individual 
pot-sherds Average

Åkonge, Pottery Food residue 5385 ± 40 –28.8 AAR-5108 5228 ± 21
(S = 2.5)

300 ± 46 143 ± 31
Layer 3b “Food” residue 5260 ± 70 –32.5 AAR-2678 175 ± 74

Food residue 5185 ± 40 –28.0 AAR-5112 100 ± 46
Food residue 5150 ± 100 –27.0* AAR-5110 65 ± 103
Food residue 5115 ± 40 –30.6 AAR-5107 30 ± 46

Context Domestic ox bone 5120 ± 40 –21.8 AAR-4452 5085 ± 23
(S = 0.75)Charred rootlet 5095 ± 45 –26.6 AAR-5363

Red deer bone 5070 ± 65 –20.9 K-4882
Red deer bone 5060 ± 65 –20.8 K-4881
Red deer bone 5010 ± 65 –21.4 K-4883

Spangkonge Pottery Food residue 5180 ± 40 –26.7 AAR-4818 5180 ± 40 72 ± 52 72 ± 52
Context Bone, red deer 5140 ± 65 –21.9 K-5044 5108 ± 33

Antler, red deer 5130 ± 65 –22.9 K-5043 (S = 0.62)
Bone, red deer 5110 ± 65 –22.6 K-5041
Bone, red deer 5050 ± 65 –20.7 K-5042

Mossby Pottery Food residue 5215 ± 120 –27.0* Ua-429 5128 ± 60 295 ± 144
Feature 8 Food residue 5170 ± 90 –27.0* Ua-754 (S = 1.05) 250 ± 120

Food residue 4995 ± 110 –27.0* Ua-430 75 ± 135
Context Charred cereal grain 4925 ± 115 –25.0* Ua-755 4920 ± 79

Charred hazelnut shell 4915 ± 110 –25.0* Ua-753 (S = 0.06)
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The δ13C value of the 3 food residue samples from the Mossby site is assumed to be –27.0‰. The
choice of this value is based on the trend in the measured δ13C values of northern European food res-
idues on Stone Age cooking vessels from inland areas (Tables 3 and 4; Hallgren and Possnert 1997;
Koch 1998; Persson 1999; Fischer 2002). We have applied a minor correction to the food residue
dates from this site by subtraction of 15 yr from their originally published ages (Larsson 1992),
which had been calculated on the basis of an estimated δ13C value of –25.0‰. 

The contextual dates from each of the 3 assemblages agree so closely (S ≤ 1) that their weighted
average values can be used as a base for comparison with the respective food residue dates. 

The food residues in the individual cooking pots are most likely the remains of a somewhat different
material. Some may primarily be sintered organic material from the cooking of freshwater fish or
mollusks, others may derive mainly from the cooking of terrestrial plants or animals. Therefore, we
cannot expect the food remains in different pots from one and the same site to have identical appar-
ent age. This assumption agrees with the data in Table 3, which imply that the individual residues
have significantly different age offsets, ranging between 30 and 300 yr.

Combinations of Dates from Individual Pot Sherds

Four cross-dates of cooking pots from the Åkonge site have been produced (Table 4). They consist
of dates based on 3 different kinds of material:

1. Food residue from the inner surface of the vessels; 
2. Or coating from the outer surface of the vessels; Based on visual inspection, these coatings pri-

marily consist of soot deposited during cooking on fire. In the case of AAR-5109 and AAR-
5113, it cannot be excluded, though, that the samples include a minor proportion of the material
which was cooked in the pots;

3. Or botanical material that was incorporated in the clay during the production of the vessels.

The latter group (3) of material includes the following 2 samples:

• AAR-5363 is a charred rootlet of lime tree. Determined on the basis of its shape and preserva-
tion, the rootlet had its full strength and was probably alive when the clay was dug up. The
absence of year-rings in the rootlet implies that its lifespan was less than 1 yr (report from Claus
Malmros, The Danish National Museum). It, therefore, forms a solid basis for determination of
the true age of the vessel from which it derives.

• AAR-4817 is a small piece of charcoal of a deciduous tree of undeterminable species and
lifespan, of which oak cannot be excluded (report from Kjeld Christensen, The Danish National
Museum). The lifespan of the sample is estimated to about 20 yr or more, and potentially, up to
several hundreds of yr.

Apparently, the dates of the coating of the outer sides of the vessels agree better with the actual time
of production than those based on food residue from the inner surfaces.

The dates on food residue are consistently older than the dates on other types of material from the
respective vessels. In 3 cases, this age excess is significant, being close to 2 σ or more (Table 4). The
3 dates from the sherd Åkonge 49,5/77,0:26 (Figure 5) are especially informative, indicating (in
agreement with Table 3) that the food residue in question has an apparent age of about 300 yr.
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On the basis of the data in Table 4, we conclude that food residue, even of non-marine origin, can
have a significant apparent age.

We suggest that the age discrepancies observed in food residue from the Åkonge site are (primarily)
the result of hardwater effect in freshwater organisms that were cooked in the pots. We base this sug-
gestion on the facts referred to above regarding: i) the remains of freshwater fish observed in Åmose
food residues, ii) the high density of freshwater fish and mollusks observed in the Åmose kitchen
middens, and iii) the groundwater chemistry and hydrology of this area.

We furthermore suggest that freshwater reservoir effect of the same or even greater scale applies to
14C dates of food residue on Stone Age pottery from many other northern European inland freshwa-
ter systems that appear to have had similar groundwater chemistry, hydrology, and food habits.

DISCUSSION

Considering the composition of food remains in the Early Neolithic Åkonge kitchen midden (Figure
4; cf. Enghoff 1995; Gotfredsen 1998), the food residue on cooking pots from this site must repre-
sent a diversity of ingredients, including terrestrial plants and animals as well as freshwater fish and
mollusks. It is, therefore, no surprise that the δ13C value and apparent age of food residue from dif-
ferent pots vary to some degree (Tables 3 and 4). We have the impression that very negative δ13C
values may in some cases be taken as a warning that the food residue in question may have a partic-
ularly high age offset (cf. Fischer et al., forthcoming b). There is, however, no clear correlation
between the δ13C values and the apparent ages presented in this paper. Consequently, we cannot
presently point out a method for detecting and possibly correcting for freshwater reservoir effect in
food residue dates.

The measurement of δ13C in food residue has been one of the most popular ways of exploring what
kind of food was prepared in Stone Age pottery. Knowledge about δ13C values in human bone col-
lagen has formed the basis for the interpretations in many such studies of German, Danish, Swedish,
and Norwegian Stone Age food residues. It is typically assumed that humans who consume a 100%

Table 4 Combinations of AMS dates from sherds of 4 cooking pots from the Åkonge site, Den-
mark. The age excess of the food residues is calculated in relation to the reference material from
the respective sherds (rootlet, charcoal, coating on outer surface). These cross-dates indicate that
the food remains dealt with have apparent ages of up to about 300 yr. * = standard value assumed.
Pot sherd
identification
nr Material dated

14C age
BP

14C age
excess

δ13C
‰ Lab nr

49,5/77,0:26 Food residue, inner surface 5385 ± 45 290 ± 64 –28.8 AAR-5108
Coating, outer surface 5195 ± 45 100 ± 64 –27.1 AAR-5109
Charred rootlet, lifespan 0 yr 5095 ± 45 0 –26.6 AAR-5363

49,5/77,0:18 Coating, outer surface 5195 ± 40 > 40 ± 57 –27.0 AAR-4816
Charcoal, lifespan ≥ about 20 yr 5155 ± 40 > 0 –24.3 AAR-4817

50,0/75,5:18 Food residue, inner surface 5185 ± 40 ≥ 115 ± 60 –28.0 AAR-5112
Coating, outer surface 5070 ± 45 ≥ 0 –26.5 AAR-5113

49,5/77,5:10 Food residue, inner surface 5150 ± 100 ≥ 10 ± 108 –27.0* AAR-5110
Coating, outer surface 5140 ± 40 ≥ 0 –26.8 AAR-5111
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terrestrial northern European diet have δ13C values in the order of –21‰. Less negative values imply
that a proportion of the person’s diet came from the sea, while values more negative than –21‰ are
indicative of a proportion of freshwater food (cf. Fischer et al., forthcoming a,b).

The δ13C values measured in northern European food residue on Stone Age pottery are generally
more negative than –22‰ (Figure 6; cf. Persson 1997, 1999:Tables 24, 36; Fischer 2002:Table
22.3). On this basis it has frequently been assumed that these food remains do not include marine
ingredients, even if most of them derive from archaeological cultures believed to have subsisted pri-
marily on marine resources (Segerberg et al. 1991; Glørstad 1996; Østmo et al. 1996; Thomsen
1997; Hallgren and Possnert 1997; Edenmo et al. 1997; cf. Andersen and Malmros 1985). Results
from the analysis of potsherds from the coastal Mesolithic site Tybrind Vig exemplify this paradox.
In the food residue on these sherds, many indisputable remains of marine fish are recorded (Ander-
sen and Malmros 1985) and yet they have 13C values of –22.1 to –26.6‰.

As far as we can see, this paradox-debate is a result of misinterpretation of the existing data. It is a
generally accepted and a solidly tested model that δ13C values of bone collagen are in the order of
5‰ less negative than the δ13C values of the food from which it derives (van der Merwe and Vogel
1978; van der Merwe 1982; Chisholm 1989; Ambrose 1993; Ambrose and Norr 1993; Schwarcz
2000). In northern Europe, where all indigenous terrestrial plants have a normal Calvin (C3) photo-
synthesis, flesh of plant-eating mammals has δ13C values in the order of –26‰, and when consumed
by carnivores, turns into bone collagen with a δ13C value around –21‰. Flesh from marine species
has less negative δ13C values.

The organic material on the inner surface of Stone Age pottery represents food, not bone collagen.
Consequently, food remains having δ13C values less negative than about –26‰ must include a pro-
portion of marine food. This assumption is strongly supported by the many δ13C values of food res-

Figure 5 Schematic diagram of a potsherd from which 3 14C
dates have been produced. The date on food residue is sig-
nificantly older than the dates on the other types of material.
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Figure 6 The distribution of δ13C values in food residue from coastal and inland sites from Stone Age northern Europe.
δ13C = –26‰ VPDB is the approximate value of terrestrial food, and some mixtures of marine and freshwater compo-
nents. The δ13C values from the coastal sites are generally less negative than those from the inland sites; this implies that
marine species formed a substantial part of the food cooked in the pots at the coastal sites.

-15 -17 -19 -21 -23 -25 -27 -29 -31 -33‰

n=14

n=4

n=4

n=6

n=2

n=9

n=3

n=16

Auve

Fågelbacken

Parow 4

Radøy

Säter & Fagervik

Timmendorf-Nordmole

Tybrind Vig

Wangels

coastal

Skogsmossen

coastal/inland

n=20

-15 -17 -19 -21 -23 -25 -27 -29 -31 -33‰

n=3

n=3

n=4

Boberg

Schlamersdorf

Seedorf

Åkonge

inland

n=4

-15 -17 -19 -21 -23 -25 -27 -29 -31 -33‰

freshwatermarine

'terrestrial'

-26‰



462 A Fischer & J Heinemeier

idue available. The greatest value reported from Denmark so far is –17.2‰, which has been found
in a Neolithic pot from Tømmerup Mose (Rahbek and Lund Rasmussen 1996:313). If it derives
from a mixture of marine and terrestrial material, approximately 80% of the food remains in this
funnel beaker must thus have been of marine origin and the 14C date of the pot thus needs correction
for a marine reservoir effect of about 320 yr. If it also includes freshwater substance, the marine con-
tent and the age offset may potentially be even greater.

In Figure 6, we present the scatter of δ13C values of organic residues on pottery from a number of
northern European Stone Age sites. The diagram includes settlements from where 2 or more δ13C
measurements of food residue are available (Andersen and Malmros 1985; Segerberg et al. 1991;
Hallgren and Possnert 1997; Persson 1999:Tables 24, 36; Åstveit 1999; Lübke et al. 2000; Hartz et
al. 2002; Lübke 2002, 2003; Østmo, personal communication 2003). Some of these sites we classify
as “coastal” on the basis that they were originally located in a marine environment, close to the
shoreline of their time. In those cases where faunal remains are preserved, these finds furthermore
indicate a subsistence dependent on marine fish and mammals. Another group of sites we classify as
“inland.” They were originally located along freshwater systems several km from the seashore of
their period. The fauna remains from these sites indicate a heavy reliance on terrestrial and/or fresh-
water food. The Neolithic settlement Skogsmossen in eastern Sweden we classify as intermediate
(“coastal/inland”) since it was originally located approximately 1 km from the coast and has a faunal
assemblage with more than 10% seal bones (Halgreen et al. 1997). The illustration indicates that
δ13C values of food residue from the coastal sites are normally within the interval –19 to –28‰
(range –17.7 to –29.5). Values from the inland sites are within the range of –26.1 to –32.5‰. Thus,
contrary to what has been reported in many recent publications, marine organisms seem to have been
prominent constituents of the food cooked in pots in northern European Stone Age coastal sites.
14C dates of food residue, which includes organic material of marine origin, will be influenced by a
reservoir effect of up to about 400 yr. In principle, this effect can be detected and corrected for by
means of δ13C measurements. Based on the considerations above, we conclude that dates of samples
with δ13C values less negative than about –26‰ need to be corrected. Failure to apply such correc-
tions has caused confusion among archaeologists and publication of a number of false chronological
“sensations.”

So far, we do not have a method which allows us to detect if a sample is influenced by freshwater
reservoir effect. We are, thus, facing a major problem since the error may, in some regions, poten-
tially be much larger that the marine reservoir effect. In the case of the Åmose bog, the organisms in
question represent freshwater reservoir effect of a magnitude up to 500 yr. 14C dates of present-day
river water and of freshwater species elsewhere in Europe have demonstrated even higher apparent
ages (Lanting and van der Plicht 1996, 1998; Heinemeier and Rud 1998; cf. Cook et al. 2001). Con-
sequently, food residues deriving from freshwater organisms from these waters may have apparent
ages in the order of many hundred yr.

A number of 14C dates made on food residue on pottery have recently been presented as remarkably
or inconceivably early appearances of various cultural phenomena in northern Germany (Hartz et al.
2000), Denmark (Koch 1998:96, 98, 101, 107, 321, 324, 331), Sweden (Segerberg et al. 1991;
Hallgren and Possnert 1997; Persson 1997, 1999), and Norway (Østmo 1993; Glørstad 1996; Pers-
son 1997, 1999). Based on the information presented above, these aberrant dates can now be
explained as a result of marine or freshwater reservoir effect or a combination of both. It can, fur-
thermore, be added that several other food residue dates from Danish votive pottery (Koch 1998),
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which have not hitherto been considered dubious, are probably also influenced significantly by the
freshwater reservoir effect.

Freshwater fish and mollusks usually have relatively negative δ13C values. Furthermore, fish from
lakes and rivers, as in the case of marine species, are characterized by relatively high δ15N values
due to the long food chains found in aquatic environments in general. Therefore, measuring both of
these isotopes in food residues may be potentially indicative of samples which are to a high degree
of freshwater origin and may, therefore, have significant excess ages.

CONCLUSION

Much is still to be found out about the materials and processes involved in the formation of food res-
idues on northern European Stone Age pottery. It is, however, most likely that some of this organic
material derives from preparation of aquatic organisms, such as freshwater fish and mollusks. This
is very likely the case with the food residues seen in numerous Neolithic cooking pots found in the
Danish bogs, where the well-preserved, contemporary food remains clearly point to the dietary
importance of freshwater fish and mollusks. This paper demonstrates that 14C dates of fish bones
from the Åmose have apparent ages in the order of 100–500 14C yr. 

The food residues seen in the pots from the Åmose are expected to derive from a combination of
sources, including terrestrial plants, terrestrial mammals, and—not least—freshwater fish and mol-
lusks. In accordance with this expectation, food residues from the Åmose are demonstrated to have
apparent ages of varying magnitude up to about 300 14C yr. So far, there is no method available
either for detecting or correcting this error in 14C dates. 

Although a larger volume of data would be desirable, the present study seems to justify a call for
caution in the uncritical use of food residue as a dating material. Future measurements of stable iso-
topes, such as 15N and 34S in charred food remains, may provide information of relevance for detect-
ing which dates are significantly influenced by freshwater reservoir effect, and hopefully lead to a
means of correcting these dates. 

The apparent ages dealt with in this paper undoubtedly stem from fossil carbonate which is dis-
solved in groundwater and subsequently ends up as 14C-dead carbon in the aquatic food chain (hard-
water effect). In areas other than dealt with here, freshwater reservoir effect in food residue dates
may also, to some degree, originate from CO2 absorbed in groundwater with residence times of
thousands of yr before it ended up in the lake or river in question.

An apparent age of modern river water in the scale of up to 4000 yr indicates that even larger dis-
crepancies than the 100–300 14C yr seen in the Åmose material may be present in food residue dates
from other inland regions around the world.
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14C AGES OF A VARVED LAST GLACIAL MAXIMUM SECTION OFF PAKISTAN

Ulrich von Rad1,2 • Michael Sarnthein3 • Pieter M Grootes4 • Heidi Doose-Rolinski1 • 
Jochen Erbacher1

ABSTRACT. In a core off Pakistan, we obtained 38 14C analyses by accelerator mass spectrometry (AMS) from a 4.4-m-
thick, expanded, annually-laminated Last Glacial Maximum (LGM) section, bracketed by bioturbated intervals ascribed to
the Heinrich-1 (H1) and Heinrich-2 (H2) equivalent events (52 14C analyses between 24–15 kyr BP). A floating varve age
scale, anchored to the oxygen isotope record of the layer-counted GISP2 ice core at the H2/LGM boundary, results in an annu-
ally dated record for the LGM from 23,450–17,900 cal BP. The floating varve scale of the LGM provides us with a tentative
calibration of local marine AMS 14C age dates to calendar years.

INTRODUCTION

At the Last Glacial Maximum (LGM), an interval at 21,000 ± 2000 calendar years before present (yr
BP; Mix et al. 2001), the chronology is mainly based on radiocarbon dates. During Marine Isotope
Stage (MIS) 2–3, the conversion of 14C dates into calendar years is complicated because of strong
variations which are hardly quantified (during MIS 2) in cosmogenic 14C production and in the rel-
ative size and rate of overturning of the various reservoirs of the carbon cycle (Beck et al. 2001).
These changes also lead to considerable but unknown variations in the local reservoir age of seawa-
ter (Waelbroek et al. 2001; Sarnthein et al. 2001; Staubwasser et al. 2002). During MIS 3 and 2,
beyond the range of dendrochronological calibration, ages are mostly tuned to the Greenland Ice
Sheet Project 2 (GISP2) record, where annual layers were counted down to 50,000 yr BP (Alley et
al. 1997; Meese et al. 1994; Voelker et al. 1998; Stuiver and Grootes 2000). For the LGM (late MIS
2), neither varved and dendrochronological records nor GISP2 signals are available for the precise
monitoring of 14C age variations. Published terrestrial records and annually counted, pre-Holocene
marine varve records (e.g. Cariaco Basin: Hughen et al. 1998) generally do not extend beyond
15,000 yr BP. However, some data are available from varved lakes—e.g., from Lake Suigetsu in
Japan (Kitagawa and van der Plicht 1998, 2000) and from a Bahamian stalagmite (Beck et al. 2001).

