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ABSTRACT
14C wiggle-matching was applied to two wood samples closely related to geological and archaeological

events with associated dendrochronological dates, to demonstrate the accuracy of 14C dating with accelerator
mass spectrometry (AMS). Wiggle-matching on charred wood with bark, excavated from a pyroclastic
mud-flow deposited by the huge 10th Century eruption of the Baitoushan Volcano, revealed the eruption
age as cal A.D. 935 �8/�5 with 95% confidence. This date is consistent with the eruption age of A.D.
912 to A.D. 972 estimated by dendrochronology on two wooden boards that had clear stratigraphical
connections to the B-Tm tephra deposit in Japan, an ash fall layer formed by the eruption of the Baitoushan
Volcano. The date is also consistent with an A.D. 937–938 date estimated by the analysis of varved
sediments from Lake Ogawarako in Aomori prefecture. The other wooden board collected from the Mawaki
archaeological site in Ishikawa prefecture was wiggle-matched as 783 �13/�11 cal B.C. with 95% con-
fidence, which is consistent with the dates of 830 cal B.C. to 759 cal B.C. obtained for seven wooden
poles from the same wooden structures as the wooden board. These results are highly encouraging for
obtaining accurate dates on wood when dendrochronology cannot be used.

Keywords: radiocarbon dating, radiocarbon calibration, accelerator mass spectrometry, wiggle-match-
ing, tree ring, archaeology, volcanology, B-Tm tephra, Baitoushan Volcano, Mawaki archaeological site.

INTRODUCTION

To estimate precise age of wood material ex-
cavated at an archaeological site, dendrochronol-
ogy is recognized as the best tool. However, this
dating method requires a well-established master
chronology that captures the standard fluctuation
pattern of annual ring widths normally dependent
to some degree on species of tree. In addition, the

*Corresponding author: nakamura@nendai.nagoya-u.ac.jp

standard pattern may show local influences that
distinguish it from other chronologies in the re-
gion. When dendrochronological analysis does not
work well, radiocarbon (14C) dating with a statis-
tical uncertainty of several decades is routinely
used, but 14C wiggle-matching can be much more
exact.

We use an accelerator mass spectrometry
(AMS) system for 14C dating (built by High Volt-
age Engineering Europe, B.V., the Netherlands,
delivered to Nagoya University in 1997). The stan-
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dard deviation errors (1�) of 14C ages are typically
from �20 to �40 14C years for samples younger
than 5000 BP (Nakamura et al. 2000, 2004). We
are now dating not only archaeological and geo-
logical materials but also cultural artifacts with this
AMS system at the highest precision and accuracy
possible, in particular, focusing on wood using a
14C wiggle-matching technique.

We report the results of these 14C wiggle-match-
ing tests to accurately date wood related to ar-
chaeological and geological events and discuss the
possibility of applying the 14C wiggle-matching re-
sults to support dendrochronological analyses.

CALIBRATION OF 14C AGES TO
HISTORICAL DATES AND
14C WIGGLE-MATCHING

Radiocarbon is produced continuously by galac-
tic cosmic rays impinging on Earth’s atmosphere.
The production rate of 14C has changed as the re-
sult of modulation of intensity of cosmic rays
coming into Earth’s atmosphere, and by temporal
variations of geomagnetic intensity and/or solar
activity (Reimer et al. 2004). The fluctuations of
14C abundance in the atmosphere have been re-
vealed by using precisely dated annual rings of
trees, which have recorded the 14C temporal vari-
ations of atmospheric CO2 in the past by carbon
fixation through photosynthesis. 14C variations in
atmospheric CO2 have been established by using
tree rings from several sites around the world back
nearly 12,400 years so far (Reimer et al. 2004).