The high-resolution laminated records from the oxygen minimum zone (OMZ) off Pakistan (Figure
1) offer an opportunity to fill this calibration gap using a floating varve chronology. Here we examine
the laminated LGM sequence in core SO 130-261KL (abbreviated 261KL) (Figure 1) documenting
about 5550 calendar yr (if corrected for erosional loss of varves). For comparison, the late Holocene
varve record (about 5000 yr BP to Present) in nearby core SO 90-56KA (Figure 1) was studied by
von Rad et al. (1999a) and Berger and von Rad (2002). The linear sedimentation rate of core 261KL
(about 0.9 m/1000 yr) is almost 3 times higher than that of the thickest LGM sections at the conti-
nental slope off the Indus Delta (von Rad et al. 1999b). Hence, this expanded marine laminated LGM
section (Figure 2) is unique for the Arabian Sea, and possibly also unique on a global scale.

The objective of this paper is to show the variability of 14C activity in the surface ocean over the
LGM by means of varve counts, and to anchor this 14C time series to the GISP2 timescale. Our basic
assumption for age control is that the bioturbated intervals in core 261 KL can be correlated with
Heinrich events in the North Atlantic and with the corresponding major stadials in the Greenland ice
record (Schulz et al. 1998, 2002). Our strategy is to develop a floating varve scale anchored to the

1Bundesanstalt für Geowissenschaften und Rohstoffe, D-30631 Hannover, Germany. 
2Corresponding author. Email: u.vonrad@t-online.de.
3Institut für Geowissenschaften, Universität Kiel, D-24118 Kiel, Germany.
4Leibniz Labor für Altersbestimmung und Isotopenforschung, Universität Kiel, D-24118 Kiel, Germany.
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GISP2 ice core scale at the H2/LGM boundary and counting back towards the end of the LGM,
making allowances for core disturbance by turbidite erosion (Figure 3; Table 1).

SAMPLES AND METHODS

Samples

To avoid a strong influence by turbidite sedimentation and erosion (Figure 1), core SO 130-261 KL
(abbreviated 261KL) was retrieved from the top of an isolated hill between 2 submarine canyons on
the upper continental slope west of Karachi (24°46.2′N/65°49.2′E, 873 m water depth; von Rad and
Doose 1998). Core 261KL has a total length of 17.86 m and reaches down to Interstadial (IS)-6
(about 34 kyr BP). This core contains a 4.4-m-thick, laminated section of the Last Glacial Maximum
(LGM) between the H1 and H2 equivalent stadial events (Figure 2). Core SO 90-75KL (abbreviated
75KL), which contains the same LGM section, was taken from a position very close to core 261 KL.
X-radiographs prove that both cores can be precisely correlated using 47 very distinctive coarse-
grained marker layers, in part turbidites. No significant sections are missing between the correlated
marker beds. Hence, we “spliced” the samples from 75 KL into the record of 261KL (Table 1) and
supplemented 48 14C dates in core 261KL by 4 14C dates from core 75KL.

Figure 1 Bathymetry of the continental slope west of Karachi with site SO130-261 KL at the continental
margin of Pakistan (OMZ shaded). Inset (lower right): Generalized transect of water mass stratification
(OMZ) and turbidite or plume fallout  action in the northern Arabian Sea ambient to the core location. 
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Figure 2 Core SO 130-261 KL (5.40–12.00 m below sea surface: m bsf): Lithology, varve
thickness, conventional 14C dates in BP (corrected for a –400 yr reservoir effect) and δ18O
record of Globigerinoides ruber versus core depth. Bioturbated (light-colored) and lami-
nated, dark-colored sediment sections (stippled) are marked: distinctly laminated intervals
with denser pattern than less distinctly laminated ones. Coarse-grained marker beds include
suspension fall-outs and genuine turbidites. Possibly erosive turbidites are indicated by
thick lines. The laminated section between 11.65 and 11.08 m bsf is termed “IS pre-H2”,
whereas the bioturbated section below is called “pre-H2 stadial.”
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Varve Chronology 

Contact prints of X-radiographs of core SO 130-261KL served for fabric studies at the Bundesan-
stalt für Geowissenschaften und Rohstoffe (BGR) in Hannover (von Rad et al. 1999a). For varve
counts and measuring varve thickness, we used a tree ring measuring facility under a binocular
microscope (Aniol 1983) at the Tree Ring Laboratory of the University of Göttingen. The varves of

Figure 3 A) Oxygen isotope record of planktonic foraminifer G. ruber versus age (cal yr BP) for core 261KL. 
B) 14C ages in BP from core SO 130-261 KL versus varve-based calendar ages, anchored to the GISP2 age scale
15.8–25 cal kyr BP. Open circles are TIMS 230Th-calibrated coral 14C ages (Bard et al. 1998; Stuiver et al. 1998). Cal-
endar ages in H2 and H1 intervals are rough estimates, based on linear extrapolation of the varve scale assuming lin-
ear sedimentation rates. Horizontal and vertical error bars show varve-counting error and standard deviation (2 σ) of
14C ages (see Table 1). The laminated intervals (LGM and IS-pre-H2) are shaded. I = location of moderately thick
turbidites (where 20–30 varves may be lost); II = location of major turbidite (7.64–7.70 m bsf) and reworked mate-
rial, where up to 1000 varves are assumed to have been lost by erosion (see text). 
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the LGM record of core 261KL were measured twice and by independent investigators (U von Rad
and J Erbacher). The differences between these results were used to estimate the counting error
between well-defined marker beds. The reproducibility within our varve chronology, which depends
on the variable distinctness of the varves and the subjective interpretation, varies considerably from
section to section. A conservative summary estimate of the error amounts to ±7% or ±300 varve yr
for the whole LGM section.

Counting errors resulting in a systematic under-counting of varve years can be linked to (1) amal-
gamation of varves due to compaction, (2) local erosion of varves below thick turbidites, and (3)
local slumps. The excellent to moderate preservation of lamination shown in our X-radiographs sug-
gests that the first error is unlikely. Erosion below thick turbidites cannot be fully discounted (see
below). Local slumps have not been identified in our record, except for a 2–4 cm thick, very indis-
tinctly laminated, sand-rich interval at 7.68–7.70 m below sea floor (bsf), consisting of reworked old
material (about 6000 14C yr older than the overlying and underlying strata, see Table 1). This inter-
val was omitted from our interpretation.

For core 261KL we anchored the “floating varve chronology” at the H2/LGM boundary at 23,450
cal yr BP and tuned it to the annual-layer counted GISP2 timescale (age scale of Meese et al. 1994,
employed in Stuiver and Grootes 2000). All age denotations in this paper are in “varve years” BP,
which we interpret to be synonymous to “calendar years” BP (before 1950).

AMS 14C Dating 

For the 14C calibration of the laminated LGM section in core 261KL, we determined 38 14C ages by
accelerator mass spectrometry (AMS) (Table 1). The spacing of samples in the LGM ranged from
10–25 cm, resulting in an average resolution of a few hundred calendar yr. These dates were supple-
mented by 14 AMS 14C ages from the underlying bioturbated layers, correlated to H2 and “pre-H2
stadial” and the laminated section in between H2A and H2 (termed “IS pre-H2”), as well as from the
overlying H1 interval (Figure 2). The 14C activities were determined with the Leibniz Labor 3 MV
HVEE Tandetron AMS system (Nadeau et al. 1997), mostly on monospecific planktonic foramin-
iferal samples (Globigerinoides ruber and/or G. sacculifer, depending on the availability of suffi-
cient specimens in each sample; see Table 1). G. ruber/G. sacculifer dates from the same sample dif-
fer considerably (Table 1, nr 8/9, 11/12, 20/21, 22/23). This suggests that we are dealing with a
somewhat noisy record with a scatter probably due to differential species habitats (since G. sacculi-
fer produces its last chamber at up to 80 m water depth, it is being influenced by “older water”). A
few replicate datings of the same sample (Table 1, nr 18/19, 37/38) give excellent agreement.

Local reservoir ages of 640 yr were estimated for Late Holocene (pre-bomb) sediments in the varved
core SO90-56KA (von Rad et al. 1999a); reservoir ages ranging from 780 to >1000 yr were calcu-
lated by Staubwasser et al. (2002) for the period 6600–13,000 BP using 14C dates from a nearby core
off Karachi. However, we cannot assess the variability of the paleo-14C reservoir effect during the
LGM, a period which may have been sensitive to variations in the strength of the thermohaline cir-
culation. We mainly rely on a reasonable fit with the coral data of Bard et al. (1998) between 24 and
20.5 kyr BP (see Figure 3b), and, thus, we apply in this paper the commonly used reservoir age esti-
mate of 400 yr. The corrected  14C ages (–400 yr) were correlated with varve-counted calendar yr
tuned to the GISP2 record (Table 1, Figure 3). Since we determined the 14C activity from G. ruber
and G. sacculifer (which are species dwelling in the top 30–80 m of the ocean and mainly during
non-upwelling seasons), the influence of differential advection of upwelled “old” deep-water
masses may be low.

All varve thickness, 14C ages, and oxygen isotope data of cores SO 90-75 KL and SO 130-261KL
were deposited in the PANGAEA data bank (www.pangaea.de/PangaVista?query=vonradu).
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Stable Oxygen Isotopes

Two-hundred-forty samples were picked from selected depths and prepared for stable isotope and
geochemical analysis. This led to a resolution of about 20–30 yr. Stable carbon and oxygen isotopes
were analyzed from 10–15 specimens of the planktonic foraminifer Globigerinoides ruber (315–
400 µm size fraction) by Dr Joachimski (University of Erlangen), using mass spectrometric standard
methods. All values are reported in per mil (‰) relative to the PeeDee Belemnite (V-PDB) standard
(Figure 3a). The stable isotope curve is also matched by the lightness and color values (measured
with a GEOTEK color scanner), which in the Northern Arabian Sea cores have been successfully
used as a stratigraphic tool to estimate organic carbon contents of the sediments (Schulz et al. 1998).

RESULTS AND DISCUSSION 

Laminated Hemipelagic Sediments 

On the basis of laminated and non-laminated sediment sections in many cores investigated off Paki-
stan (including core 261 KL), the paleoclimate and paleocirculation along the upper slope of the
northeastern Arabian Sea fluctuated between the following 2 extremes: 

1. Oxygen-deficient bottom water conditions (well-developed oxygen minimum zone, OMZ)
were documented during the laminated (late) Holocene period, the Preboreal, the Bölling/
Alleröd warm spell, the LGM, and the Dansgaard-Oeschger Interstadials (IS 1–24). 

2. Fully-oxygenated bottom water conditions occurred during the Younger Dryas and the Hein-
rich-equivalent stadials H1 to H7 (Schulz et al. 1998, 2002; von Rad et al. 1999b). The stadials
H2 and H1 intervals are clearly reflected by δ18O maxima of G. ruber, whereas the interstadials
IS2 and IS pre-H2 are characterized by δ18O minima. The middle part of the LGM (approxi-
mately 20,500–22,500 yr BP) shows more positive δ18O values (Figure 3a). Sub-Milankovich
climate changes were correlated peak-by-peak with the Dansgaard-Oeschger cycles and Hein-
rich events in the GISP2 δ18O record (Dansgaard et al. 1993; Schulz et al. 1998, 2002).

The sediment laminae form couplets of light and dark laminae, in total approximately 0.4–0.8 mm
thick (Figure 2). By comparison to a Holocene section in the nearby core SO 90-56KA (von Rad et
al. 1999a), we regard the couplets as the result of seasonal variations in terrigenous and organic sed-
iment supply, that is, as annual varves. In the central LGM section (9.5–8.7 m bsf), varve thickness
has reached a minimum (suggesting reduced terrigenous river input due to more arid conditions in
the Makran hinterland).

Plume Fallouts and Turbidites

The laminated sediments in core 261KL are interbedded with 47 silt- and/or sand-sized marker beds,
which are a few mm up to a maximum of 30 mm thick. Whereas the thickest 10 beds are clearly
graded (with mollusc/pteropod debris and large mud pebbles near the base and a sharp erosional
contact to the underlying laminae), the majority of marker beds are ungraded (marked differently in
Figure 2). Accordingly, we regard most of the latter beds as fallouts from turbid sediment plumes
caught in the pycnocline on top of site 261 KL. In contrast, the thick, graded beds are interpreted as
genuine turbidites which, in part, when thicker than 0.5 cm, may have been erosional, in total, pos-
sibly cutting out a few cm of laminated sediment, possibly up to 260 varves between 6.3 and 10.7 m
core depth. Ten further thick turbidites, below which we assume an erosion perhaps reaching up to
30 varves, are also marked in Figures 2 and 3. Furthermore, we assume that up to 1000 varves were
lost below the thick turbidite associated with a slump approximately 7.68–7.70 m bsf (see below).
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Stratigraphic Correlation with GISP2 and Age Control

In core 261KL, the bioturbated pre-H2 stadial (or “H2A” interval) below 11.73 m bsf  is overlain  by
a laminated interstadial (11.73–11.05 m bsf), named “IS pre-H2” in this paper (Figure 2). Although
the lamination in this section is indistinct, we counted approximately 700 varves. This section has 3
14C ages (Figure 3) around 21,500 14C yr BP (24,900–24,200 cal yr BP, using reservoir ages between
400 and 1000 yr), which match the GISP2 age of this interstadial (H Schulz, personal communica-
tion 2003). The subsequent bioturbated section was assigned to H2, which has a midpoint age of
23,800 cal yr BP in GISP2. The H2 equivalent in core 261KL shows 2 peaks of heavy δ18O values
which fit to the “cool” peaks of 24,060 and 23,760 cal yr BP in GISP2. We assigned the top of this
bioturbated H2 equivalent at 10.71 m bsf to the H2/LGM boundary with a GISP2 age of 23,450 yr
BP (Meese et al. 1994; Stuiver and Grootes 2000) and employed this age as base of our new floating
varved LGM timescale. On the basis of annual-layer counting, the uncertainty of the GISP2 times-
cale amounts to less than ±2%, down to an age of 39,852 yr BP (Meese et al. 1994).

Within the lowermost part of the laminated LGM section of core 261KL, we note 2 marked peaks
of light (“warm”) δ18O values (Figures 2 and 3), which match the respective peaks in GISP2 of the
IS2 interstadial at about 23,300 and 23,000 cal yr BP, respectively (H Schulz, personal communica-
tion 2003). The laminated LGM sediments were counted up to a core depth of 6.515 m bsf (varve
age: 18,100 yr BP). Indistinct lamination, with a thickness of about 1 mm, continues up to a core
depth of 6.30 m bsf (estimated varve age: 17,900 ± 300 yr BP), varves which were disturbed by sub-
sequent bioturbation. In the overlying sediments, which are fully bioturbated, the δ18O record shows
a distinct change towards heavier values. We assigned this section overlying the laminated LGM to
H1. In total, the laminated LGM record (10.71–6.30 m bsf) contains 4300 ± 300 varves. Further,
1250 varves may be lost by turbidite erosion, as outlined above. Accordingly, the section between
H2 and H1 may originally have consisted of 5550 varves, which would result in a varve age of
17,900 yr BP for the base of H1. This age matches the approximate age of the LGM/H1 boundary at
GISP2 (about 18,000 yr BP; Grootes and Stuiver 1997) and at various North Atlantic sediment cores
(Sarnthein et al. 2001). 

Distribution of 14C Ages 

The 38 14C age dates in the LGM section (Table 1) show a generally consistent pattern, where the
ages increase with increasing core depth (Figure 2). Two 14C dates at 7.69 m bsf (Table 1: nr 20, 21),
which are some 6000 yr too old, form obvious exceptions, a result of downslope sediment reworking
(Figure 3). X-radiography indicates that these sediments consist of indistinctly-laminated, foramin-
ifera-enriched sand, apparently stemming from the nearby upper slope or outer shelf. Furthermore,
3 apparent 14C outliers occur in the interval of H2 (Table 1, nr 42, 44, 45) dates that appear 1–3 kyr
lower than expected, for unknown reasons.

Unfortunately, the strongly anoxic sediment section results in an early diagenetic alteration of mag-
netic mineral phases and does not produce any reliable geomagnetic record (N Nowaczyk, personal
communication on the basis of about 280 geomagnetic measurements in core 261KL, November
2000). Hence, this evidence lacks for confirming or disproving any potential geomagnetic event in
control of the cosmic 14C production, as achieved by the North Atlantic paleointensity stack since
75,000 yr BP (Laj et al. 2000). 

CONCLUSIONS

We measured 38 AMS 14C ages from a 4.4-m-thick, expanded, annually-laminated marine sediment
section of the LGM in core 261KL from the oxygen minimum zone off Pakistan. The section is
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bracketed by bioturbated sediment segments assumed equivalent to the H1 and H2 events. On the
basis of varve counting and supplementing various varve segments lost by turbidite erosion, a float-
ing age scale was constructed and anchored to the annual-layer counted age scale of the GISP2 ice
core at the H2/LGM boundary. The new annually resolved varve record covers the LGM from
23,450 to approximately 17,900 BP at the base of H1, with a data gap possibly extending from
20,400–19,400 yr BP. 

A close-up of the age-depth correlation (Figure 3b) reveals a number of 14C jumps and plateaus. In
a future publication, we will attempt to compare the variability of the 14C concentration found in
core 261KL from the northeastern Arabian Sea to 14C dates calibrated by coral ages (Bard et al.
1998) and by varve counts from the Lake Suigetsu record (Kitigawa and van der Plicht 1998, 2000).
Further calibration efforts are required to expand the INTCAL 98 14C timescale of Stuiver et al.
(1998) further back across the last glacial stage.

ACKNOWLEDGEMENTS

The success of the SO 130 cruise was only possible by the commitment of all scientists, technicians
and crew members of  R V SONNE under Captain Papenhagen. We are grateful for the constructive
and very detailed criticism of two anonymous reviewers to a previous version of this paper and to
Dr Andreas Lückge (BGR) for supporting our studies on Core 261KL. Dr Mebus Geyh (Hannover)
contributed helpful critical comments and Dr Hartmut Schulz (Tübingen) additional information on
the age model of core 261KL. We acknowledge also the critical comments of an anonymous
reviewer of this manuscript. M Schmidtke (BGR) and K Kißling (Kiel) carefully picked huge num-
bers of monospecific foraminifera for 14C dating by AMS, which was funded by the Deutsche For-
schungsgemeinschaft (DFG) through the Forschergruppe “Ocean Gateways” in Kiel (grant FOR-
451) and carried out by the Leibniz AMS team. Dr Joachimski (Erlangen) supplied the oxygen iso-
topic data. The SONNE cruise was funded by the German Federal Ministry of Education, Science,
Research and Technology (grant 0130A).

REFERENCES 
Alley RB, Shuman CA, Meese DA, Gow AJ, Cuffey

KM, Fitzpatrick JJ, Grootes PM, Zielinski GA,
Spinelli G, Elder B. 1997. Visual-stratigraphic dating
of the GISP2 ice core: basis, reproducibility, and ap-
plication. Journal Geophysical Research 102 (C12),
26:367–381.

Aniol RW. 1993. Tree-ring analysis CATRAS. Dendro-
chronologia 1:45–53.

Bard E, Arnold M, Hamelin B, Tisnerat-Laborde N, Ca-
bioch G. 1998. Radiocarbon calibration by means of
mass spectrometric 230Th/ 234U and 14C ages of corals:
an updated database including samples from Barba-
dos, Mururoa and Tahiti. Radiocarbon 40(3):1085–92.

Beck WJ, Richards DA, Edwards RL, Silverman BW,
Smart PL, Donahue DJ, Herrera-Osterheld S, Burr GS,
Calsoyas L, Jull AJT, Biddulph D. 2001. Extremely
large variations of atmospheric 14C concentration dur-
ing marine isotope stage 3. Science 292:2453–8.

Berger WH, von Rad U. 2002. Decadal to millenial cy-
clicity in varves and turbidites from the Arabian Sea:
hypothesis of tidal origin. Global Planetary Change
729:313–25.

Dansgaard W, Johnsen SJ, Clausen HB, Dahl-Jensen D,
Gundestrup NS, Hammer CU, Hvidberg CS, Stef-
fensen JP, Sveinbjörnsdottir AE, Jouzel J, Bond G.
1993. Evidence for general instability of past climate
from a 250-ky ice-core record. Nature 374:218–20.

Hughen KA, Overpeck JR, Lehman SJ, Kashgarian M,
Peterson LC, Alley R, Sigman DM. 1998. Deglacial
changes in ocean circulation from an extended radio-
carbon calibration. Nature 391:65–8.

Kitigawa H, van der Plicht J. 1998. A 40,000-year varved
chronology from Lake Suigetsu, Japan: extension of
the radiocarbon calibration curve. Radiocarbon 40(1):
501–16.

Kitigawa H, van der Plicht J. 2000. Atmospheric radio-
carbon calibration beyond 11,900 cal BP from Lake
Suigetsu laminated sediments. Radiocarbon 42(3):
369–80.

Laj C, Kissel C, Mazaud A, Channell JET,  Beer J. 2000.
North Atlantic Paleointensity stack since 75 ka (NA-
PIS-75) and the duration of the Laschamp event.
Philosophical Transactions of the Royal Society of
London A 358:1009–25.



14C Ages of a Varved LGM Section Off Pakistan 477

Meese DA, Alley RB, Gow AJ, Grootes PM, Mayewski
PA, Ram M, Taylor KC, Waddington ED, Zielinski
GA. 1994. Preliminary depth-age scale of the GISP2
ice core. CRREL Special Report 94-1. Hanover, New
Hampshire: US Army Cold Regions Research Engi-
neering Laboratory. 66 p.

Mix AC, Bard E,  Schneider R. 2001. Environmental pro-
cesses of the Ice Age: land, oceans, glaciers (EPI-
LOG). Quaternary Science Reviews 20:627–58.

Nadeau M-J, Schleicher M, Grootes PM, Erlenkeuser H,
Gottdang A, Mous DJW, Sarnthein M, Willkomm H.
1997. The Leibniz-Labor AMS facility at the Chris-
tian-Albrecht University, Kiel, Germany. Nuclear In-
struments and Methods in Physics Research B 123:
22–30. 

Sarnthein M, Stattegger K, Dreger D, Erlenkeuser H,
Grootes P, Haupt B, Jung S, Kiefer T, Kuhnt W, Pflau-
mann U, Schäfer-Neth C, Schulz H, Schulz M, Seidov
D, Simstich J, van Kreveld S, Vogelsang E, Völker A,
Weinelt M. 2001. Fundamental modes and abrupt
changes in North Atlantic circulation and climate over
the last 60 ky—concepts, reconstruction and numeri-
cal modelling. In: Schäfer P, Ritzrau W, Schlüter M,
Thiede J, editors. The Northern Atlantic: A Changing
Environment. Berlin: Springer. p 45–66.

Schulz H, Emeis K, Erlenkeuser H, von Rad U. 2002.
The Toba volcanic event and interstadial/stadial cli-
mate oscillations of the past 110,000 years. Quater-
nary Research 57:22–31.

Schulz H, von Rad U, Erlenkeuser H. 1998. Correlation
between Arabian Sea and Greenland climate oscilla-
tions of the past 110,000 years. Nature 393:54–7.

Staubwasser M, Sirocko F, Grootes PM, Erlenkeuser H.

2002. South Asian monsoon climate change and radio-
carbon in the Arabian Sea during early and middle Ho-
locene. Palaeoceanography 17(4):1063,doi:10.1029/
2000PA000608.

Stuiver M, Grootes PM. 2000. GISP-2 oxygen isotope ra-
tios. Quaternary Research 53:277–84.

Stuiver M, Reimer PJ, Bard E, Beck JW, Burr GS, Hughen
KA, Kromer B, McCormac G, van der Plicht J, Spurk
M. 1998. INTCAL 98 radiocarbon age calibration,
24,000–0 cal BP. Radiocarbon 40(3):1041–83.

Voelker AHL, Sarnthein M, Grootes PM, Erlenkeuser H,
Laj C, Mazaud A, Nadeau MJ, Schleicher M. 1998.
Correlation of marine 14C ages from the Nordic Seas
with the GISP2 isotope record: implications for 14C cal-
ibration beyond 25 ka BP. Radiocarbon 40(1):517–34.

von Rad U, Doose H, cruise participants. 1998. SONNE
Cruise SO 130 Cruise Report, MAKRAN II, Han-
nover: BGR, Archive-nr 117368, 152 + 26 p. 

von Rad U, Schaaf M, Michels KH, Schulz H, Berger
WH, Sirocko F. 1999a. A 5000-yr record of climate
change in varved sediments from the oxygen mini-
mum zone off Pakistan, northeastern Arabian Sea.
Quaternary Research 51:39–53.

von Rad U, Schulz H, Riech V, den Dulk M, Berner U,
Sirocko F. 1999b. Multiple monsoon-controlled
breakdown of oxygen minimum conditions during the
past 30,000 years documented in laminated sediments
off Pakistan. Palaeogeography, Palaeoclimatology,
Palaeoecology 152:129–61.

Waelbroek C, Duplessy J-C, Michel E, Labeyrie L, Pail-
lard D, Duprat J. 2001. The timing of the last deglaci-
ation in North Atlantic climate records. Nature 412:
724–7.



RADIOCARBON, Vol 45, Nr 3, 2003, p 479–491  © 2003 by the Arizona Board of Regents on behalf of the University of Arizona

479

AMS DATING OF POLLEN CONCENTRATES—A METHODOLOGICAL STUDY OF 
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ABSTRACT. A simple method for preparing pollen concentrates for 14C AMS dating is applied to organic and inorganic
deposits from a peat bog in south Westland, New Zealand, from which preliminary AMS dating indicated age inversions and
severe younger carbon contamination problems. The AMS ages of the pollen concentrates provided consistently older age
estimates for each sample than ages derived from their respective organic residue or combined pollen and organic residue
fractions. It is likely that the younger age estimates of the organic residue fractions result from the incorporation of younger
plant material into the sample and possible contamination from younger humic acids percolating through the site.

INTRODUCTION

The advantages of radiocarbon dating concentrated pollen by accelerator mass spectrometry (AMS)
from late Pleistocene and Holocene deposits have long been recognized (Brown et al. 1989, 1992;
Regnell 1992) and the ability to obtain reliable 14C ages from pollen is well established (Mensing
and Southon 1999). Studies have shown that AMS dating of pollen concentrates can eliminate many
of the problems inherent with conventional 14C dating of lake, marine, and peat deposits (Long et al.
1992; Richardson and Hall 1994; Regnell and Everitt 1996). The application of AMS dating pollen
concentrates to pollen analysis is of great importance, particularly where bulk samples are contam-
inated by either younger or older carbon. In these instances, AMS ages from pollen concentrates can
provide more reliable chronologies and potentially reduce dating errors associated with short-lived
paleoclimate events, including regional deglaciations, cooling, and tree species migration (Brown et
al. 1992).

In the last decade, many techniques have been developed and improved to prepare relatively pure
pollen concentrate samples for AMS dating. To date, pollen extraction procedures combine treat-
ments including chemical digestion of organic matter using strong acids such as H2SO4 and fine
sieving (Regnell 1992), microbiological degradation (Richardson and Hall 1994), centrifugation
(Regnell and Everitt 1996), and manual separation with a micromanipulator (Long et al. 1992) or
mouth pipette (Mensing and Southon 1999). Although clear improvements have resulted from some
of these procedures, many are still not able to completely remove contaminants (Regnell 1992;
Richardson and Hall 1994), or are limited to only concentrating large pollen grains from relatively
large volume samples (Long et al. 1992; Mensing and Southon 1999).

Whereas these techniques have been generally successful when concentrating pollen from Holocene
deposits or sediments containing large pollen grains, they become less efficient when attempting to
concentrate pollen from:

• Sediments where pollen grain sizes are predominantly small (<50 µm), such as those associated
with the Last Glacial Maximum (LGM) in New Zealand.

• Sediments where the volume of sediment available for dating a palynological event is limited.

A simple technique for preparing pollen concentrates for AMS dating using heavy liquid separation
(Prior and Chester 2001) has previously been used to derive datable material from small volumes of
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Holocene sediment. This technique is considered to provide more accurate age estimates of greater
precision than conventional ages from bulk sediment, particularly for dating vegetation changes
interpreted from pollen analysis (Prior and Chester 2001; Horrocks et al. 2002). This paper tests the
applicability of the method by attempting to produce more reliable ages from late Quaternary depo-
sitional environments in Westland, New Zealand, where severe 14C contamination problems have
been reported previously (Grant-Taylor and Rafter 1971; Moar and Suggate 1979; Hammond et al.
1991). All 14C ages are reported in 14C years before present (yr BP), although where stated, cali-
brated years have been determined using INTCAL98 (Stuiver et al. 1998).

SITE INFORMATION AND 14C DATING PROBLEMS OF SOUTH WESTLAND, NEW ZEALAND

A 5-cm-diameter core was taken from a peat deposit (Okarito Pakihi) 70 m above sea level, near
Okarito Lagoon in south Westland, New Zealand (43°14′50″S; 170°12′25″E; Figure 1), using a
modified Russian D-section corer. Palynological and sedimentological analysis indicates that the
site was formed as a lake impounded behind glacial terminal moraines that predate the LGM, but are
close to the limits of LGM ice advances. The site became a peat bog after about 10 ka BP and pro-
vides a record of sediment and vegetation change that predates the LGM. The catchment around the
site consists of non-carbonate lithologies (Warren 1967) and there are no indications of a “hardwater
effect” in any previous 14C dating reported for this region.

Figure 1 Geologic and geomorphic map of the study area showing location of the study site at Okarito
Pakihi, along with present and historic glacier extents (modified from Warren 1967).
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An important feature in the development and maintenance of south Westland’s landscape is the
regional climate—in particular, rainfall. Precipitation is high, averaging 5000 mm yr–1 at low alti-
tudes in south Westland, and rises in the adjacent Southern Alps to as much as 15,000 mm yr–1

(Chinn and Whitehouse 1980). The steep precipitation gradient is characteristic of New Zealand’s
Southern Alps, which have a strong orographic influence on the prevailing westerly and south west-
erly air streams. Consequently, dry periods are rare and lowland mean annual temperatures are
around 15.3 °C in summer (January) and 6.7 °C in winter (July) (Garnier 1958; New Zealand Mete-
orological Service 1983).

Preliminary AMS ages of bulk sediment and wood macrofossils from Okarito Pakihi provide age
estimates of 10,267 ± 70 BP, 9692 ± 65 BP, and 9758 ± 70 BP between 281–283 cm, and date the
beginning of organic sedimentation and dominance of a tall Podocarp forest occurring at the onset
of the Holocene (Table 1, Figure 2). Toward the base of the core, organic silts at 553–554 cm and
599–600 cm provide ages of 31,080 ± 490 BP and 35,630 ± 430 BP, respectively, and constrain the
lowermost peak in all tree pollen (Figure 2). However, bulk AMS ages from the center of the core
indicate an age inversion (Figure 2), where samples consisting of inorganic silty-sand bracket the
peaks in herb pollen and yield AMS ages of 12,069 ± 60 BP (349–350 cm) and 11,228 ± 90 BP
(390–391 cm), respectively. 

Of the preliminary ages, all those that are older than about 10 ka BP are considered to be too young.
The herb-dominated pollen assemblage, dated here by inverted ages of 12,069 ± 60 BP and 11,228
± 90 BP, is generally interpreted to represent flora associated with the LGM between about 22–16
ka BP (Moar and Suggate 1996). Below this, the lowermost peak in tall tree pollen, dated here
between 31,080 ± 490 BP and 35,630 ± 430 BP, is likely to represent flora older than 70 ka BP asso-
ciated with Marine Oxygen Isotope Stage 5a.

The age inversions between 349–400 cm provide evidence that some of the AMS-dated samples
were contaminated by younger or older carbon. An older 14C age may result from the inwash of
older inorganic carbon residues into the site or the incorporation of dissolved carbonates into the tis-
sue of aquatic organisms or the sediment (hardwater effect). A younger 14C age can result from root
penetration through the profile, the percolation of humic acid through the deposit, or the downward
movement of younger sediments through bioturbation from burrowing organisms.

The effect of root penetration has been previously noted in studies of south Westland soil sequences
(Almond 1996) and it is considered to be an important contributing factor to the downward move-
ment of tephra shards through root holes to below the horizon of initial deposition, particularly in
soils with low accretion. The influence of younger carbon contamination has also been recognized
in previous New Zealand studies by Grant-Taylor and Rafter (1971), Moar and Suggate (1979), and
Hammond et al. (1991). These studies have demonstrated similar errors when peat and sediments
are dated from the high rainfall, extreme leaching, and weathering environment of the west coast of
the South Island. Through different acid/alkali pretreatments and by dating soluble (fulvic and
humic acids) and insoluble fractions from bulk peat and sediment samples, these studies concluded
that samples from loess, buried silt/sands, or peat older than 10 ka BP become significantly contam-
inated by younger carbon, particularly from humic and fulvic acids (Hammond et al. 1991). 

To try to understand the nature and source of contamination in the bulk samples, 25 AMS age deter-
minations were obtained from concentrated pollen, organic residue fractions, and macrofossils from
a further 10 samples in the Okarito Pakihi core (Table 1). The pollen concentrates are defined as
those that have a high pollen content, whereas the organic residue fractions contain a mix of organic
matter or residue and pollen and are both sub-fractions of the sample <125 µm. The fraction <125
µm contains a mix of pollen and organic residue (Table 1), whereas the fraction >125 µm contains
large organic material.
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POLLEN CONCENTRATE PREPARATION

One-cm-thick samples were taken from sections in the core associated with major changes in the
pollen stratigraphy (Figure 2). Between 310–500 cm, where the weight of the pollen fractions was
too low for combustion, up to 2 additional samples were taken adjacent to each sample point and
combined with the first sample prior to dating. Sample weights ranged between 2–3.95 g dry weight
and 7.36–36.1 g wet weight (Table 1).

Figure 2 Summary diagram of Okarito Pakihi palynology showing location of
dates in relation to major changes in pollen stratigraphy.
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Chemical Treatment and Separation

The method for pollen separation and concentration previously described by Prior and Chester
(2001) is also outlined below and illustrated in Figure 3. Extraneous matter was removed according
to standard methods (Faegri and Iversen 1989), including the removal of carbonates using HCl,
removal of humic acids using KOH, and the removal of silica using HF. Dilute nitric acid was used
to aid in the removal of organic residue. The mesh sizes of the sieves (125 and 6 µm) were selected
to eliminate organic and inorganic matter both larger and smaller than most pollen (Figure 3). Sam-
ple separation by sieving is complemented by using Sodium Polytungstate (SPT) heavy liquid sep-
aration at a specific gravity (sg) of 2.1, to separate most of the inorganic material from the lighter
organic matter and pollen fraction. Between each step, samples were washed in distilled H2O, cen-
trifuged, and decanted to remove any remaining residue from the previous procedures. The samples
were then processed for pollen separation prior to AMS dating. The procedure for pollen separation
is summarized below.

In each density separation cycle (Figure 3), SPT was thoroughly mixed with the sample, then cen-
trifuged at 3500 rpm for 5 min. The supernatant was decanted and precipitates from each separation
were saved as individual fractions and labelled with the density of the SPT used. For example, the
pollen fraction dated at 283 cm precipitated at a specific gravity of 1.15 g cm–3 (Table 1). Sample
material that floated in the supernatant was transferred to a clean centrifuge tube for the next sepa-
ration. SPT was mixed to a specific gravity of 1.6 g cm–3 for the first separation and was decreased
for each subsequent separation, repeating the cycle until all of the material in the sample had precip-
itated. For some samples, this was a density as low as 1.1 g cm–3. Microscope analysis of each sep-
arated fraction was undertaken to determine which fraction contained the highest concentration of
pollen and the least concentration of organic residue. These pollen fractions were then preferentially
selected for dating. Age estimates were also derived from fractions >125 µm and organic residue
fractions separated by SPT. This was carried out in an attempt to identify which fractions were pre-
dominantly influenced by carbon contamination and to determine whether ages from combined frac-
tions <125 µm provided considerably different ages to those obtained from the pollen fractions
within the sample.

Figure 3 Summary flow chart of laboratory procedures used in preparation of pollen concentrates for
AMS dating.
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RESULTS AND DISCUSSION

Density Separation

Pollen analysis carried out on each sample (to identify types and calculate percent pollen composi-
tion) indicates that pollen of dryland taxa and spores of the aquatic plant Isoetes dominated the pollen
concentrates. This analysis showed no evidence of redeposited or ancient pollen within the dated
samples and it is therefore unlikely that they are influenced by older carbon from this source. The
sieved fractions >125 µm composed predominantly plant fragments and large organic residue and
did not contain any recognizable pollen. The sieved fraction <125 µm contained a mix of pollen and
finer organic residue. Density separation was carried out between 1.6 and 1.1 sg on the <125 µm sam-
ples and Figure 4a–f shows some of the typical results of the density separated fractions. Fractions
separated at >1.3 sg contained predominantly organic residue and few pollen grains. The 1.3–1.15
sg fractions contained most of the separated pollen at varying concentrations between about 30–92%.
These fractions always contained some component of organic residue. The separated fractions <1.15
sg contained some pollen, primarily small grains and fine organic residue. Most tree pollen and dry-
land shrub species were found to separate at 1.15 and 1.2 sg. The visual estimates of pollen content
were supplemented by the percent carbon yield during combustion of the different fractions (Table
1). Percent carbon yields of 65–70% in fractions identified as pollen indicate a high sporopollenin
content (Prior and Chester 2001).

The purest pollen concentrates were derived from inorganic sediments which inherently had less
organic residue. However, these samples also provided the lowest weight of sample for combustion
(Table 1). Pollen concentrates from organic rich samples contained more organic residue, but pro-
vided greater weight for combustion.

Dating

AMS age determinations on the Okarito Pakihi sediments, macrofossils, and microfossils are listed
in Table 1 and calibrated ages are listed in Table 2 and displayed in Figure 5a–d. Six ages derived
from bulk samples throughout the core ranged from about 9.6–35.6 ka BP and indicate age inver-
sions in the sediment record.