The 14C variation records are extremely impor-
tant to convert 14C ages measured for geological
and archaeological samples into a calendar-year
scale. For the calibration of the temporal scale,
IntCal98 (Stuiver et al. 1998) and IntCal04 (Rei-
mer et al. 2004) data sets are widely used. Int-
Cal98 and IntCal04 have been established by com-
paring measured 14C ages with calendar years as-
signed by using tree rings, organic materials from
varved layers of lacustrine and oceanic sediments,
corals and foraminiferas. The 14C ages of archae-
ological and geological samples are thus normally
calibrated to calendar years for chronological dis-
cussion. However, accuracy of calibration data is
sometimes criticized in regard to local nonunifor-

mity of 14C concentration of atmospheric CO2. For
example, the calibration data sets of IntCal98 and
IntCal04 for the Northern Hemisphere are based
on the 14C data for tree rings grown in North
America and Europe, but not for trees in Japan.
Situated on the western rim of Pacific Ocean, 14C
concentration of atmospheric CO2 of the Japanese
archipelago may be lower than elsewhere because
CO2 is released from the adjacent ocean surface
with lower 14C concentration. To test this, the 14C
ages of Japanese tree rings with established cal-
endar dates have been measured precisely and
compared with those of IntCal98 and IntCal04
data sets (Sakamoto et al. 2003; Nakamura et al.
2007). We also attempted to determine calendar
ages of archaeological tree samples accurately by
the 14C wiggle-matching technique to test whether
matching based on IntCal98 or IntCal04 is valid
for Japanese tree samples.

The 14C wiggle-matching technique normally
uses 14C ages of several annual rings from sample
wood. As described above, the radiocarbon com-
munity has internationally accepted data sets that
describe the relation between 14C ages and tree-
ring ages (IntCal98 and IntCal04). The ages of
successive 14C-analyzed rings of sample wood are
compared with those of the IntCal98 or IntCal04
calibration data set by shifting the annual-ring
number on the calibrated age axis. Thus the most
probable calendar date is obtained for the outer-
most ring of the sample wood by using all the 14C
ages measured. The details of the 14C wiggle-
matching are described later in this paper.

VOLCANOLOGICAL AND
ARCHAEOLOGICAL WOOD SAMPLES

FOR 14C WIGGLE-MATCHING ANALYSIS

Charred Wood from an Eruption of
Baitoushan Volcano in the 10th Century

An ash layer that was formed by a huge eruption
of the Baitoushan (Paektushan or Changbaishan)
Volcano in the 10th Century, located on the border
between North Korea and the People’s Republic of
China, is clearly recognized in the northern part of
Japan (Figure 1). The ash layer, denoted as the
B-Tm (Baitoushan-Tomakomai) tephra (Machida
et al. 1990), is one of the key layers used to es-
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Figure 1. Location map of the investigated and related sites. Contour lines show the thickness of ash-fall layer formed by the
10th Century eruption (B-Tm tephra) from the Baitoushan Volcano (Machida and Arai 1983; Machida et al. 1990).

timate the ages of horizons during archaeological
excavations. The contour lines in Figure 1 show
the thickness of the B-Tm tephra estimated by Ma-
chida and Arai (1983) and Machida et al. (1990).
In addition, this huge eruption of the Baitoushan
Volcano is considered to have affected the fall of
the Bo-hai State, a kingdom that existed from A.D.
698 to A.D. 926 in the northeastern part of China.
Thus it is very important to know the precise age
of the eruption to evaluate the effect of a volcanic
disaster.

The 37 annual rings of a charred wood trunk col-
lected by one of the authors (T. Mitsutani) in 1999
at the Chinese-side base of the Baitoushan Volcano
were individually 14C dated. The 14C ages clustered
around the 14C age versus calendar age relation given

by IntCal98 14C calibration data in the early half of
the 10th Century (Okuno 2002). However, this wood
sample had no bark and we could not confirm a strict
relation between the age of its outermost ring and
the eruption age. Six additional wood samples were
collected from the Baitoushan Volcano by the au-
thors in 2001, of which two were charred wood
trunks with bark. The larger of the two
(42�11�19.1�N and 128�12�53.3�E, measured by
GPS) with 102 annual rings was used for 14C dating.
The annual rings were divided into 82 subsamples.
The outer 20 annual rings were separated in 2-year
groups because they were very narrow. Each ring
was separated individually from rings 21 to 92
counted from the outermost ring. Annual rings inside
the 92nd ring were broken and could not be sepa-
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Table 1. 14C ages measured for charred wood related with the
10th Century eruption of Baitoushan Volcano.

Tree Ring
No.*

	13C
(‰)

14C age
(BP)

Error
(�1�)

Lab Code #
(NUTA2-)

1,2 �25 1,195 33 3,857
3,4 �23 1,117 30 3,858
7,8 �21 1,202 28 4,636

11,12 �24 1,163 33 4,822
15,16 �23 1,086 31 4,637
17,18 �23 1,152 32 4,638

21 �24 1,127 33 3,859
24 �23 1,069 30 4,643
27 �24 1,093 32 4,642
30 �22 1,075 31 4,644
31 �23 1,139 33 3,860
33 �23 1,153 28 4,823
36 �22 1,115 31 4,651
39 �24 1,143 32 4,652
41 �23 1,156 33 3,865
42 �24 1,113 32 4,653
45 �24 1,105 31 4,654
48 �24 1,167 29 4,824
51 �23 1,137 32 3,866
54 �22 1,119 31 4,655
57 �23 1,151 32 4,657
60 �24 1,264 28 4,808
61 �25 1,209 34 3,867
63 �24 1,245 28 4,809
66 �24 1,205 28 4,810
69 �24 1,209 28 4,815
71 �25 1,225 33 3,868
72 �24 1,226 28 4,816
75 �24 1,224 27 4,817
78 �24 1,256 28 4,818
81 �24 1,205 32 3,869
84 �24 1,196 31 4,645
87 �23 1,184 31 4,646
90 �24 1,157 31 4,647
91 �24 1,257 32 3,874

* Tree rings are numbered from outermost to innermost rings.

Figure 2. 14C ages of wood pieces forming circle and gate-like
structures excavated from the Mawaki archeological site.
Wooden poles #1–3, #15 form a half of circle and plates #16–
18 form gate structures. The poles and plates in the left half
of the figure, including #A3, were excavated in the previous
survey in 1982/83.

rated. We have analyzed 35 samples out of the 82
(Table 1).

Wooden Plate Sample from the Mawaki
Archaeological Site

The Mawaki archaeological site, in the middle
of the Noto Peninsula, located in Noto-city, Hoshi-
gun, Ishikawa prefecture (Figure 1), is located on
an alluvial coastal plain of about 11 ha, facing

Noto Bay in the south, and surrounded by hills in
all other directions. According to the excavation
surveys conducted from 1982 to 1983, the site was
occupied almost continuously for ca. 3,500 years
from the early Jomon to the latest Jomon periods.
In fact, archaeological remains that were radiocar-
bon-dated at that time show calibrated ages from
5900 cal BP to 2400 cal BP. Ten years after the
first excavation survey, a second survey was ini-
tiated in 1997. During the second survey, traces of
several wooden circles were clearly recognized.
One of the wooden circles is 7 m in diameter out-
lined with ten wooden poles, with the largest pole
93.6 cm diameter (Figure 2). The poles #1, 2, 3,
15 in Figure 2 were found in this survey, but the
other six poles forming the wooden circle were
reported in the previous survey. These 10 wooden
poles are all chestnut trees (Castanea crenata Sieb.
Et Zucc., Kanehara 2006). The circle seemed to
be equipped with a gate structure formed by the
two southernmost poles that had additional wood-
en plates (#16, #17 and #18 in Figure 2) symmet-
rically aligned in shape with the main pole (#15).
However, the archaeological purpose of this an-
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Table 2. 14C ages for wooden plate from Mawaki archaeolog-
ical site.