The pollen concentrate age from the sample taken at 283 cm provides an older age estimate than
those derived from the organic residue fractions, leaf macrofossils, or bulk sediments (Table 1).
Although these conventional ages generally remain within 2 standard errors of each other, calibrated
ages (Table 2) clearly show that the pollen concentrates provide older age estimates than the other
fractions from the same depth at the 2 sigma range (Figure 5a). The results also indicate that the 2
organic residue samples separated at 1.2 and 1.4 sg provide similar age estimates to those derived
from both bulk sediments and leaf macrofossils. In contrast, the age derived from wood taken above
this sample between 281–282 cm provides an older age estimate than the other ages at 283 cm. It is
not immediately obvious why the wood sample should provide an older age estimate for this depth
than the samples below, but this may be an occurrence of the “old wood” problem. As most trees are
long-lived species, their inner growth rings may be several hundred yr older than the time of death
and deposition. Old-wood cores of large trees may survive processes of decomposition longer than
the outer rings. Due to such potential 14C age offset between time of growth and the time of deposi-
tion, many researchers advise the selection of single-growth-yr sample materials (Bowman 1990).

At 300–301 cm, pollen concentrate ages provide older age estimates for the sample than the sieved
organic residue >125 µm from that depth (Table 1). When calibrated (Table 2), the pollen concen-
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Figure 4 Examples of pollen concentrate and organic residue samples derived from density separation and AMS
dated in this study. Pollen concentrates from 340–342 cm separated at 1.15 sg (a) and 1.2 sg (b) show little organic
residue. Organic residue samples from 340–342 cm separated at 1.255 sg (c) and 1.4 sg (d): note increasing
amounts of organic residue and lower pollen concentrations. The relative difference between a pollen concentrate
(e) separated at 1.255 sg and organic residue sample (f) separated at 1.30 sg from 400–403 cm: note the greater
presence of organic residue in f (scale bar = 200 mm).

(A) (B)

(D)

(E) (F)

(C)
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trate ages are comparable to a combined pollen and organic residue sample <125 µm taken from
below this sample at 302–303 cm (Figure 5b). Pollen concentrate ages from the sediment between
340–342 cm provide older age estimates than the organic residue fraction from the same depth, and
age estimates that are comparable to the combined pollen and organic residue sample <125 µm
taken below this depth between 342–343 cm (Figure 5c). These ages also provide a convincingly
older age estimate for this part of the sequence than the AMS age derived from a bulk sediment sam-
ple between 349–350 cm (Figures 2 and 5c). Ages from pollen concentrate and organic residue frac-
tions between 400–403 cm also show marked differences, with the pollen concentrates providing
age estimates that are approximately 4500 yr older. However, the youngest organic residue age
(NZA-11201) was combusted from an extremely small sample weight (<0.1 mg) that did not pro-
duce a quantifiable percentage carbon yield (Table 1). Graphite produced from samples of less than
100 µg is easily contaminated with modern carbon and we consider this age estimate completely
unreliable. The pollen concentrate ages from between 400–403 cm also provide a significantly older
age estimate for this part of the sequence than the AMS age derived from a bulk sediment sample
between 390–391 cm (Figure 5d). Pollen concentrate ages from between 554–555 cm provide
closely conforming age estimates that are considerably older than the age derived from a bulk sedi-

Figure 5 Comparison of calibrated 14C ages between 281–283 cm (a), 300–303 cm (b), 340–350 cm (c), and 390–403 cm
(d) from Okarito Pakihi. Plots show global calibrated age ranges at 1 and 2 sigma.
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ment sample between 553–554 cm. These ages are considered to be close to the limit of 14C dating
as a combined pollen and organic residue sample <125 µm taken directly below this depth provides
an infinite age estimate. Ages from organic residue fractions between 596–597 cm also provide infi-
nite age estimates for this depth and are comparable to the combined pollen and organic residue
sample <125 µm taken from between 598–599 cm. The sieved organic residue >125 µm taken from
the same sample between 598–599 cm provides a considerably younger and finite age estimate than
the <125 µm fraction from this depth. This age, however, is comparable to the age estimate derived
from the original bulk sediment sample from between 599–600 cm (Table 1).

Sources of Error and Contamination

A review of the AMS ages presented herein indicates that pollen concentrate ages provide consis-
tently older age estimates for each sample than ages derived from organic residue or combined pol-
len and organic residue fractions in the respective sample. Furthermore, the age estimates from the
pollen and organic residue samples below 550 cm indicate that the base of the sequence is beyond
the limit of 14C dating. It seems likely that the predominant source of error for the ages is in the
organic residue and bulk organic fractions, and that at this particular site these fractions are prone to
contamination by younger carbon. The most common form of contamination in high rainfall areas
of New Zealand is by intrusion from younger plant material or humic acids (Hammond et al. 1991).
It is likely that the younger age estimates reported here from the samples containing significant
organic residues also results from the incorporation of younger plant material into the sample
through root intrusion and possibly contamination from young humic acids percolating through the
profile from the Holocene peat overlaying the deposit. The contaminating influence of humic acids
has been previously noted (Head and Zhou 2000), where it was found to be incompletely removed
from the sample by the standard acid/alkali/acid (AAA) pretreatment technique prior to dating.
However, it is difficult to determine the specific contaminating agent from the results of this study.

The results from the 14C dating confirm that the ages derived from pollen fractions are less likely to
be influenced by carbon contamination than organic residue and bulk organic fractions. Conse-
quently, it is likely that these ages provide a more reliable age for the vegetation changes in the
sequence. When the pollen concentrate ages are compared to the bulk sediment AMS ages from
Okarito Pakihi, the pollen fraction ages show that the bulk sediment ages provide spuriously young
ages for the sequence and should therefore be regarded with caution (Figure 5).

CONCLUSIONS

The present study indicates that density separation of late Quaternary sediments using SPT is an
effective method for concentrating pollen for AMS dating from relatively small sediment volumes
and from sediments that contain relatively small pollen grains. However, it remains unsuccessful in
completely removing all the organic residue and plant fibers from most samples. The dating of the
pollen and organic fractions from Okarito Pakihi suggest that younger carbon is the main contami-
nant in late Quaternary peat and sediment samples. The likely source of contamination is the organic
residue, which either constitutes or carries the younger carbon from either younger plant material or
possibly undissolved humic acids. These findings suggest that at this site and others in the region,
any sediment samples, but particularly those older than about 10 ka BP that contain high concentra-
tions of organic residue, may provide unreliable ages and should therefore be regarded with caution.
The dating evidence indicates that the fractions containing high pollen ratios produced consistently
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older age estimates that are less likely to be influenced by contamination, and therefore, provide age
estimates that are closer to the true age of the sample. 

FUTURE RESEARCH

Although pollen fraction dating is used to overcome the dating inconsistencies in south Westland
peat deposits older than about 10 ka BP, further dating of these deposits with independent time
markers is needed to determine the reliability of the pollen fraction ages. The recent identification
of a distinctive tephra layer in loess profiles and peat deposits within close proximity of the site
(Almond 1996; Almond et al. 2001; Vandergoes and Newnham, unpublished data) may provide a
distinctive isochronous benchmark for testing the accuracy and reliability of this method. 
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IS THERE A FIFTH INTERNATIONAL RADIOCARBON INTERCOMPARISON (VIRI)?

E M Scott1 • C Bryant2 • G T Cook3 • P Naysmith3

ABSTRACT. The issue of comparability of measurements (and thus bias, accuracy, and precision of measurement) from
diverse laboratories is one which has been the focus of some attention both within the radiocarbon community and the wider
user communities. As a result, the 14C community has undertaken a widescale, far-reaching, and evolving program of inter-
comparisons, to the benefit of laboratories and users alike. The benefit to the users is, however, indirect, since the 14C inter-
comparisons have not been used to generate “league tables” of performance, but rather to allow individual laboratories to
check procedures and modify them as required. 

The historical progression of 14C laboratory intercomparisons from the Third (TIRI, completed in 1995, Gulliksen and Scott
1995) and Fourth (FIRI, completed in 2000, Scott 2003; Boaretto et al. 2000; Bryant et al. 2002) suggests that a Fifth (VIRI)
should also be expected. We describe the plans for VIRI.

INTRODUCTION

Radiocarbon laboratories continue to routinely operate quality assurance (QA) procedures, within
which intercomparisons such as the Fourth International Radiocarbon Intercomparison (FIRI)
formed an integral part.

Users, however, continue to express a desire to see evidence of 14C measurement quality in general,
and specifically, a hope for improvements in the precision of results allied to the ability to measure
smaller and older samples. They often also wish to construct and make inferences based on assem-
blages of dates measured in different laboratories and possibly at different times.

Programs such as TIRI (the Third Radiocarbon Intercomparison) and FIRI operate in addition to any
within-laboratory procedures for QA. They provide an independent check on the comparability of
measurements and it is clear that, even with the increased availability of reference materials, labo-
ratories still benefit from participation.

Criticisms of the design of TIRI and FIRI have included:

• The need for the measurements to be made over a relatively short period of time (hence, the
workload within the laboratory is compromised);

• The fact that the intercomparisons provide only a snap-shot in time;
• That the samples are not anonymous but that laboratories are.

THE PAST (BRIEFLY)

Long and Kalin (1990) stressed that it was “incumbent on individual laboratories to engage in a for-
mal programme of quality assurance.” Polach (1989) noted that “internal checking needs suitable
quality control and reference materials.” The quality of the measurement is determined by the labo-
ratory. Sound, reliable, precise, and accurate measurement requires traceability to 14C community-
agreed reference materials

In the past laboratory intercomparisons, many of the samples have been natural samples, e.g. in
1982, International Study Group (ISG 1983), a floating chronology of 8 tree ring samples was used,
with a date range of 4800–5200 BP. In 1990, in the International Collaborative Study (Scott et al.

1Department of Statistics, University of Glasgow, Glasgow G12 8QW, Scotland.
2NERC Radiocarbon Laboratory, East Kilbride G75, Scotland.
3SUERC Radiocarbon Laboratory, East Kilbride G75, Scotland.
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1990), both natural and artificial materials, including dendro-dated wood, the activities of which
were less than 3 half-lives were used. In 1992, the International Atomic Energy Agency (Rozanski
et al. 1992) created a set of secondary standards based on natural materials, the activities of which
spanned background to modern. Finally in 1995 and 1999, TIRI and FIRI used natural materials,
including dendro-dated wood, the activities of which spanned background to modern.

Typically, such studies have involved 10–20 analyses, often concentrated in a single year. FIRI
required 10 analyses completed within one year; TIRI provided 6 core and 7 optional samples and a
one-year window for core analyses; ICS had 3 experimental stages spread over 3 years, involving 4
samples in year 1, 6 samples in year 2, and 8 samples in year 3.

These intercomparisons showed evidence of broad comparability among laboratories but also some
evidence of more variability than expected. Consensus values for the materials were derived and
some reference materials were archived.

PLANS FOR A NEW INTERCOMPARISON PROGRAM

It is clear that there is a need for continuing “routine” QA checks using reference materials (indeed,
users expect this). Thus, it is important that a program continue with identification and testing of
new, appropriate 14C reference materials, as part of its QA role. The proposed design and organiza-
tion for VIRI is intended to address some of the criticisms, while retaining some of the important fea-
tures of TIRI and FIRI, namely using natural samples, previously homogenized and tested, and the
anonymity of participating laboratories to ensure that league-tables of laboratories are not created.

The design issues which must be considered include the selection of materials, the inclusion of
duplicates for a precision check, and the use of known-age material as an accuracy check.

Materials

We propose that the materials should be of natural origin and span the applied 14C timescale. Materials
to be used include bone, wood, seeds, barley mash, shells, and peat (whole and humic acid extract).
It is planned that for each material, several samples of different 14C activities will be provided.

Timescale

To avoid the spot-check nature of TIRI and FIRI, we propose that VIRI will be a 4-year project,
starting in 2004. There will be a rolling measurement commitment, with samples distributed regu-
larly throughout the 4-year period. Three or 4 samples would be distributed in each of years 1–3 and
in year 4, a more general intercomparison would be organized, including duplicates and with up to
8 samples. Each year, a particular material would be the focus of testing. Some samples will only be
available for AMS measurement.

At the end of each year, laboratories would receive a detailed report so that any operational correc-
tions could be made and the final (intercomparison) phase would be tied into a major AMS/14C con-
ference.

CONCLUSIONS

QA is of fundamental importance to laboratories and users and the program of intercomparisons is
seen (within the 14C and user communities) as an important part of the QA process. A new labora-
tory intercomparison program (VIRI) will start in 2004. VIRI will be a rolling and ongoing program,
with a small number of samples being dispatched to participating laboratories each year. The fre-
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quency and number of samples in VIRI are still to be finalized after consultation with the commu-
nity, but this short note summarizes the current plans.  
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REPLY TO ISRAEL CARMI (2002): “ARE THE 14C DATES OF THE DEAD SEA 
SCROLLS AFFECTED BY CASTOR OIL CONTAMINATION?”

Kaare L Rasmussen1 • Johannes van der Plicht2 • Gregory Doudna3 • Frank M Cross4 • 
John Strugnell5

INTRODUCTION

Carmi (2002) is a response to our study published in Radiocarbon 43(1) by Rasmussen et al. (2001).
We noted widespread possible exposure to castor oil of the Dead Sea Scrolls (DSS) in the Rock-
efeller Museum in the 1950s and reported experiments showing that the AAA pretreatment used in
the first 2 series of radiocarbon datings of the DSS (Bonani et al. [1992] and Jull et al. [1995]), “can-
not be guaranteed to have removed all of the modern carbon in any samples if they had been con-
taminated with castor oil and hence could have produced some 14C dates that were younger than the
texts’ true ages.” Carmi, a coauthor of the Bonani et al. (1992) study, criticizes our analysis on 4
grounds:

1. Carmi argues that “the extant [radiocarbon] dates of the Dead Sea Scrolls do not suggest a
major deviation from their palaeographic or specific ages. There is thus no indication that the
pretreatment was inadequate.” 

2. Carmi claims that our study, Rasmussen et al. (2001), “miscalculated the efficiency of their
AAA treatment from the 14C data,” and Carmi presents an alternative formula for calculation
of the cleaning efficiency.

3. Carmi says the efficiency of the cleaning procedure of our experiments should have been cal-
culated based on “the δ13C values of the samples,” and that when this is done, a dramatically
different result is obtained. 

4. Carmi claims that our “strategy of testing the validity of the dates of the Dead Sea Scrolls is
wrong.” 

We believe that Carmi’s response fundamentally misunderstands our paper and is in error on each of
the 4 points.

ARGUMENT 1

Carmi argues that “evaluating whether or not the AAA treatment of the Dead Sea Scrolls was ade-
quate can be done by comparing the 14C dates of the scrolls with ages assigned to them using palaeo-
graphic methods and with ages of explicitly dated scrolls.” Here Carmi has the argument backwards.
The aim of the original datings by Bonani et al. (1992) and Jull et al. (1995) as well as Rasmussen
et al. (2001) was to establish independent data for dating the DSS; these then could function as a
check upon the accuracy of the palaeographic dates. To state that the margin of error of the reported
14C dates in most cases do not deviate from the palaeographic dates by greater than 2.5 standard
deviations is irrelevant to our experiments or point, and is not a sound justification for concluding

1Chemistry Department, University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark. Corresponding
author. Email: klr@chem.sdu.dk.

2 Centrum voor Isotopen Onderzoek, Nijenborgh 4, 9747 AG Groningen, The Netherlands.
3 The Danish Institute for Advanced Studies in the Humanities, Vimmelskaftet 41A, 2, Copenhagen K, DK-1161, Denmark.
4Department of Near Eastern Languages and Civilizations, Harvard University, 6 Divinity Avenue, Cambridge, Massachu-
setts 02138, USA.

5 The Divinity School, Harvard University, 45 Francis Street, Cambridge, Massachusetts 02138, USA.
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that the “the pretreatment of the samples was adequate.” In addition, Table 1 of Carmi (2002) con-
tains significant mistakes in listing the data (at items #16, #31, and #33), which is probably why
Carmi did not observe potential problems with castor oil contamination. Carmi’s item 16 is incor-
rectly labeled “Community Rule(d),” when the 14C date at that item is actually that for 1QS. In
additition, item 31 is incorrectly labeled “Community Rule,” with the implication it is 1QS, and
listed by Carmi as free from possible exposure to castor oil contamination (true for 1QS), when the
14C date at item 31 is actually that for 4QS(d), 1st sample, taken from the Rockefeller Museum,
where there was possible exposure to castor oil. Also, Carmi’s item 33 is incorrectly labeled as free
of exposure to possible castor oil contamination, even though that text was edited by Milik, a user
of castor oil, in the Rockefeller Museum.

ARGUMENT 2

There is no error in the calculations of Rasmussen et al. In fact, Carmi’s Equation 1 is in complete
accordance with our formulas—only in other units.

Carmi is proposing another formula for the percent of oil left in the parchment. In his formula the
percent of oil left varies between 0 and 100%, corresponding to a variation from no retention to the
saturated state. This is incompatible with the units used throughout the calculations of Rasmussen et
al. We used weight percent of oil (e.g. 0.01 grams of oil/gram of sample) in the parchment in our
Equations 1–4. Thus, in Rasmussen et al. no oil retention corresponds to PCT = 0% (as in Carmi’s
formula 1), but saturation does not correspond to PCT = 100%. In addition, Carmi incorrectly quotes
our values in Table 2 (7, 12, 6, 8 wt%) as “retained”, where it rightly says “removed.” It is easily
shown that the 2 calculations indeed are identical: e.g., take the number in column 5 in our Table 3,
divide by the number in column 6, and multiply by 100, 15/22 * 100 = 68% [Carmi’s value: 67.9%]. 

ARGUMENT 3

The reason that the oil removal values calculated by Carmi (2002) on the basis of the δ13C measure-
ments come out approximately similar to those he calculated from our 14a results is that (as noted
above) Carmi used, in effect, the same formula that we did, except that Carmi’s was based on abso-
lute percentages. Had we calculated the oil removal percentages based on the δ13C values using our
formula we also would have come up with more or less the same results as those based on the 14a
results. However, as stated very clearly in Rasmussen et al., we maintain as a methodological point
that one should make the calculation on the basis of the 14a results rather than the δ13C values, even
though it would result in little difference in actual results either way. 

ARGUMENT 4

It is not a shortcoming of the Rasmussen et al. testing strategy not to have dated saturated parchment
samples without AAA pretreatment. It is essential to the experiment that all the samples have been
subjected to the same pretreatments, i.e., that all the samples in one run have experienced identical
AAA pretreatments, identical burning procedures, and identical graphitization procedures. The
AAA procedure removes some (minute) parts of the samples as well as some of the contaminants.
Therefore, the weight of the parchment will not necessarily be the same before and after the AAA
cleaning, and it is not certain how much of the parchment was removed. If the AAA were applied to
some samples and not to others, it would destroy the ability to calculate the oil retention accurately.
This part of Carmi’s comment is therefore irrelevant.