Sample
No.*

	13C
(‰)

14C age
(BP)

Error
(�1�)

Lab Code #
(NUTA2-)

MWK-10 �26 2,574 33 10,603
MWK-20 �22 2,623 32 10,612
MWK-30 �25 3,342 33 10,604
MWK-40 �22 2,722 32 10,605
MWK-50 �25 2,699 33 10,608
MWK-60 �22 2,721 32 10,613
MWK-70 �23 2,748 32 10,606
MWK-90 �27 2,696 32 10,607
MWK-80 �28 2,709 33 10,614
MWK-100 �25 2,750 32 10,611
MWK-110 �23 2,769 32 10,615

* Tree rings are numbered from outermost to innermost rings.

cient remnant as well as its complete structure is
not yet known. 14C ages measured on the poles
forming a circle are fairly consistent not only with
one another (from 2518 � 34 BP to 2665 � 34
BP for poles #1, #2, #3 and #15 in Figure 2), but
also with the age of one of the poles measured in
the previous survey (2645 � 25 BP for pole #A3
in Figure 2). There were four wooden plates under
the second-largest pole to sustain it (pole #2 in
Figure 2). The largest two of the plates were Jap-
anese cedar (Cryptomeria japonica).

A master ring-width chronology for dendrochro-
nological analysis of Japanese cedar was estab-
lished by Mitsutani (2003) and covers calendar
years from A.D. 1990 to 1313 B.C. To support the
intended dendrochronological analysis of the two
cedar plates, we tried to estimate the tree-ring ages
precisely by the 14C wiggle-matching method.
From one of the wooden plates, individual annual
ring samples were separated. Counting from the
existing outermost ring, every tenth ring up to the
110th ring was separated for 14C analysis (Table
2).

METHODS

Sample Preparation and 14C Dating with AMS

Removal of carbonaceous contaminants by acid-
alkali-acid treatment, CO2 extraction from the tree-
ring samples, graphite-target production and AMS

14C measurements were performed at the Center
for Chronological Research, Nagoya University
(Nakamura et al. 2000, 2004). In brief, the annual
ring samples were treated twice with 1.2 M HCl
for 2 hours at 90�C, to remove any possible car-
bonate contaminants. Next, the samples were treat-
ed with 1.2 M NaOH solution for 2 hours at 80�C
several times until the solution remained clear after
the 2-hour treatment. The samples were treated
again with 1.2 M HCl for 2 hours at 90�C, and
rinsed with distilled water to completely remove
any residual HCl.

The samples were dried in an electric oven at
90�C. About 4 mg of the samples were placed in
Vycor tubes of 9-mm outside diameter, with ca.
500 mg of granular CuO, and then the tubes were
connected to a vacuum line, evacuated completely
and sealed to a tube length of ca. 300 mm. The
Vycor tubes were heated to 900�C for 3 hours to
convert the sample to CO2 completely. The ca. 1.5
mg of carbon in CO2 produced were purified cryo-
genically in a vacuum line and reduced to graphite
on ca. 3 mg of Fe powder by hydrogen. The
graphite materials were pressed into aluminum tar-
get holders for AMS 14C measurements. We used
the HOx-II standard (NIST oxalic acid, SRM-
4990C) as a 14C-concentration reference. The
	13CPDB values were measured by the AMS system
with errors less than �1‰, including the effects
from both machine stability and sample prepara-
tion (Nakamura et al. 2004), and were used for a
carbon-isotopic-fractionation correction in calcu-
lating sample 14C concentrations (Mook and van
der Plicht 1999). Finally, the conventional 14C ages
were calculated using the Libby half-life of 5,568
years, as summarized in Tables 1 and 2 for wood
samples from the Baitoushan Volcano and the Ma-
waki site, respectively. The 14C errors cited here
include statistical uncertainties based on 14C count-
ing of sample, standard and 14C background tar-
gets, machine errors evaluated by the 14C repro-
ducibility of repeated measurements on standard
targets, and errors in 14C background removal cal-
culations.