Reply to Israel Carmi (2002) 499

Carmi concludes that “it is clear that the AAA treatment removed less than 50% of the castor oil and
old oil from the soaked parchments.” And that is exactly what we concluded. Carmi accepts the
results of our experiments showing that AAA is ineffective in removing castor oil from parchment
samples, but asserts that this finding is irrelevant for dating the DSS (“the pretreatment of the sam-
ples was adequate”). We think it is relevant that the pretreatment used in the 14C datings of the DSS
is incapable of removing a contaminant to which most of the Qumran texts have had known signif-
icant possible exposure. The reports of exposure come from the original team of editors working on
the texts in the Rockefeller Museum, two of whom were coauthors of the Rasmussen et al. (2001)
paper as well as the present reply. The description in Rasmussen et al. (2001) of potential exposure
and risk, therefore, stands as an eyewitness account.

CONCLUSION

Points 2, 3, and 4 presented in the paper of Carmi (2002) are either erroneous or irrelevant. The
Carmi paper is therefore reduced to a statement that constitutes a backwards argument, namely that
all but four of the extant Bonani et al. and Jull et al. 14C dates are not in disagreement with the
palaeographic dates, if 2 other cases among those 34 affected by unknown contaminants are ignored,
and therefore there is no cause for concern that AAA pretreatment is incapable of completely
removing castor oil. We reject this reasoning and conclude that nothing in the comment of Carmi
(2002) gives cause to revise our original conclusion concerning castor oil contamination. 

Finally, we note that inadequacy of AAA alone to remove contamination from parchment was also
recently shown by Donahue et al. (2002).
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CHARACTERIZING THE ERROR IN THE ESTIMATED AGE-DEPTH RELATIONSHIP

Andrew R Solow 
Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 02543, USA. Email: asolow@whoi.edu.

ABSTRACT. It is common practice to estimate the age of undated material extracted from a sediment core from radiocarbon
or other radiometric dates of samples taken above and below the extracted material. This paper presents a simple expression
for the variance of this estimated age. This variance accounts for both 14C dating error and error due to bioturbation.

INTRODUCTION

It is common practice to estimate the continuous age-depth relationship along a sediment core from
radiocarbon or other radiometric dates of samples taken at discrete depths in the core. Such a rela-
tionship can then be used to estimate the age of undated material extracted at a known depth in the
core. In doing so, it may be useful to have an idea of the magnitude of the error in the estimated age
of the extracted material. For example, this would be important in assessing the significance of dif-
ferences in the estimated timing of climatic events reconstructed by a geochemical analysis of mate-
rial extracted from different cores. The purpose of this paper is to describe a simple model of this
estimation error. The model, which appears to be the first of its kind, includes both 14C dating error
and error due to vertical sediment mixing.

The remainder of the paper is organized in the following way. The basic model is developed in the
next section. In the third section, this model is applied to a small data set. The final section contains
some concluding remarks.

AN ERROR MODEL

The basic problem considered here is the estimation of the calendar age Y0 of material extracted at
nominal depth d0 within a core. This paper focuses on the simple, but common, case where estima-
tion is by linear interpolation between 2 control points at nominal depths d1 and d2 with d1 ≤ d0 ≤ d2.
In this case, the estimate of Y0 is:

Ÿ0 = wŸ1 + (1 – w)Ÿ2  (1)

where ̈Y1 and Ÿ2 are the estimated calendar ages of material extracted at the control points and:

w = (d2 – d0) / (d2 – d1)  (2)

Linear interpolation is based on the assumption that, between control points, calendar age increases
approximately linearly with depth.  

The goal of this paper is to provide an expression for the variance of the estimation error Y0 – Ÿ0.
Two sources of error contribute to this variance. First, as a result of bioturbation or other reworking
of sediment, the true depositional depth of material extracted at the control and estimation points
may differ from their nominal depths. This will be referred to as depth error. Second, the estimated
calendar ages of the material extracted at the control points are subject to the usual dating errors. To
proceed further, it is necessary to specify a statistical model of these errors and the way in which
they interact.

Let the random variable Z(d) be the true depth of material collected at nominal depth d. Assume that:

Z(d) = d + ε (3)
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where ε is a depth error with mean 0 and variance . A model of this variance is given below. Sup-
pose that, as at the control points, the calendar age of this material is estimated by calibrating an esti-
mate of its 14C age. Let:

(4)

be the estimated 14C age of this material where, in general, r(z) is the true 14C age of material at true
depth z, and η is the 14C dating error with mean 0 and known variance . Provided ε is small in
relation to the scale of curvature of r(z):

(5)

where r' is the derivative of r(z) with respect to z. This derivative is essentially the reciprocal of the
sedimentation rate. The combined error e has mean 0 and variance:

(6)

The estimated calendar age is given by:

Ÿ = c(R̈) (7)

where c(r) is a fixed calibration curve.  Provided that e is small in relation to the curvature of c(r):

(8)

where c' is the derivative of c(r) with respect to r and f is the calendar age error with mean 0 and
variance:

(9)

The quantity c[r(d)] in (8) is the calibrated value of the true 14C age of material, of which the true
depositional depth is equal to the nominal depth d. Thus, under this model, the estimated calendar
age Ÿ is unbiased with variance given in (9). The mean of the true calendar age Y of material
extracted at nominal depth d is also c[r(d)], but its variance is:

(10)

The difference between (9) and (10) is due to the fact that Y (which is unobservable) involves no dat-
ing and, therefore, no dating error, while ̈Y (which is observable) does.  

Returning to the main goal of this paper, it follows from these results that ̈Y0 is an unbiased estimate
of Y0. Under the assumption that the depth errors at the control and estimation points, and the dating
errors at the control points, are independent, the variance of the estimation error Y0 ñ Ÿ0 is:

 Var(Y0 ñ Ÿ0) = Var(Y0) + w2 Var(Ÿ1) + (1 – w)2 Var(Ÿ2) (11)

Finally, it follows from (9) and (10) that this variance is given by:
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(12)

where , and  are the variances of the depth errors at the estimation and control points and
 and  are the variances of the 14C dates at the control points.

Before turning to a simple model of depth error, it is worth noting that the estimation variance in (11)
depends through w on the relative location of the estimation point between the 2 control points. For
example, if Var(Ÿ1) = Var(̈Y2), then Var(Y0 ñ Ÿ0) is maximized when d0 = d1 or d0 = d2  (so that w =
1 or 0), and minimized when d0 = (d1 + d2) / 2 (so that w = 1/2). Briefly, estimating Y0 by averaging
Ÿ1 and Ÿ2 reduces variance by averaging the errors in these estimated ages. When the estimation
point is close to one of the control points, the estimate of Y0 is dominated by the estimated age at that
control point with little averaging of errors. In contrast, when the estimation point is midway
between the control points, the estimated ages at the control points receive equal weight in ¨Y0 with
maximal averaging of errors.

The estimation error variance in (12) depends on the variance of the depth errors at the control and
estimation points. A simple model of these depth errors is the following. The basic assumption is
that the material collected at nominal depth d consists of n particles distributed at random within a
sample volume of uniform height h centered at d. As a result of sediment reworking, between the
time of deposition and the time of collection, each particle has undergone a random vertical move-
ment of magnitude ∆ with mean 0 and variance . The variance of the true depth of a single such
particle is the sum of the variance h2 / 12 due to its random location within the sample volume and
the variance σ2

∆ due to sediment reworking. The true depth Z(d) of the sample material can be
approximated by the average of the true depths of n of these particles. This average has mean d and
variance:

(13)

In many cases, h <<σ∆, so that .

AN APPLICATION

Table 1 reports the depth, 14C age and error (ση), and calibrated calendar age of 12 samples of the
planktonic foraminifer Globigerinoides sacculifer in a core taken near the Bahamas at 26°04′Ν,
78°03′W, in approximately 1000 m of water. These data and subsidiary information about them
were kindly provided by William Curry. The continuous age-depth relationship for this core esti-
mated by linear interpolation is shown in Figure 1. For these data, the calibration curve is essen-
tially linear, with slope c'(r) = 1.128 for all values of r. The 14C age at each control point was based
on n ≅ 100 specimens, extracted from a sediment wedge of height h = 0.02 m. The bioturbation
error σ∆ is around 0.05 m. Thus, from (13), the standard deviation σε of the depth error at each con-
trol point is approximately 0.005 m.

To illustrate the calculation of the variance in (12), consider estimating the age of a single particle
extracted from a sediment wedge of height 0.02 m centered at depth d0 = 2.1 m, based on the esti-
mated calendar ages at the control points at d1 = 2.0 m and d2 = 2.2 m. It follows from (13) that the
standard deviation of the depth error at the estimation point is around 0.05 m. That this is an
order of magnitude larger than σε at each control point reflects the effect of averaging 100 particles
at each control point. From (1) and (2), the estimated age ̈Y0 is 38.7 kyr. To complete the calculation

Var Y0 Y0
ˆ–( ) c' r d0( )[ ]2r' d0( )2σε0

2 w2c' r d1( )[ ]2 r' d1( )2σε1

2 σ
η1

2+[ ]

1 w–( )2c' r d2( )[ ]2 r' d2( )2σε2

2 ση2

2+[ ]

+ +=

σε0

2 σε1

2, σε2

2

ση1

2 ση2

2

σ∆
2

σε
2 σ∆

2 h2 12⁄( )+[ ] n⁄=

σε
2 σ∆

2 n⁄≅

σε0



504 A R Solow

in (12), it is necessary to estimate r'(d) at d0, d1, and d2. Under the assumption that the sedimentation
rate is approximately constant between control points, a simple estimate is [r(d2) – r(d1)] / (d2 –d1)
or 29.5 kyr m–1. Combining terms according to (12) yields Var(Y0 – Ÿ0)1/2 = 1.69 kyr.

Table 1 Depth, radiometric age and error, and calibrated calendar age for 12 samples of G. sacculifer
picked from a sediment core.

Depth (m) Radiometric age ± ση (yr) Calendar age (yr)
0.10 920 ± 35 510
0.62 5290 ± 45 5640
0.88 7630 ± 45 7930
1.13 11,000 ± 50 12,500
1.21 12,200 ± 55 13,800
1.34 17,100 ± 100 19,700
1.51 20,200 ± 85 23,400
1.71 25,900 ± 120 29,800
2.00 31,500 ± 170 35,800
2.20 37,400 ± 360 41,600
2.40 39,600 ± 390 43,300
2.67 45,700 ± 500 49,300

Figure 1  Age-depth curve estimated by simple linear interpolation between control points.
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In Figure 2, Var(Y0 – Ÿ0)1/2 is plotted against d0 the entire core. Although the standard deviation σn
of the 14C dating error varies by a factor of nearly 15, the dominant source of variability in this figure
is variability in r'(d). The reason is that the low sedimentation in relation to the level of bioturbation,
combined with the absence of particle averaging at the estimation point, make c'[r(d0)] r'(d0)  the
dominant contributor to estimation error. The only part of this term that varies over the core is r'(d0). 

DISCUSSION

The purpose of this paper has been to describe and illustrate a way to characterize error in the age-
depth relationship. This characterization appears to be the first of its kind. It is based on 2 assump-
tions of approximate local linearity: specifically, that the 14C age-depth relationship r(z) is approxi-
mately locally linear in depth z at the scale of the depth error ε and that the calibration curve c(r) is
approximately locally linear in 14C age r at the scale of the total 14C age error e. Another key
assumption is that, at each control point, the deviations of the true depths of the particles contained
within the sampling volume from their common nominal depth are independent. This assumption
would be violated if this material had been subjected to a large-scale disturbance that affected all of
the particles in the same way. In a specific application, the reasonableness of these assumptions
should be established before proceeding.

Beyond its use as a quantitative measure of estimation error, the error characterization presented
here can provide useful qualitative information about the sources of this error. For example, in the
application described in the previous section, it is clear that improving the 14C dating at the control
points would have little benefit in estimating the age of undated material.  

Figure 2  Approximate standard deviation of estimation errors.

σε0
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Finally, it is possible to extend the error model described in this paper in at least 2 directions. First,
this paper has focused on the simple (but common) case in which estimation is based on linear inter-
polation between 2 control points. It is straightforward to apply the error model to any other estima-
tor that is a linear function of the calibrated ages of the control points. Such estimators include those
based on regression and splines. Some details are provided in an appendix. Second, the model treats
the calibration curve as fixed. It would also be possible to extend the model to include the effect of
error in the calibration curve. 
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APPENDIX

This appendix gives an expression for the error variance for a general linear estimate of the age-
depth relationship. Let ̈Y = (̈Y1̈Y2... ¨Yn)t be the vector of estimated calendar ages of material extracted
at n control points. Here and below, the superscript t denotes the vector or matrix transpose. A gen-
eral linear estimate of the calendar age Y0 of undated material extracted at nominal depth d0 has the
form:

Ÿ0 = wtŸ (A.1)

where w = (w1w2...wn)t is a vector of weights. The variance of the error Y0 – Ÿ0 is:

Var(Y0 – Ÿ0) = Var(Y0) + Var(Ÿ0) (A.2)

The first term on the righthand-side of (A.2) is given in Equation (10) in the paper. The second term
is:

Var(Ÿ0) = wt Σw (A.3)

where Σ is the n-by-n diagonal matrix, with elements Var(Y1), Var(Y2),...,Var(Yn) along the diagonal.
These variances are given in Equation (9) in the paper. 

As a simple example, suppose that the age-depth model is estimated by fitting the line:

Yj = β0 + β1dj (A.4)

by ordinary least squares, where dj is the depth of control point j. The ordinary least squares estimate
of β = (β0 β1)t is: 

 (A.5)

where X is the n-by-2 matrix whose first column has elements all equal to 1 and second column has
elements d1,d2,...,dn.  The estimate of Y0 is given by:

(A.6)

where x0 = (1 d0)t.  From (A.5), this estimate can be written in the form (A.1) with:

w = (XtX)–1 Xt (A.7).

β̂ XtX( )
1–
XtY=

Y0
ˆ x0

t β̂=
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RADIOCARBON UPDATES

New AMS Laboratories

Two new AMS entries appear in our annual list of laboratories (starting on page 503). 

LTL Dr. Lucio Calcagnile
University of Lecce
AMS Radiocarbon Dating Facility
Lecce Tandetron Laboratory
Department of Engineering and Innovation
Via Per Monteroni
Lecce 73100 Italy
Tel: +39 0831 507372; Fax: +39 0831 507408
Email: Lucio.calcagnile@unile.it
http://gfa.unile.it/ltl

MTC Hiroyuki Matsuzaki
Research Center for Nuclear Science and Technology
The University of Tokyo
21116 Yayoi, Bunkyo-ku
113-0032 Tokyo, Japan
Tel: + 81 3 5841 2961; Fax: +81 3 5841 2950
Email: hmatsu@malt.rcnst.u-tokyo.ac.jp
http://www.malt.rcnst.u-tokyo.ac.jp

Many other entries have been updated this year; please refer to the list for any new information
Radiocarbon has received.

2006 International Radiocarbon Conference

At the business session of the 18th International Radiocarbon Conference held in Wellington in
October of this year, it was agreed that the venue of the 2006 Conference would be decided by an
email vote, according to rules set out in a posting to the 14C listserve on 11 September.

Two candidates made offers to host the 19th International Radiocarbon Conference: Oxford Univer-
sity, England, and Cheikh Anta Diop University, Dakar, Senegal.

Voting has now closed and the results are as follows:

Votes for Cheikh Anta Diop University, Senegal: 30

Votes for Oxford University, England: 38

Since a simple majority of votes cast was required to decide the issue, Oxford University was
declared the successful candidate to host the 2006 Conference.

Congratulations to Oxford on their successful bid, and thanks to Cheikh Anta Diop University, as
a relatively new laboratory, for being prepared to step forward and actively participate in the 14C
conference series. The closeness of the vote is a testament to the quality of presentations by both
candidates.



508 Updates

Upcoming Conference

8th International Conference on the Methods of Absolute Chronology

The GADAM Centre at the Silesian University of Technology, Polish Academy of Sciences,
announces the 8th International Conference “Methods of Absolute Chronology”, to be held 17–19th
May 2004 in UstroÒ, Poland. The Conference will concern the following subjects:

1. Methods of dating and their application in Quaternary geology.
2. Methods of dating and palaeoclimatic reconstructions.
3. Methods in research of paleo- and modern environment.
4. Methods and results of dating archaeological objects.

The Conference scientific program includes plenary and poster sessions on all the subjects above,
and panel discussions on topics proposed by the participants. The working language of the Confer-
ence is English.

During the conference, a meeting of the Polish National Network of Absolute Dating is planned.
Before the conference, the GADAM Centre is planning to hold:

• 5-day-long workshop titled, “Toward improved absolute chronology of Late Pleistocene and
Holocene,” the second of three workshops organized for young scientists by the GADAM Cen-
tre in years 2003–2005.

• 1-day-long GADAM Centre Advisory Board meeting.

The Local Organizing Committee chairperson is Anna Pazdur.

More information can be found at the conference web site, http://www.carbon14.pl/conference/
2004may/.

35th International Symposium on Archaeometry

For the first time, the International Archaeometry Symposium will be held in Spain. The local orga-
nizing committee hopes to meet a large number of colleagues in Zaragoza, which will stimulate the
further development of Archaeometry in Spain. 

The meeting will be organized by the University of Zaragoza, in collaboration with the University
of Barcelona and the Spanish Society of Archaeometry (SAPaC).

M J Aitken serves as president and M S Tite is the chairman of the committe. More information can
be found at the conference web site, http://www.archaeometry2004.info.



509

RADIOCARBON LABORATORIES

This is Radiocarbon’s annual list of active radiocarbon laboratories and personnel known to us.
Conventional beta-counting facilities are listed in Part I, and accelerator mass spectrometry (AMS)
facilities in Part II. Laboratory code designations, used to identify published dates, are given to the
left of the listing. (See p 533 ff. for a complete list of past and present lab codes.)

Please notify us of any changes in staff, addresses, or other contact information. 