14C Wiggle-Matching Analysis

We have conducted a wiggle-matching analysis
in the following way. First, we obtained a distri-
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Figure 3. Relation between 14C ages measured for charred
wood from the Baitoushan Volcano and IntCal98 calibration
date set. 14C ages measured for 35 annual ring samples of the
charred wood were analyzed by 14C wiggle-matching to the
IntCal98, and the result is shown on a plot of 14C age vs. cal-
ibrated calendar date.

bution of probability (p) against calendar years by
processing calibration of conventional 14C ages ob-
tained for annual ring samples using the Calib5.0
calibration program (Stuiver and Reimer 1993)
and IntCal98 or IntCal04 data set. The probability
distribution (p) gives a numerical probability pi(j)
for a 14C age corresponding to a certain calendar
year (j), where a suffix i indicates the order of the
analyzed annual ring counted from the outermost
ring. The sum of pi(j) for all j is normalized to
unity. Then, for a set of all annual rings (i 
 1 to
n) whose formation ages are separated by s(i) in
year from the outermost ring, the overall proba-
bility P can be defined by multiplying partial prob-
abilities of individual 14C ages for possible com-
binations in calendar year as follows,

P 
 p1(k)·p2(k�s(2))·p3(k�s(3))· . . . ·

pi(k�s(i))· . . . ·pn(k�s(n)),

where k is the hypothetical calendar year of the
outermost ring. For example, p2(k-s(2)) is the par-
tial probability of the 14C age for the second out-
ermost annual ring sample corresponding to the
calendar year of k-s(2), and s(2) is separation in
year of this ring from the outermost ring. Now, by
changing the hypothetical year k for a possible
range, the maximum value of P will be obtained
for the most probable calendar year of the outer-
most annual ring. In addition, the upper and lower
bounds of the possible year of the outermost ring,
by which 95% of the total probability is covered,
are estimated from the distribution of P values
over calendar years.

RESULTS AND DISCUSSION

14C Wiggle-Matching of Charred Wood from
Baitoushan Volcano

The 14C ages and 	13C values obtained for the
charred wood trunk are listed in Table 1. The 14C
ages ranged from 1069 � 30 to 1257 � 32 BP,
and are fitted to IntCal98 data by wiggle-matching.
The best fit was obtained for an outermost ring,
just inside the bark of the wood, to be set as cal
A.D. 935 �8/�5 for the 95% confidence level of
the eruption age of the Baitoushan Volcano. As the
result of wiggle-matching, 14C ages of charred

wood are compared with IntCal98 data for relevant
calibrated ages, as shown in Figure 3. Our result
is compared with those obtained by other dating
methods below.

Upper and Lower Limit of Eruption Age of
B-Tm Tephra Given by Dendrochronology

A set of two tephra layers, the upper one known
as B-Tm from Baitoushan Volcano and the lower
one designated as Towada-a tephra (To-a) erupted
from Towada Caldera (Figure 1) in Japan, were
identified in the upper part of the peaty sediments
at the Tashiro Marshland (Figure 1) located at the
northwestern foot of Mt. Hakkoda in Aomori pre-
fecture, northern Japan. An old house was recov-
ered from a pyroclastic mudflow deposit at Odate
city (Figure 1) in Akita prefecture, designated as
the Kemanai deposit, which formed in association
with the eruption of the To-a tephra. A wooden
board used to construct the house was produced
from a Japanese cedar tree and its youngest annual
ring was determined to be A.D. 912 by dendro-
chronology (Mitsutani 2003). The deposition of
the B-Tm tephra should be younger than this. In
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Figure 4. Relation between 14C ages measured for wooden
plate from the Mawaki site and IntCal04 calibration date set.
14C ages measured for 11 annual ring samples of the wooden
plate were analyzed by 14C wiggle-matching to the IntCal04,
and the result is shown on a plot of 14C age vs. calibrated
calendar date.

addition, a channel that was constructed by cutting
the B-Tm layer was discovered at an archaeolog-
ical site in Noheji town (Figure 1), Aomori pre-
fecture. A wooden board that was used to con-
struct the channel was collected and the cutting
date was determined by dendrochronology as A.D.
972 (Mitsutani 2003). These dendrochronological
analyses confine the eruption age of the B-Tm
tephra to between A.D. 912 and A.D. 972. Our
results using 14C wiggle-matching are consistent
with the dendrochronological constraints.