I. CONVENTIONAL 14C COUNTING FACILITIES

ARGENTINA

AC Héctor Osvaldo Panarello
Pabellón INGEIS
Ciudad Universitaria
1428 Buenos Aires, Argentina
Tel: +54 11 4783 3021/23; Fax: +54 11 4783 3024
Email: hector@ingeis.uba.ar

LP Aníbal Juan Figini
Laboratorio de Tritio y Radiocarbono-LATYR
Facultad de Ciencias Naturales y Museo-UNLP
Paseo del Bosque S/N°
1900 La Plata, Argentina
Tel/Fax: +54 21 270648

AUSTRALIA

ANU Rainer Grün
Quaternary Dating Research Centre
Australian National University
Research School of Pacific Studies 
Canberra ACT 0200, Australia
Tel: +61 6 249 3122; Fax: +61 6 249 0315
Email: rainer.grun@anu.edu.au

SUA Mike Barbetti
The NWG Macintosh Centre for Quaternary Dating
Madsen Building F09
The University of Sydney
NSW 2006, Australia
Tel: +61 2 9351 3993; Fax: +61 2 9351 4499
Email: m.barbetti@emu.usyd.edu.au

AUSTRIA

VRI Edwin Pak
Institut für Radiumforschung und Kernphysik
Universität Wien
Boltzmanngasse 3
A-1090 Vienna, Austria
Tel: +43 1 4277 51764; Fax: +43 1 4277 51752
Email: pak@ap.univie.ac.at
Franz Schönhofer
Federal Institute for Food Control and Research
Kinderspitalgasse 15
A-1090 Vienna, Austria
Tel: +43 1 40491 520; Fax: +43 1 40491 540
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IAEA Manfred Gröning
International Atomic Energy Agency (IAEA)
Isotope Hydrology Laboratory
Wagramerstrasse 5 
P.O. Box 100
A-1400 Vienna, Austria
Tel: +43 1 2600 21740/21766; Fax: +43 1 20607
Email: M.Groening@iaea.org
Roland Tesch
Austrian Research and Testing Centre Arsenal
Environment Division
Faradaygasse 3
A-1030 Vienna, Austria
Tel: +43 1 79747 516
Fax: +43 1 79747 587
Email: tesch.r@arsenal.ac.at

BELGIUM

ANTW R. Vanhoorne
Department of General Botany
State University Centre Antwerp
Groenenborgerlaan 171
B-2020 Antwerp, Belgium

IRPA M. Van Strydonck
Royal Institute for Cultural Heritage
Jubelpark 1
B-1000 Brussels, Belgium
Tel: +32 2 739 67 11 (institute), +32 2 739 67 02 (lab)
Fax: +32 2 732 01 05
Email: mark.vanstrydonck@kikirpa.be
L. Moens, K. Vandeputte
University of Ghent—Department of Analytical Chemistry
Proeftuinstraat 86
B-9000 Ghent, Belgium
Tel: +32 9 264 65 25
Fax: +32 9 264 66 99
Email: vdputte@inwchem.rug.ac.be

LAR Jean Govaerts
Lab. d’Application des Radioéléments
Chimie B6, Sart Tilman
Liège, Belgium

BELARUS

IGSB N. D. Michailov
Institute of Geological Sciences of the
 National Academy of Sciences of Belarus
Kuprevich Street 7
Minsk 220141, Belarus
Tel: +375 0172 63 81 13; Fax: +375 0172 63 63 98
Email: mihailov@ns.igs.ac.by

BRAZIL

FZ M. F. Santiago
Departamento de Física - UFC
Campus do Pici - Cx. Postal 6030
60455-760 Fortaleza-CE, Brazil
Tel: +55 85 288 9913; Fax: +55 85 287 4138
Email: marlucia@fisica.ufc.br
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CENA Luiz Carlos Ruiz Pessenda
Radiocarbon Laboratory
Centro de Energia Nuclear na Agricultura
Universidade de São Paulo
Avenida Centenario 303
Caixa Postal 96 – CEP 13400-970 
Piracicaba, São Paulo, Brazil
Tel: +55 19 429 4656;  Fax: +55 19 429 4610
Email: lcrpesse@pira.cena.usp.br

BULGARIA
Yanko Yanev
Department of Chemistry
Radiochemical Laboratory
University of Sofia
1, A Ivanov Ave
1126 Sofia, Bulgaria

CANADA

GSC Roger N. McNeely
Radiocarbon Dating Laboratory
Geological Survey of Canada
601 Booth Street
Ottawa, Ontario K1A 0E8, Canada
Tel: +1 613 995 4241; Fax: +1 613 992 6653
Email: mcneely@gsc.nrcan.gc.ca

BGS Howard Melville
Department of Earth Sciences
Brock University
St. Catharines, Ontario L2S 3A1, Canada
Tel: +1 905 688 5550 ext. 3522; Fax: +1 905 682 9020
Email: hmelvill@spartan.ac.BrockU.ca

WAT Robert J. Drimmie
Department of Earth Sciences
Environmental Isotope Laboratory
University of Waterloo
Waterloo, Ontario N2L 3G1, Canada
Tel: +1 519 888 4567 ext. 2580; Fax: +1 519 746 0183
Email: rdrimmie@sciborg.uwaterloo.ca

UQ Serge Occhietti and Pierre Pichet
Radiocarbon Laboratory
GEOTOP
University of Québec at Montréal
P.O. Box 8888, Succursale Centre Ville
Montréal, Québec H3C 3P8, Canada
Tel: +1 514 987 4080; Fax: +1 514 987 3635
Email: occhietti.serge@uqam.ca

CHINA

CG Yijian Chen and G. Peng
Radiocarbon Laboratory
Institute of Geology
State Seismological Bureau
P.O. Box 634
Beijing 100029, China
Tlx: 6347
Qiu Shua
Radiocarbon Laboratory
Institute of Archaeology, CASS
27 Wangfujing Dajie
Beijing 100710, China 
Tel: +86 010 65135532; Fax: +86 010 65135532
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Wu Xiaohong
Archaeometry & Archaeological Dating Laboratory
Peking University
Beijing 100871, China 
Email: wuxh@pku.edu.cn
Li Xingguo
Institute of Vertebrate Paleontology and Paleoanthropology
Academica Sinica
Beijing, China
Guan San Yuan
Beijing Nuclear Instrument Factory
P.O. Box 8800
Beijing, China
Chen Yijian
Radiocarbon Laboratory
Institute of Geology
State Seismological Bureau
Beijing, China 
Li Chongling
Changchun Institute of Geography
Academica Sinica
Changchun, China

HL Yunzhang Yue
Second Institute of Oceanography
State Oceanic Adminstration
P.O. Box 1207
Hangzhou, Zheijiang 310012, China
Tel: +86 571 8076924 ext. 328; Fax: +86 571 8071539
Tlx: 35035 NBOHZ CN; Cable: 3152
Dai Kaimei
Department of Physics
Nanjing University
Nanjing 210024, China
Tel: +86 25 3596746
Fax: +86 25 307965; Tlx: 34151 PRCNU CN
Email: postphys@nju.edu.cn
Wang Jian
Department of Geography
Nanjing Normal University
Nanjing 210093, China
Tel: +86 25 3303666 ext. 3202
Fax: +86 25 3307448
Gao Zhonghe or Chen Xiaoming 
Seismological Bureau of Jiangsu Province
3 Weigang
Nanjing 210014, China
Tel: +86 25 4432919 ext. 3028
Fax: +86 25 4432585; Tlx:77777, Nanjing
Ruan Chengwen, Director 
Seismological Bureau of Xinjiang Uygur Autonomous Region
42 South Beijing Road
Urumqi, Xinjiang 830011, China
Tel: +86 991 3838126; Fax: +86 991 3835623 
Email: xjdzj@mail.wl.xj.cn
Shen Chengde
Institute of Geochemistry
Chinese Academy of Sciences
Wushan, Guangzhou 510640, China
Tel: +86 20 85519755 ext. 2179; Fax: +86 20 85514130
Email: cdshen@public.guangzhou.gd.cn
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XLLQ Zhou Weijian
Institute of Earth Environment
XiYing Lu 22-2
Xi’an 710054, Shaanxi, China
Tel: +86 29 5512264 (work); 86 29 5256429 (home); Fax: +86 29 5522566
Email: weijian@loess.llqg.ac.cn; weijian@public.xa.sn.cn
Huang Qi 
Radiocarbon Laboratory, Insitute of Salt Lakes 
Academia Sinica
6 Xiying Road
710043 Xi’an, Shanxi Province, China
Tel: +86 29 5520397 (H)
Liang Qinsheng
Radiocarbon Laboratory, Institute of Salt Lakes
Academic Sinica
810008 Xining, Qinghai Province, China
Tel: +86 971 6301414; Fax: +86 971 6306002
Email: qingsheng.liang@isl.ac.cn

CROATIA

Z Drs. Bogomil ObeliÊ and Nada HorvatinËiÊ
Ruer BoökoviÊ Institute 
P.O.B. 1016, BijeniËka 54
10001 Zagreb, Croatia
Tel: +385 1 4680 219; Fax: +385 1 4680 239
Email: Bogomil.Obelic@irb.hr and Nada.Horvatincic@irb.hr
WWW: http://www.irb.hr/zef/c14-lab/

CZECH REPUBLIC

CU Jan Šilar
Department of Hydrogeology 
Charles University
Albertov 6
CZ-12843 Prague 2, Czech Republic
Tel: +42 2 21952139 or +42 2 21951111
Fax: +42 2 21952180
Email: silar@prfdec.natur.cuni.cz

DENMARK

K Kaare Lund Rasmussen
14C Dating Laboratory
National Museum
Ny Vestergade 11
DK-1471 Copenhagen K, Denmark
Tel: +45 33 47 3176; Fax: +45 33 47 3310
Email: kaare.lund.rasmussen@natmus.dk

ESTONIA

Tln Enn Kaup
Radiocarbon Laboratory
Institute of Geology at Tallinn Technical University
Estonia pst 7
10143 Tallinn, Estonia
Tel: +372 645 4679; Fax: +372 631 2074
Email: kaup@gi.ee; rajamae@isogeo.gi.ee
Jaan-Mati Punning
Institute of Ecology 
Kevade 2
Tallinn 10137, Estonia
Tel: +372 2 451 634; Fax: +372 2 453 748 
Email: mati@eco.edu.ee
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Ta Volli Kalm and Arvi Liiva
Radiocarbon Laboratory 
Institute of Geology
University of Tartu
Vanemuise St. 46
51014 Tartu, Estonia
Tel/Fax: +372 7 375 836
Email: geol@ut.ee

FINLAND

Su Tuovi Kankainen
Geological Survey of Finland
P.O. Box 96
FIN-02151 Espoo, Finland
Tel: +358 205 50 11; Fax: +358 205 50 12
Email: tuovi.kankainen@gsf.fi

Hel Högne Jungner
Dating Laboratory
P.O. Box 11, Snellmaninkatu 3
FIN-00014 Helsinki University, Finland
Tel: +358 9 191 23436; Fax: +358 9 191 23466
Email: hogne.jungner@helsinki.fi

FRANCE

Gif Michel Fontugne
Centre des Faibles Radioactivités
Laboratoire mixte CNRS-CEA
F-91198 Gif sur Yvette, Cedex, France
Tel: +33 1 69 82 35 25; Fax: +33 1 69 82 35 68
Email: Michel.Fontugne@cfr.cnrs-gif.fr
and
Laboratoire Souterrain de Modane
Laboratoire mixte IN2I 3-CNRS/DSM-CEA
90, Rue Polset
F-73500 Modane, France

Ly Jacques Evin
CDRC—Centre de Datation par le RadioCarbone
Université Claude Bernard Lyon I, Batiment 217 
43, Boulevard du 11 Novembre 1918
F-69622 Villeurbanne Cedex, France
Tel: +33 472 44 82 57; Fax: +33 472 43 13 17
Email: jacques.evin@cismsun.univ-lyon1.fr

GEORGIA

TB S. Pagava
Radiocarbon Laboratory
I.Javakhishvili Tbilisi State University
I.Chavchavadze av., 3
Tbilisi 380008, Georgia 
Tel: +995 32 222105
Email: spagava@access.sanet.ge

GERMANY

Bln Jochen Görsdorf
Deutsches Archäologisches Institut 
Eurasien-Abteilung  
Postfach 330014
14191 Berlin, Germany
Tel: +49 01888 7711 339: Fax: +49 01888 7711 313
Email: 14c@dainst.de
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Fra Reiner Protsch von Zieten
Radiocarbon Laboratory
J. W. Goethe-Universität
Siesmayerstrasse 70
60323 Frankfurt am Main, Germany
Tel: +49 69 798 24764 / 24767; Fax: +49 69 798 24728

Fr Detlef Hebert
Institut für Angewandte Physik
Technische Universität Bergakademie Freiberg
09596 Freiberg/Sa., Germany
Tel: +49 3731 39 2371 / 2594; Fax: +49 3731 39 4004
Email: hebert@tu-freiberg.de

HAM Peter Becker-Heidmann
Institut für Bodenkunde
Universität Hamburg
Allende-Platz 2
20146 Hamburg, Germany
Tel: +49 40 42838 2003; Fax: +49 40 42838 2024
Email: P.Becker-Heidmann@ifb.uni-hamburg.de
WWW: http://www.geowiss.uni-hamburg.de/i-boden/tt14c.htm

Hv M. A. Geyh
Niedersächsisches Landesamt für Bodenforschung
Postfach 510153
30655 Hannover-Stillweg 2, Germany
Tel: +49 511 643 2537; Fax: +49 511 643 2304
Email: Mebus.Geyh@BGR.de

Hd Bernd Kromer
Heidelberger Akademie der Wissenschaften
c/o Institut für Umweltphysik
Universität Heidelberg
Im Neuenheimer Feld 229
69120 Heidelberg, Germany
Tel: +49 6221 5 46 357; Fax: +49 6221 5 46 405
Email: Bernd.Kromer@iup.uni-heidelberg.de

KI Helmut Erlenkeuser and Pieter M. Grootes
Leibniz-Labor
Christian-Albrechts-Universität
Max-Eyth-Str. 11
24118 Kiel, Germany
Tel: +49 431 880 3894 (P.M.G.); +49 431 880 3896 (H.E.)
Fax: +49 431 880 3356
Email: pgrootes@leibniz.uni-kiel.de; herlenkeuser@leibniz.uni-kiel.de
WWW: http://www.uni-kiel.de:8080/leibniz/indexe.htm

KN Bernhard Weninger
Labor für 14C-Datierung 
Institut für Ur-und Frühgeschichte
Universität zu Köln
Weyertal 125
50923 Köln, Germany
Tel: +49 221 470 2880 / 2881; Fax: +49 221 470 4892 
Email: b.weninger@uni-koeln.de
WWW: http://www.calpal.de

LZ Achim Hiller
UFZ-Umweltforschungszentrum Leipzig-Halle GmbH
Sektion Hydrogeologie
Arbeitsgruppe Paläoklimatologie
Theodor-Lieser-Strasse 4
06120 Halle, Germany
Tel: +49 345 5585 226; Fax: +49 345 5585 559
Email: hiller@hdg.ufz.de
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GREECE

DEM Yannis Maniatis
Laboratory of Archaeometry
Institute of Materials Science
National Centre for Scientific Research “Demokritos”
153 10 Aghia Paraskevi Attikis
Greece
Tel: +30 1 6503389 or +30 1 6524821; Fax: +30 1 6519430
Email: maniatis@ims.demokritos.gr
WWW: http://www.ims.demokritos.gr/archae

LIH Nicolaos Zouridakis
Laboratory of Isotope Hydrology
Institute of Physical Chemistry
National Centre for Scientific Research “Demokritos”
153 10 Aghia Paraskevi Attikis
POB 60228
Greece
Tel: +30 1 6503969; Fax: +30 1 6511766
Email: nizouri@cyclades.nrcps.ariadne-t.gr

HUNGARY

Deb Zsusa Szántó
Institute of Nuclear Research of the Hungarian Academy of Sciences
H-4026 Bem tér 18/c, 
P.O. Box 51
H-4001 Debrecen, Hungary
Tel: +36 52 417266; Fax: +36 52 416181
Email: aszanto@moon.atomki.hu 

ICELAND

Páll Theodórsson
Science Institute
University of Iceland
Dunhaga 3
IS-107 Reykjavík, Iceland
Tel: +354 525 4800; Fax: +354 552 8911
Email: pth@raunvis.hi.is

INDIA

PRLCH R. Bhushan, S. Krishnaswami and B. L. K. Somayajulu
Physical Research Laboratory
Chemistry Department
Oceanography and Climatic Studies Area
Navrangpura
Ahmedabad 380 009, India
Tel: +91 79 6462129; Fax: +91 79 6560502
Email: bhushan@prl.ernet.in; swami@prl.ernet.in; soma@prl.ernet.in

PRL M. G. Yadava
Radiocarbon Dating Research Unit
Oceanography and Climate Studies Area
Earth Sciences and Solar System Division
Physical Research Laboratory
Navrangpura
Ahmedabad 380 009, India
Tel: +91 79 462129; Fax: +91 79 6560502
Telegram: “Research”
Email: myadava@prl.ernet.in
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JUBR S. D. Chatterjee, R. C. Sastri and Haradhan De 
Biren Roy Research Laboratory for Archaeological Dating
Department of Physics
Jadavpur University
Calcutta 700 032, India
Tel: +91 33 473 4044; Fax: +91 33 473 4266; Tlx: 21-4160 (VC JU IN)

BS G. Rajagopalan
Radiocarbon Laboratory
Birbal Sahni Institute Palaeobotany
PO Box 106, 53 University Road
Lucknow 226 007, India
Tel: +91 522 32 4291; Fax: +91 522 37 4528, +91 522 38 1948
Email: bsip@bsip.sirnetd.ernet.in

INDONESIA

Mr. Wandowo
Section Hydrology
National Atomic Energy Agency
Pasar Jumat, P.O. Box 2
Kebayoran Lama
Djakarta, Indonesia
Wisjachudin Faisal
Staff of Research and Development Center for Advance Technology
National Nuclear Energy Agency
Jl. Babarsari PO Box 1008 
Yogyakarta 55101, Indonesia
Tel: +62 274 515435; Fax: +62 274 561824
Email: p3tm@indo.net.id or wisya@batan.go.id

IRAN

TUNC A. Mahdavi
Tehran University Nuclear Centre
P.O. Box 2989
Tehran, Iran

IRELAND

UCD Peter I. Mitchell and Edward McGee
UCD Radiocarbon Laboratory
Department of Experimental Physics
University College Dublin
Belfield, Dublin 4, Ireland
Tel: +353 1 706 2220 / 2225 / 2222
Fax: +353 1 283 7275
Email: Peter.Mitchell@ucd.ie; Edward.Mcgee@ucd.ie
WWW: http://www.ucd.ie/~radphys

ISRAEL

RT Israel Carmi, Elisabetta Boaretto
Department of Environmental Sciences and Energy Research
Weizmann Institute of Science
76100 Rehovot, Israel
Tel: +972 8 342544; Fax: +972 8 344124
Email: cicarmii@wis.weizmann.ac.il; elisa@wis.weizmann.ac.il

ITALY

ENEA Paolo Bartolomei, Giuseppe Magnani
ENEA Radiocarbon Laboratory
Via dei Colli, 16
I-40136 Bologna, Italy
Tel: +39 51 6098168; Fax: +39 51 6098187
Email: paolo.bartolomei@bologna.enea.it; giuseppe.magnani@bologna.enea.it
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R Salvatore Improta
Dipartimento di Fisica
Università “La Sapienza”
Piazzale Aldo Moro, 2
I-00185 Rome, Italy
Tel: +39 6 49914208
Fax: +39 6 4957697
Email: Salvatore.Improta@roma1.infn.it
and
Giorgio Belluomini
Radiocarbon Laboratory 
Istituto per le Tecnologie Applicate ai Beni Culturali
Consiglio Nazionale delle Ricerche
Area della Ricerca di Roma
CP 10 – Via Salaria Km 29,300
I-00016 Monterotondo St., Rome, Italy
Tel: +39 06 90672469;  Fax: +39 06 90672373
Email: belluomi@mlib.cnr..it 

Rome Gilberto Calderoni
Department of Earth Sciences
University of Rome “La Sapienza”
Piazzale Aldo Moro, 5
I-00185 Rome, Italy
Tel: +39 6 499 14580; Fax: +39 6 499 14578
Email: calderoni@axrma.uniroma1.it

UD Piero Anichini, Valerio Barbina, per.ind. Ennio Virgili
Azienda Speciale Servizi Laboratorio e CRAD
Via Nazionale, 33
I-33040 Pradamano UD, Italy
Tel: +39 432671061; Fax: +39 432671176
Email: laboratorio@azservizi.cciaa-ud.xnet.it

JAPAN

KEEA Yoshimasa Takashima
Kyushu Environmental Evaluation Association
1-10-1, Matsukadai, Higashiku
Fukuoka 813-0004, Japan
Tel: +81 92 662 0410; Fax: +81 92 662 0990
Email: kawamura@keea.or.jp

KSU Osamu Yamada
Faculty of Science
Kyoto Sangyo University
Kita-ku, Kyoto 603, Japan

OR Setsuko Shibata
Research Center of Radioisotopes 
Research Institute for Advanced Science and Technology
University of Osaka Prefecture
1-2, Gakuen-cho, Sakai, Japan
Tel: +81 722 36 2221; Fax: +81 722 54 9938
Email: shibata@riast.osakafu-u-ac.jp

GaK Kunihiko Kigoshi
Radiocarbon Laboratory
Gakushuin University
Mejiro Toshima-ku, 1-5-1, Faculty of Science
Tokyo 171, Japan
Tel: +81 3 3986 0221 ext. 6482; Fax: +81 3 5992 1029
Email: kunihiko.kigoshi@gakushuin.ac.jp
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PAL Shigemoto Tokunaga
Radiocarbon Laboratory
Palynosurvery Co.
Nissan Edobashi Bld.
1-10-5 Honcho, Nihonbashi
Chuoku, Tokyo, Japan
Tel (office): +81 3 3241 4566; (lab) +81 274 42 8129
Fax: +81 3 3241 4597
Email: palynoa@blue.ocn.ne.jp

TK Kunio Yoshida
C-14 Dating Laboratory
The University Museum
The University of Tokyo
3-1 Hongo 7-chome,
Bunkyo-ku, Tokyo 113-0033, Japan
Tel: +81 3 5841 2822
Fax: +81 3 5841 8450
Email: gara@um.u-tokyo.ac.jp

NU Kunio Omoto
Radiocarbon Dating Laboratory
Department of Geography
College of Humanities and Science
Nihon University
25-40, 3 Chome, Sakurajosui 
Setagaya-ku, Tokyo 156, Japan
Tel: +81 35317 9273 or +81 33303 1691
Fax: +81 35317 9429 or +81 33303 9899
Email: omoto@chs.nihon-u.ac.jp

JGS Hajime Kayanne 
Department of Geography
University of Tokyo
Mongo 113-0033, Tokyo, Japan
Tel: +81 3-5841-4573
Fax: +81 3-3814-6358
kayanne@geogr.s.u-tokyo.ac.jp

PLD Hideki Yamagata
Paleo Labo Co., Ltd.
63, Shima 5-chome Oguma-cho
Hashima, Gifu 501-6264, Japan
Email: pal@usiwakamaru.or.jp

KOREA

Jung Sun Ahn
Advanced Atomic Energy Research Institute
150, Duk-Jin Dong, Seo-Ku
Daejeon, Chung Nam, Korea

KCP Hyung Tae Kang and Kyung Yim Nah
Archaeological Studies Division
National Cultural Property Research Institute
1-57 Sejongno Chongno-gu
Seoul, Korea 110 050
Tel: +82 2 735 5281 ext. 323; Fax: +82 2 735 6889
Email: vvyckht1@chollian.net

LATVIA

Riga V. S. Veksler and A. A. Kristin
Institute of Science - Application Research
Riga 50 Merkelya 11
Riga 226 050, Latvia
Tel: +371 7 212 501 or +371 7 213 636
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LITHUANIA

T. Bitvinskas
Institute of Botany
Lithuanian Academy of Sciences
Laieves Str. 53
Kaunas 233000, Lithuania
Jonas Maûeika
Radioisotope Laboratory
Institute of Geology 
Sevcenkos 13
Vilnius 2600, Lithuania
Tel: +370 2 236103; Fax: +370 2 236710
Email: jonmaz@geologin.lt
R. Krenyavichus
Institute of Physics and Mathematics
Lithuanian Academy of Sciences
K. Pozelos Str. 54
Vilnius 232 000, Lithuania
Tel: +370 2 641836

MONACO

IAEA- Pavel Povinec (see also Slovakia)
MEL International Atomic Energy Agency 

Marine Environmental Laboratory
4 Quai Antoine 1er

MC-98012 Monaco
Tel: +377 979 77216; Fax: +377 979 77273
Email: p.povinec@iaea.org

THE NETHERLANDS

GrN J. van der Plicht
Centre for Isotope Research
University of Groningen
Nijenborgh 4
NL-9747 AG Groningen, the Netherlands
Tel: +31 50 3634760; Fax: +31 50 3634738
Email: plicht@phys.rug.nl

NEW ZEALAND

Wk A. G. Hogg and T. F. G. Higham 
Radiocarbon Laboratory
University of Waikato
Private Bag
Hamilton, New Zealand
Tel: +64 7 838 4278; Fax: +64 7 838 4192
Email: ahogg@waikato.ac.nz, or thigham@waikato.ac.nz
http://www.radiocarbondating.com

NZ Rodger Sparks
Rafter Radiocarbon Laboratory
Institute of Geological and Nuclear Sciences, Ltd.
P.O. Box 31-312
Lower Hutt, New Zealand
Tel: +64 4 570 4671; Fax: +64 4 570 4657
Email: R.Sparks@gns.cri.nz

NORWAY

T Steinar Gulliksen 
Radiological Dating Laboratory
Norwegian University of Science and Technology
N-7491 Trondheim, Norway
Tel: +47 73 593310; Fax: +47 73 593383
Email: Steinar.Gulliksen@vm.ntnu.no
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POLAND

Gd Anna Pazdur and Tomasz Goslar
Radiocarbon Laboratory
Silesian University of Technology
Institute of Physics
Krzywoustego 2
PL-44-100 Gliwice, Poland
Tel: +48 32 2372254; Fax: +48 32 2372488
Email: pazdur@zeus.polsl.gliwice.pl

KR Tadeusz Kuc
Krakow Radiocarbon Laboratory
Environmental Physics Department
University of Mining and Metallurgy
PL-30-059 Krakow, Poland
Tel: +48 12 6172979 or 6333740; Fax: +48 12 6340010
Tlx: 0322203 agh pl
Email: kuc@novell.ftj.agh.edu.pl

LOD Pawe≥ Trzeciak and Ireneusz Borowiec
Radiochemical Laboratory
Archaeological and Ethnographical Museum in Lódz
Pl. Wolnúci 14
PL-91-415 £Ûdü, Poland
Tel: +48 42 6328440 or +48 42 6334307
Fax: +48 42 6329714
Email: jotmol@krysia.uni.lodz.pl

PORTUGAL

Sac A. M. Monge Soares
Laboratório de Isótopos Ambientais
Instituto Tecnológico e Nuclear
Estrada Nacional 10
P-2686 Sacavém Codex, Portugal
Tel: +351 1 9550021; Fax: +351 1 9441455
Email: amsoares@itn1.itn.pt

REPUBLIC OF CHINA

NTU Tsung-Kwei Liu
Department of Geology
National Taiwan University
245 Choushan Road
Taipei, Taiwan, Republic of China
Tel/Fax: +886 2 3657380
Email: liutk@ccms.ntu.edu.tw

RUSSIA

KRIL E. Starikov
Radiocarbon Dating Laboratory
Krasnoyarsk Institute of Forest and Wood
Russian Academy of Sciences
Prospect Mira 53
Krasnoyarsk 660036, Russia

MAG Anatoly V. Lozhkin
Quaternary Geology and Geochronology Laboratory
Northeast Interdisciplinary Scientific Research Institute
Russian Academy of Sciences, Far East Branch
16 Portovaya St
Magadan 685000, Russia
Email: lozhkin@neisri.magadan.su
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GIN L. D. Sulerzhitsky
Geological Institute
Russian Academy of Sciences
Pyzhevsky 7
Moscow 109017, Russia
Tel: +7 095 230 8136 
Email: suler@geo.tv-sign.ru, suler@ginran.msk.su

IEMAE L. Dinesman
Institute of Ecology and Evolution
Russian Academy of Sciences
Leninsky Prospect 33
Moscow 117071, Russia
Fax: +7 095 954 5534
Email: sevin@sovamsu.sovusa.com

IGAN O. A. Chichagova
Institute of Geography
Russian Academy of Sciences
Staromonetnyi 29
Moscow 109017, Russia
Tel: +7 095 230 8366; Fax: +7 095 959 0033
Email: ochichag@mtu-net.ru

IORAN V. Kuptsov, Chief of Isotope Group
P.P. Shirshov Institute of Oceanology 
Russian Academy of Sciences
Nakhimovsky Prospekt, 23
Moscow 117851, Russia
Fax: +7 095 1245983

IWP Yu. A. Karpytchev
Isotope Laboratory
Institute of Water Problems
Russian Academy of Sciences
13/3 Sadovo-Tschernogryazskaya 
Moscow 103064, Russia
Tel: +7 095 208 5471

MSU P. A. Kaplin and O. B. Parunin
Laboratory of Recent Sediments and Pleistocene Paleogeography
Moscow State University
Vorobyovy Gory
Moscow 119899, Russia
Email: g1706@mail.ru
M. Alekseev
Russian Section, INQUA
Pyshevsky 7
Moscow 109017, Russia
Tel: +7 095 230 8026 / 8188
V. Polyakov
All-Union Hydrogeological Institute
Moscow District
Zelyonyi
Noginskyi Rayon 142452, Russia

SOAN L. Orlova
United Institute of Geology, Geophysics and Minerology (UIGGM SB RAS)
Universitetsky pr. 3 
630090 Novosibirsk 90, Russia
Tel: +7 3832 352 654; +7 3832 357 363; Fax: +7 3832 352 692 
Email: vitaly@uiggm.nsc.ru; Tlx: 133 123 KORA SU

IVAN O. A. Braitseva, S. N. Litasova
I. V. Melekestev and V. N. Ponomareva
Institute of Volcanology
Bul Piipa 9
Petropavlovsk-Kamchatsky 683006, Russia
Tel: +7 5 91 94
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LE Ganna Zaitseva
Institute of the History of Material Culture 
Russian Academy of Sciences
Dvortsovaya Naberezhnaya, 18
191186 St. Petersburg, Russia  
Tel: +7 812 311 8156; Fax: +7 812 311 6271
Email: ganna@mail.wplus.net

LU Kh. A. Arslanov
Geographical Research Institute 
St. Petersburg State University
Sredniy Prospect 41
St. Petersburg 193004, Russia
Tel/Fax: +7 812 218 7904
Email: kozyrev@mail.nevalink.ru
G. E. Kocharov
A. F. Ioffe Physico-Technical Institute
Russian Academy of Sciences
Polytechnicheskaya 26
St. Petersburg 194021, Russia
Tel: +7 812 247 9167; Fax: +7 812 247 7928
Email: Grant.Kocharov@pop.ioffe.rssi.ru
Barbara Yakheemovich or E. K. Latypova
Institute of Geology 
Russian Academy of Science
October Revolution 10
Ufa 450025, Russia
Tel: +7 3472 220712; Fax: +7 3472 223569
A. Korotky
Institute of Geography
Russian Academy of Sciences
Radio 7
Vladivostok 690032, Russia
Yaroslav V. Kuzmin
Pacific Institute of Geography
Far Eastern Branch of the Russian Academy of Sciences
Radio St. 7, Vladivostok 690041, Russia
Fax: +7 423 2312159
Email: ykuzmin@tigdvo.marine.su

PI V. Kostyukevich
Permafrost Institute, Siberian Branch
Russian Academy of Sciences
Sergelyakh
Yakutsk 677010, Russia

SLOVAKIA

Ba Pavel Povinec (see also Monaco)
Department of Nuclear Physics
Comenius University
Mlynská dolina F1
842 15 Bratislava, Slovakia
Fax: +42 7 725882

SOUTH AFRICA

Pta S. Woodborne
Quaternary Research Dating Unit (QUADRU)
c/o Enviromentek, CSIR
P.O. Box 395
0001 Pretoria, South Africa
Tel: +27 12 841 3380; Fax: +27 12 349 1170
Email: swoodbor@CSIR.co.za
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SPAIN

UBAR Dr. Joan S. Mestres and Prof. Gemma Rauret
Laboratori de Datació per Radiocarboni 
Departament de Química, 3a. Planta
Universitat de Barcelona
C/. Martí i Franquès, 1-11/Avda. Diagonal, 647
08028 Barcelona, Spain
Tel: +34 3 403 4688; Fax: +34 3 402 1233
Email: jmestres@d3.ub.es

UGRA M. Purificación Sánchez and Elena Villafranca
Laboratorio de Datación por C-14
Centro de Instrumentación Científica
Campus Fuentenueva, Ed. Mecenas
Universidad de Granada
E-18071 Granada, Spain
Tel: +34 58 244229; Fax: +34 58 243391
Email: mpsansan@goliat.urg.es and jlazuen@goliat.urg.es

CSIC Fernán Alonso and Antonio Rubinos
Geochronology Laboratory
Instituto de Química-Física Rocasolano - CSIC
Serrano, 119
28006 Madrid, Spain
Phone: +34 91 561 9400
Fax: +34 91 564 2431
Email: f.alonso@iqfr.csic.es or rubinos@iqfr.csic.es

SWEDEN

Lu Göran Skog
Radiocarbon Dating Laboratory
University of Lund
Tornavägen 13
SE-223 63 Lund, Sweden
Tel: +46 46 222 7885; Fax: +46 46 222 4830
Email: Goran.Skog@c14lab.lu.se

U Ingrid U. Olsson
Department of Physics
Uppsala University 
Box 530
SE-751 21 Uppsala, Sweden
Tel: +46 18 4713571; Fax: +46 18 4713524
Email: ingrid.olsson@fysik.uu.se

SWITZERLAND

B Thomas Stocker 
Climate and Environmental Physics
Physics Institute, Sidlerstrasse 5
CH-3012 Bern, Switzerland
Tel: +41 31 631 44 64; Fax: +41 31 631 44 05
Email: stocker@climate.unibe.ch
http://www.climate.unibe.ch

THAILAND

Director
Chemistry Department
Office of Atomic Energy for Peace
Vibhavadi Rangsit Road
Anabang, Bangkok, Thailand
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TURKEY

METU Mustafa Özbakan
Radiocarbon Dating Laboratory
Middle East Technical University, Department of Physics
06531 Ankara, Turkey
Tel: +90 312 210 32 76; Fax: +90 312 210 12 81
Email: ozbakan@metu.edu.tr

UKRAINE

Ki Nikolai N. Kovalyukh and Vadim V. Skripkin
National Academy of Sciences and Ministry of Extraordinary Situation of Ukraine
State Scientific Centre of Environmental Radiogeochemistry
Kyiv Radiocarbon Laboratory
Palladin 34
Kyiv-142
252680 Ukraine
Tel/Fax: +38 0 44 444 0060
Fax: +38 0  44 444 1465
Email: kyiv14c@radgeo.freenet.kiev.ua

URCRM Michael Buzinny
Ukrainian Research Center for Radiation Medicine
Academy of Medical Sciences of Ukraine
04050, Melnikova str. 53
Kiev, Ukraine
Tel: +380 44 2445874; Fax: +380 44 2137202
Email: buzinny@bigfoot.com; buzinny@hotmail.com; http://bigfoot.com/~buzinny

UNITED KINGDOM

Birm R. E. G. Williams
Department of Geological Sciences
P.O. Box 363
University of Birmingham
Birmingham B15 2TT, England

BM Janet Ambers
Department of Scientific Research
The British Museum
London WC1B 3DG, England
Tel: +44 207 323 8332; Fax: +44 207 323 8276
Email: Jambers@thebritishmuseum.ac.uk

Q Roy Switsur
Cambridge Radiocarbon Dating Research Laboratory
Environmental Sciences Research Centre
East Road
Cambridge CB1 1PT, England
Tel: +44 1223 363271 x2594
Email: vrs1@cam.ac.uk

RCD R. L. Otlet / A. J. Walker
RCD – Radiocarbon Dating
The Old Stables
East Lockinge, Wantage
Oxon OX12 8QY, England
Tel/Fax: +44 1235 833667

UB Gerry McCormac
Radiocarbon Dating Laboratory
School of Archaeology and Palaeoecology
The Queen’s University of Belfast
Belfast BT7 1NN, Northern Ireland
Tel: +44 2890 335141; Fax: +44 2890 315779
Email: f.mccormac@qub.ac.uk
http://www.qub.ac.uk/arcpal
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GU G. T. Cook
SURRC Radiocarbon Dating Laboratory
Scottish Universities Research & Reactor Centre
Scottish Enterprise Technology Park
East Kilbride  G75 0QF, Scotland
Tel: +44 13552 23332 or +44 13552 70136; Fax: +44 13552 29898
Email: g.cook@surrc.gla.ac.uk

SRR A. E. Fallick
NERC Radiocarbon Laboratory
Scottish Enterprise Technology Park
Rankine Avenue
East Kilbride, Glasgow G75 0QF, Scotland
Tel: +44 1355 260037; Fax: +44 1355 229829
Email: radiocarbon@nercrcl.gla.ac.uk
http://www.gla.ac.uk/nercrcl
E. M. Scott
Department of Statistics
University Gardens
University of Glasgow
Glasgow, G12 8QW, Scotland
Tel: +44 141 330 5125; Fax: +44 141 330 4814
Email: marian@stats.gla.ac.uk

SWAN Quentin Dresser
Department of Geography
University of Wales, Swansea
Singleton Park, Swansea
West Glamorgan SA2 8PP Wales
Tel: +44 1792 295148; Fax: +44 1792 295955
Email: P.Q.Dresser@swansea.ac.uk

UNITED STATES

A Austin Long
Laboratory of Isotope Geochemistry
Geosciences Department
The University of Arizona
Tucson, Arizona 85721, USA
Tel: +1 520 621 8888; Fax: +1 520 621 2672
Email: along@geo.arizona.edu

UCI Ellen Druffel and Sheila Griffin
Radiocarbon Laboratory
Department of Earth System Science
University of California, Irvine
PSRF 207
Irvine, California 92697-3100, USA
Tel (Druffel/office): +1 949 824 2116
Fax: +1 949 824 3256; Email edruffel@uci.edu

UCLA Rainer Berger
Institute of Geophysics and Planetary Physics
University of California
Los Angeles, California 90024, USA
Tel: +1 310 825 4169; Fax: +1 310 206 3051

UCR R. E. Taylor
Radiocarbon Laboratory
Department of Anthropology
Institute of Geophysics and Planetary Physics
University of California, Riverside
Riverside, California 92512, USA
Tel: +1 909 787 5521; Fax: +1 909 787 5409
Email: retaylor@citrus.ucr.edu
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Beta M. A. Tamers and D. G. Hood
Beta Analytic Inc.
4985 SW 74 Court
Miami, Florida 33155, USA
Tel: +1 305 667 5167; Fax: +1 305 663 0964
Email: beta@radiocarbon.com

UGA John E. Noakes
Center for Applied Isotope Studies
The University of Georgia
120 Riverbend Road
Athens, Georgia 30602-4702, USA
Tel: +1 706 542 1395; Fax: +1 706 542 6106