Analysis of Varved Sediments from Lake
Ogawara

Fukusawa et al. (1998) reported that they dis-
covered 22 varved layers between the To-a and the
B-Tm tephra layers in the sediment cores bored
from Lake Ogawara (Figure 1) in Aomori prefec-
ture, Japan. The To-a tephra erupted in A.D. 915
according to an old Japanese document ‘‘Fuso-Ry-
akuki’’. Thus, assuming that each varved layer
was formed annually and none disappeared during
the sediment formation, the eruption of the B-Tm

tephra can be estimated as A.D. 937–938, which
is quite consistent with our results.

Another 14C Wiggle-Matching Analysis on
Wood Covered by a B-Tm Fallout Deposit in
the North Korea Area

Horn and Schmincke (2000) analyzed annual
rings of a rooted tree collected from a pumice fall-
out deposit more than 8-m thick in North Korea.
They dated several annual rings of the tree with
AMS at the Leibniz Laboratory in Kiel, Germany,
and estimated the eruption age of B-Tm tephra at
ca. cal A.D. 969 with the interval of highest prob-
ability between cal A.D. 945 and cal A.D. 984.
This estimation is a bit younger than our results,
but still consistent with the dendrochronological
constraints described above.

14C Wiggle-Matching of Wooden Plate from
the Mawaki Archaeological Site

Among 11 14C ages (Table 2) for annual rings
from the wooden plate that was underlying and
supporting pole #2, the 30th annual ring from the
outermost ring showed an abnormally old 14C age
(older by 600–700 14C years than others), perhaps
from contamination of the sample with foreign
carbon during preparation. The ten consistent 14C
ages were fitted to the IntCal04 data set, which
indicates the outermost ring formed in 783 cal
B.C., with �13/�11 year error at the 95% confi-
dence level (Figure 4). Because this plate possess-
es no bark, the calibrated age of the outermost ring
does not represent the cutting date. However, the
outer wood surface was not deeply shaved during
woodworking, so the age of manufacture of the
wooden plate is likely not too much younger than
the calibrated age. In fact, the calibrated date of
783 �13/�11 cal B.C. is quite consistent with the
calibrated dates from 830 cal B.C. to 759 cal B.C.
for wooden poles #1, 2, 3, 15, 16, 17 and 18,
which comprised the wooden circle and gate struc-
tures (Figure 2). Dendrochronological analysis on
this plate and other wood remains are now under-
way.
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SUMMARY

14C wiggle-matching was applied successfully to
two wood samples to accurately estimate the ages
of geological and archaeological events; the huge
eruption of the Baitoushan Volcano in A.D. 10th
Century, located on the border between North Ko-
rea and China, and a wooden circle constructed
from ten huge poles with the largest of 93.6-cm
diameter, at the Mawaki site in Ishikawa prefec-
ture, Japan.

(1) 14C wiggle-matching was applied to a piece
of charred wood with bark excavated from a py-
roclastic mud-flow deposit generated by the erup-
tion of the Baitoushan Volcano. Matching of 14C
ages measured on 35 annual ring samples revealed
the eruption date of cal A.D. 935 �8/�5 with 95%
confidence. The estimated age is consistent with
an eruption age between A.D. 912 to A.D. 972
established by dendrochronology on two wooden
boards that had clear stratigraphical connections to
the B-Tm tephra deposit found in Japan, an ash
fall layer formed by the eruption of the Baitoushan
Volcano. The wiggle-matched date is also consis-
tent with an age between A.D. 937 to A.D. 938
estimated by the analysis of varved sediments
from Lake Ogawarako in Aomori prefecture, Ja-
pan. On the other hand, the 14C wiggle-matching
applied by Horn and Schmincke (2000) to the
standing wood collected from the B-Tm fallout de-
posit in the North Korea resulted in an age range
from cal A.D. 945 to cal A.D. 984, which is a bit
younger than our result.
(2) Wiggle-matching applied to the wooden board
collected from the Mawaki archaeological site in
Ishikawa prefecture, Japan, yielded an age for the
outermost ring as 783 �13/�11 cal B.C. with
95% confidence, which is consistent with the ages
of 830 cal B.C. to 759 cal B.C. obtained for seven
wooden poles comprising the same wooden struc-
tures.
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