ISGS Chao-li Liu and Hong Wang
Isotope Geochemistry Section                      
Illinois State Geological Survey
615 E. Peabody Drive                
Urbana, Illinois 61820, USA
Tel: +1 217 333 9083; Fax: +1 217 244 7004
Email: jliu@geoserv.isgs.uiuc.edu

NIST Lloyd A. Currie and George A. Klouda
Atmospheric Chemistry Group
National Institute of Standards and Technology
Currie:
100 Bureau Dr., Stop 8370 
Gaithersburg, Maryland 20899-8370, USA
Tel: +1 301 975 3919; Fax: +1 301 216-1134
Email: Lloyd.Currie@nist.gov
Klouda:
100 Bureau Dr., Stop 8372
Gaithersburg, MD 20899-8372, USA
Tel: +1 301 975 3931; Fax: +1 301 216-1134
Email: George.Klouda@nist.gov

GX Alexander Cherkinsky
Geochron Laboratories, a division of
Krueger Enterprises, Inc.
711 Concord Avenue
Cambridge, Massachusetts 02138, USA
Tel: +1 617 876 3691; Fax: +1 617 661 0148
Email: acherkinsky@geochronlabs.com

I James Buckley
Teledyne Brown Engineering Environmental Services
50 Van Buren Avenue
Westwood, New Jersey 07675, USA
Tel: +1 201 664 7070; Fax: +1 201 664 5586
Tlx: 134474

QL Emeritus Minze Stuiver
Quaternary Isotope Laboratory
Box 351360
Quaternary Research Center
University of Washington
Seattle, Washington 98195-1360, USA
Tel: +1 206 685 1735; Fax: +1 206 543 3836
Email: minze@u.washington.edu  

WIS David M. McJunkin
Center for Climatic Research
University of Wisconsin-Madison
1225 W. Dayton Street
Madison, Wisconsin 53706, USA
Tel: +1 608 262 7328; Fax: +1 608 262 5964
Email: mcj@facstaff.wisc.edu
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URUGUAY

URU Cristina Ures and Roberto Bracco
Laboratorio de 14C
Facultad de Química
Universidad de la República
Gral. Flores 2124
Montevideo, Uruguay
Tel: +598 2 924 8571; Fax: +598 2 924 1906
Email: radquim@bilbo.edu.uy

II. 14C ACCELERATOR FACILITIES (AMS)

AUSTRALIA

ANSTO Ewan Lawson
ANTARES AMS Centre
Physics Division
Australian Nuclear Science and Technology Organisation (ANSTO)
New Illawarra Road
Lucas Heights, NSW 2234, Australia
Tel: +61 2 9717 3025; Fax: +61 2 9717 3257
Email: eml@ansto.gov.au

ANUA L. Keith Fifield
Department of Nuclear Physics, RSPhysSE
Australian National University
Canberra, ACT 0200, Australia
Tel: +61 2 6249 2095; Fax: +61 2 6249 0748
Email: keith.fifield@anu.edu.au

AUSTRIA

VERA Walter Kutschera
VERA-Laboratorium
Institut für Radiumforschung und Kernphysik
Universität Wien
Währingerstrasse 17
A-1090 Vienna, Austria
Tel: +43 1 4277 51700; Fax: +43 1 4277 9517
Email: Walter.Kutschera@univie.ac.at

CANADA

TO Roelf P. Beukens
IsoTrace Laboratory
University of Toronto
60 St. George Street
Toronto, Ontario, Canada M5S 1A7 
Tel: +1 416 978 4628; Fax: +1 416 978 4711
Email: isotrace.lab@utoronto.ca
http://www.physics.utoronto.ca/~isotrace

CHINA

PKU Kexin Liu and Baoxi Han
Institute of Heavy Ion Physics
School of Physics
Peking University
Beijing 100871, China
Tel: +86 10 62758528
Fax: +86 10 62751875
Email: kxliu@pku.edu.cn
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DENMARK

AAR Jan Heinemeier and Niels Rud
AMS 14C Dating Laboratory
Institute of Physics and Astronomy
University of Aarhus
DK-8000 Aarhus C, Denmark
Tel: +45 8942 3718; Fax: +45 8612 0740
Email: jh@dfi.aau.dk
http://www.c14.dk

FRANCE

Gif A GDR Tandetron
Domaine du CNRS
Avenue de la Terrasse, Bat. 30
F-91198 Gif sur Yvette Cedex, France
Tel: +33 1 69 82 39 15; Fax: +33 1 69 82 36 70
Jean-Claude Duplessy, director
Centre des Faibles Radioactivités
Laboratoire mixte CNRS-CEA
F-91198 Gif sur Yvette Cedex, France
Tel: +33 1 69 82 35 26; Fax: +33 1 69 82 35 68
Email: Jean-Claude.Duplessy@cfr.cnrs-gif.fr
AMS 14C
Maurice Arnold
Centre des Faibles Radioactivités (CEA-CNRS)
Tandetron
Avenue de la Terrasse
BP 1
F-91198 Gif sur Yvette Cedex, France
Tel: +33 1 69 82 35 63; Fax: +33 1 69 82 36 70
Email: Maurice.Arnold@cfr.cnrs-gif.fr
AMS 10Be, 126Al, 129I
Françoise Yiou and Grant Raisbeck
CSNSM Bat. 108
F-91405 Campus Orsay Cedex, France
Tel: +33 1 69 15 52 64; Fax: +33 1 69 15 52 68
Email: yiou@csnsm.in2p3.fr; raisbeck@csnsm.in2p3.fr

GERMANY

Wolfgang Kretschmer
Physikalisches Institut
Universität Erlangen-Nürnberg
Erwin-Rommel-Str. 1
91054 Erlangen, Germany
Tel: +49 9131 857075; Fax: +49 9131 15249
Email: kretschmer@physik.uni-erlangen.de

J Alex Steinhof
14C AMS Laboratory
Max-Planck-Institut für Biogeochemie
PO Box 10 01 64
07701 Jena, Germany
Tel: +49 3641 643708/3806; Fax: +49 3641 643710
Email: steinhof@bgc-jena.mpg.de
http://www.bgc-jena.mpg.de

KIA Pieter M. Grootes, Marie-Josee Nadeau
Leibniz-Labor
Christian Albrechts Universität
Max-Eyth-Str. 11
24118 Kiel, Germany
Tel: +49 431 880 3894 (P.M.G.); +49 431 880 7373 (M.-J.N., M.S.)
Fax: +49 431 880 3356
Email: pgrootes@leibniz.uni-kiel.de (P.M.G.)
http://www.uni-kiel.de:8080/leibniz/indexe.htm
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ITALY
LTL Dr. Lucio Calcagnile

University of Lecce
AMS Radiocarbon Dating Facility
Lecce Tandetron Laboratory
Department of Engineering and Innovation
Via Per Monteroni
Lecce 73100, Italy
Tel: +39 0831 507372; Fax: +39 0831 507408
Email: Lucio.calcagnile@unile.it
http://gfa.unile.it/ltl

JAPAN

Takafumi Aramaki
Marine Research Laboratory
Japan Atomic Energy Research Institute (JAERI-MRL)
4-24 Minato-machi, Mutsu
Aomori, 035-0064, Japan
Tel: +81 175 28 2614; Fax: +81 175 22 4213
Email: mrl@popsvr.tokai.jaeri.go.jp
Webpage in preparation

TERRA Dr. Yasuyuki Shibata
Tandem Accelerator for Environmental Research and Radiocarbon Analysis
National Institute for Environmental Studies (NIES-TERRA)
Environmental Chemistry Division, National Institute for Environmental Studies
Onogawa 16-2, Tsukuba, Ibaraki 305-8506, Japan
Tel/Fax: +81-295-50-2565
Email: yshibata@nies.go.jp

NUTA Toshio Nakamura
Tandetron AMS Laboratory
Dating and Materials Research Center
Nagoya University
Chikusa, Nagoya 464-8602, Japan
Tel: +81 52 789 2578; Fax: +81 52 789 3095
Email: g44466a@nucc.cc.nagoya-u.ac.jp

MTC Hiroyuki Matsuzaki
Research Center for Nuclear Science and Technology
The University of Tokyo
21116 Yayoi, Bunkyo-ku
113-0032 Tokyo, Japan
Tel: + 81 3 5841 2961; Fax: +81 3 5841 2950
Email: hmatsu@malt.rcnst.u-tokyo.ac.jp
http://www.malt.rcnst.u-tokyo.ac.jp

KOREA

SNU Jong Chan Kim
The Inter-University Center for National Science Research Facility
Seoul National University
Seoul 151-742, Korea
Tel: +82 2 880 5774; Fax: +82 2 884 3002
Email: jckim@phya.snu.ac.kr
http://npl3.snu.ac.kr

THE NETHERLANDS

GrA J. van der Plicht
Centre for Isotope Research
University of Groningen
Nijenborgh 4
NL-9747 AG Groningen, the Netherlands
Tel: +31 50 3634760; Fax: +31 50 3634738
Email: plicht@phys.rug.nl
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UtC K. van der Borg
R. J. van de Graaff Laboratorium
Universiteit Utrecht
Princetonplein 5
P.O. Box 80.000
3508 TA Utrecht, the Netherlands
Tel: +31 30 53 2238 or +31 30 53 1492
Fax: +31 30 2532532; Email: k.vanderborg@fys.ruu.nl

NEW ZEALAND

NZA Rodger Sparks
Rafter Radiocarbon Laboratory
Institute of Geological and Nuclear Sciences, Ltd.
P.O. Box 31-312
Lower Hutt, New Zealand
Tel: +64 4 570 4671; Fax: +64 4 570 4657
Email: R.Sparks@gns.cri.nz
http://www.gns.cri.nz/atom/rafter/rafter.htm

POLAND

Poz Dr. Tomasz Goslar
Pozan Radiocarbon Laboratory
Foundation of the Adam Mickiewicz University
ul. Rubieø 46
61-612 PoznaÒ, Poland
Tel: +48 61 8279782
Email: c14@radiocarbon.pl; http://www.radiocarbon.pl

SWEDEN

LuA Göran Skog
Radiocarbon Dating Laboratory
University of Lund
Tornavägen 13
SE-223 63 Lund, Sweden
Tel: +46 46 222 7885; Fax: +46 46 222 4830
Email: Goran.Skog@C14lab.lu.se

Ua Göran Possnert
Tandem Laboratory
University of Uppsala
Box 533
SE-751 21 Uppsala, Sweden
Tel: +46 18 4713059; Fax: +46 18 555736
Email: possnert@material.uu.se

SWITZERLAND

ETH Georges Bonani
ETH/AMS Facility
Institut für Teilchenphysik
Eidgenössische Technische Hochschule Hönggerberg
CH-8093 Zürich, Switzerland
Tel: +41 1 633 2041; Fax: +41 1 633 1067
Email: bonani@particle.phys.ethz.ch

UNITED KINGDOM

OxA R. E. M. Hedges / C. Bronk Ramsey
Oxford Radiocarbon Accelerator Unit
Research Laboratory for Archaeology and the History of Art
Oxford University 
6 Keble Road
Oxford OX1 3QJ, England
Tel: +44 1865 273939; Fax: +44 1865 273932
Email: orau@rlaha.ox.ac.uk
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UNITED STATES

AA D. J. Donahue, P. E. Damon and A. J. T. Jull
NSF-Arizona AMS Facility
PO Box 210081
The University of Arizona
Tucson, Arizona 85721-0081, USA
Tel: +1 520 621 6810; Fax: +1 520 621 9619
Email: ams@physics.arizona.edu
http://www.physics.arizona.edu/ams

CAMS John Knezovich
Center for Accelerator Mass Spectrometry
Lawrence Livermore National Laboratory
P.O. Box 808, L-397
Livermore, California 94550, USA
Tel: +1 510 422 4520; Fax: +1 510 423 7884
Email: knezovich1@llnl.gov

NSRL Scott Lehman
INSTAAR Laboratory for AMS Radiocarbon Preparation and Research (NSRL)
CU-Boulder
1560 30th St.
Campus Box 450
Boulder, Colorado 80309-0450, USA
Telephone: +1 303 492-0362  Fax: +1 303 492-6388
Email:  Scott.Lehman@colorado.edu
http://www.Colorado.EDU/INSTAAR/RadiocarbonDatingLab

BETA M. A. Tamers and D. G. Hood
Beta Analytic, Inc.
Professional Radiocarbon Dating Services
4985 SW 74 Court
Miami, Florida 33155, USA
Tel: +1 305 667 5167; Fax: +1 305 663 0964
Email: beta@radiocarbon.com
http://www.radiocarbon.com/

BIOCAMS Ronald Hatfield and Darden Hood, directors
BIOCAMS International, Inc.
AMS for Art and Antiquities
13020 SW 120 Street
Miami, Florida 33186, USA
Tel: +1 305 992 3635; Fax: +1 305 631 3434
Email: director@biocams.com
http://www.biocams.com/

PL David Elmore
Purdue Rare Isotope Measurement Laboratory
Purdue University
1396 Physics Building
West Lafayette, Indiana 47907-1396 USA
Tel: +1 765 494 6516; Fax: +1 765 494 0706
Email: elmore@primelab.physics.purdue.edu
http://primelab.physics.purdue.edu

WHAMS John M. Hayes
National Ocean Sciences AMS Facility
Woods Hole Oceanographic Institution
McLean Laboratory, Mail Stop #8
Woods Hole, Massachusetts 02543-1539 USA
Tel: +1 508 289 2649; Fax: +1 508 457 2183
Email: shandwork@whoi.edu
http://nosams.whoi.edu
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LABORATORIES – CODE DESIGNATIONS*
A Arizona USA
AA NSF-Ariz. AMS Facility USA
AAR University of Aarhus Denmark
AC Ingeis Argentina
AECV Alberta Environmental Canada

Center of Vegreville
AERIK* Atomic Energy Res. Inst. Korea
ALG* Algiers Algeria
ANL* Argonne Nat. Lab., Ill. USA
ANTW Antwerp Belgium
ANU Australian National Australia

University
ANUA ANU Accelerator Australia
AU* University of Alaska USA
B Bern Switzerland
Ba Bratislava Slovakia
BC* Brooklyn College USA
Beta Beta Analytic USA
BGS Brock University Canada
Birm Birmingham UK
Bln Berlin Germany
BM British Museum England
BONN* Universität Bonn Germany
BS Birbal Sahni Institute India
C* Chicago USA
CAMS Center for Accelerator USA

Mass Spectrometry
CAR* Univ. College, Cardiff Wales
CENA Centro Energia Brazil

Nuclear na Agricultura
CG Institute of Geology China
CH Chemistry Laboratory India
CRCA Cairo Egypt
CSIC Geochronology Lab, Spain

IQFR-CSIC, Madrid
CSM* Cosmochemistry Lab. USSR

USSR Academy of Sciences
CT* Caltech, Calif. Inst. Tech. USA
CU Charles University Czech Republic
D* Dublin, Trinity College Ireland
Dak* Univ. de Dakar République du

Sénégal
DAL* Dalhousie University Canada
DE* USGS, Denver USA
Deb Debrecen Hungary
DEM NCSR Demokritos Greece
DIC* Dicar Corp and Dicarb USA

Radioisotope Company
DRI* Desert Research Institute USA
ENEA ENEA, Bologna Italy
ETH ETH/AMS Facility Switzerland
F Florence Italy
Fr Freiberg Germany

Fra Frankfurt Germany
FSU* Florida State University USA
FZ Fortaleza Brazil
G* Göteborg Sweden
GAK Gakushuin University Japan
Gd Gliwice Poland
GD* Gdansk Poland
Gif Gif sur Yvette France
Gif A Gif sur Yvette and Orsay France
GIN Geological Institute Russia
GL* Geochronological Lab. England
Gro* Groningen The Netherlands
GrN Groningen The Netherlands
GrA Groningen AMS The Netherlands
GSC Geological Survey Canada
GU Scottish Universities Scotland

Research & Reactor Centre
(formerly Glasgow University)

GX Geochron Laboratories USA
H* Heidelberg West Germany
HAM Hamburg Germany
HAR* Harwell England
Hd Heidelberg Germany
Hel Helsinki Finland
HIG* Hawaii Inst. of Geophys. USA
HL Second Institute of China

Oceanography
HNS* Hasleton-Nuclear, USA

Palo Alto, California
Hv Hannover Germany
I Teledyne Isotopes USA
IAEA International Atomic Austria

Energy Agency
IAEA- Marine Environmental Monaco
MEL Laboratory
ICEN Instituto Tecnológico Portugal

e Nuclear
IEMAE Institute of Evolutionary Russia

Morphology and Animal
Ecology

IGAN Institute of Geography Russia
IGS* Inst. of Geological Sci., Sweden
II* Isotopes, Inc., Palo Alto USA
IOAN Institute of Oceano- Russia

graphy
IORAN Institute of Oceanology Russia
IRPA Royal Institute of Belgium

Cultural Heritage
ISGS* Illinois State USA

Geological Survey
IVAN Institute of Volcanology Ukraine
IVIC* Caracas Venezuela
IWP Institute of Water Russia

Problems

* Indicates laboratories that are closed, no longer measuring 14C, or operating under a different code designation. 
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J Max-Planck-Institut Germany
für Biogeochemie, Jena

JGS Geological Survey of Japan
Japan

JUBR Biren Roy Research India
Laboratory

K National Museum Denmark
KAERI* Korean Atomic Energy Korea

Research Institute
KCP National Cultural Korea

Property Research
Institute

KEEA Kyushu Environmental Japan
Evaluation Association

KI Kiel Germany
KIA Kiel AMS Germany
Ki (KIEV) Institute of Radio- Ukraine

Geochemistry of the
Environment

KN Köln Germany
KR Krakow Poland
KRIL Krasnoyarsk Institute Russia
KSU Kyoto Sangyo University Japan
L* Lamont-Doherty USA
LAR Liège State University Belgium
LE St. Petersburg Russia
LIH NCSR Demokritos Greece
LJ* Scripps (UCSD) La Jolla USA
LOD £Ûdü Poland
LP La Plata Argentina
LTL University of Lecce Italy
Lu Lund Sweden
LU St. Petersburg State Russia

Univesity
Lv* Louvain-la-Neuve Belgium
Ly University of Lyon France
LZ Umweltforschungs- Germany

zentrum Leipzig-Halle
M* University of Michigan USA
Ma* University of Winnepeg Canada
MAG Quaternary Geology and Russia

Geochronology Laboratory
MC* Centre Scientifique de Monaco

Monaco
METU Middle East Technical Turkey

University
ML* Miami USA
Mo* Verdanski Inst. of USSR

Geochemistry, Moscow
MOC* Archaeological Institute, Czech Republic

Czechoslovak Acad. of Sci. 
MP* Magnolia Petroleum USA
MRRI* Marine Resources USA

Research Institute
MSU Moscow Russia
MTC University of Tokyo Japan
N Nishina Memorial Japan

NIST National Institute of USA
Standards and Technology

NPL* National Physical England
Laboratory, Middlesex

NS* Nova Scotia Research Canada
Foundation

NSRL INSTAAR – University USA
of Colorado

NSTF* Nuclear Science and USA
Technology Facility, 
State Univ. of New York

NSW* U. of New South Wales Australia
NTU National Taiwan Republic of China

University
NU Nihon University Japan
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