RADIOCARBON, Vol 46, Nr 2, 2004, p 917–924

© 2004 by the Arizona Board of Regents on behalf of the University of Arizona

WIGGLE-MATCH DATING OF TREE-RING SEQUENCES
Mariagrazia Galimberti1 • Christopher Bronk Ramsey1,2 • Sturt W Manning3
ABSTRACT. Given the non-monotonic form of the radiocarbon calibration curve, the precision of single 14C dates on the
calendar timescale will always be limited. One way around this limitation is through comparison of time-series, which should
exhibit the same irregular patterning as the calibration curve. This approach can be employed most directly in the case of
wood samples with many years growth present (but not able to be dated by dendrochronology), where the tree-ring series of
unknown date can be compared against the similarly constructed 14C calibration curve built from known-age wood. This process of curve-fitting has come to be called “wiggle-matching.”
In this paper, we look at the requirements for getting good precision by this method: sequence length, sampling frequency, and
measurement precision. We also look at 3 case studies: one a piece of wood which has been independently dendrochronologically dated, and two others of unknown age relating to archaeological activity at Silchester, UK (Roman) and Miletos, Anatolia (relating to the volcanic eruption at Thera).

INTRODUCTION

The use of wiggle-matching for the more precise dating of tree-ring sequences, where dendrochronology is not possible on its own, is not new (e.g. Ferguson et al. 1966; Clark and Renfrew 1972;
Clark and Morgan 1983) but is a method which is being performed more and more frequently. The
mathematical methods which can be employed (see for example, Christen and Litton 1995; Bronk
Ramsey et al. 2001; Pearson 1986) are well worked out. The purpose of this paper is to look at the
application of the technique to archaeological material of a form which might be found in archaeological sites. The method has been applied to such materials before (see for example, Friedrich et al.
2001; Lowe et al. 2001; Kilian et al. 2000; Wille et al. 2003; van de Plassche et al. 2001). It has also
been applied to long sequences of floating tree-ring chronologies (see for example, Kromer et al.
2001; Manning et al. 2001; van der Plicht et al. 1995; Imamura et al. 1998; Guo et al. 2000; Slusarenko et al. 2001; Vasiliev et al. 2001; Hajdas et al., forthcoming; Slusarenko et al., forthcoming).
Here, we will look at the suitable requirements for a sample for this type of analysis through a process of simulation. We will then look at 3 specific examples to test the accuracy and precision of the
technique in fairly typical archaeological contexts. The first of these samples is from a standing
building and has actually been dendrochronologically dated, so it is a blind test of the method. The
other two are from archaeological sites (Silchester, a Roman site in southern Britain) and Miletos
(Late Bronze Age levels of the site in western Turkey). The Silchester sample and standing building
sample are both wood (waterlogged in the case of Silchester) and the Miletos sample is charcoal—
so these examples cover a range of material types and contexts.
SIMULATIONS

We have conducted a large number of simulations using the calibration program OxCal to see what
kind of precision can be obtained through wiggle-matching. In doing this, we use the R_Simulate
function of the program and perform each analysis 10 times in order to average over some of the
inherent variability in such simulations.
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Figures 1 and 2 show examples from these simulations directed towards the investigation of what
the optimum number of samples are in terms of the measurement precision available for a particular
time period. In the particular case shown, good precision (total 95% confidence range of less than
20 yr) can be achieved with only 7 measurements at a measurement precision level of ±35 14C yr.
The sample/precision requirements are very variable depending on the period concerned (essentially
due to the details of the shape of the calibration curve). But high precision (20 calendar yr) is often
achievable with individual sample precision of ±25 14C yr and less than a century of wood. The optimum spacing for measurements is usually 10 yr (reflecting the resolution and scale of wiggles in the
calibration curve). Note: this work employed INTCAL98; the more smoothed and modeled nature
of INTCAL04 will very slightly change conclusions when it is employed (as it lacks some of the
largely decadal signal of INTCAL98), but we do not expect significant differences.
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Figure 1 This figure shows the effect of increasing the number of measurements for a particular wiggle-match simulation; the starting date for this simulation was AD 1370; the sample intervals were
set to 10 yr; and the precision was set to ±25 14C yr. The efficiency is defined as being p2/(r n), where
p is the precision, r is the range, and n is the number of measurements. Using the efficiency measure
or by looking at the ranges, it can be seen that about 7–9 measurements (spanning 70–80 yr) gives
high precision for this particular period.

We can define an efficiency quotient (quality/effort) which is proportional to
p2/(r n)
where r is the calibrated range after the wiggle-match and, therefore, 1/r is a suitable quality factor;
n is the number of measurements and, therefore, proportional to the measurement effort; and p is the
precision of the measurements, and the effort associated with this is assumed to be 1/p2.
This efficiency measure can be used to help in the estimation of the optimum number and precision
of measurements for any given time range (see Figures 1 and 2).
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Figure 2 This figure shows the effect of changing the precision of measurements for a particular wigglematch simulation; the starting date for this simulation was AD 1370; the sample intervals were set to
10 yr; and the number of measurements was fixed at 7. The efficiency is defined as being p2/(r n), where
r is the range, n is the number of measurements, and p is the precision of the measurements. Using the
efficiency measure or by looking at the ranges, it can be seen that in this case, even a precision of
±35 14C yr gives high resolution for this particular range.

Dating Methodology

The samples dated here were of wood and charcoal. The methods of sample pretreatment were the
standard ones at Oxford for wood and charcoal (Hedges et al. 1989). In each case, we used acid/
base/acid treatments. For wood, we followed this with a hypochlorite bleach to minimize the
amount of lignin. We did not perform a solvent pre-clean on these samples—though, in retrospect,
this might have helped to reduce the scatter in the blind test sample (see below).
All samples were graphitized following the method of Dee and Bronk Ramsey (2000) and the AMS
dating followed the procedures described in Bronk Ramsey et al. (2004a).
Blind Test on Dendrochronologically-Dated Wood

This sample (oak) was provided by Dan Miles (Oxford Dendrochronology Laboratory) and had previously been dendrochronologically dated. The results are shown in Figure 3 with the fit to the calibration curve provided by the OxCal program (see Bronk Ramsey et al. 2001 for details of this
method; the curve resolution is set to 1 and the INTCAL98 calibration curve used). The fit is good,
though some of the later samples are slightly more scattered than one might expect (see comment
above regarding pretreatment). Overall, the agreement between the samples and the curve passes a
χ2 test (minimum value 14.507 with 9 degrees of freedom with a threshold of 16.919 for 95% probability). The date for the mid-point of the last dated decade is fitted to 1065–1081 cal AD and, given
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the overall tree-ring sequence from the sample, we can deduce from this that the date of the outer
ring of the sample should be 1072–1088 cal AD.
Atmospheric data from Stuiver et al. (1998); OxCal v3.9 Bronk Ramsey (2003); cub r:1 sd:2 prob usp[chron]
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Figure 3 This figure shows the wiggle-match for the sample of dendrochronologically-dated wood which was used as
a blind test of the method. The fit to the curve is good, though a little scattered at the right-hand side. The boxes show
the 2-σ range of the 14C measurement against the 95% confidence interval of the wiggle-matched sequence. In this case,
the sample turned out to be from Salisbury Cathedral (see main text for a discussion of the result).

We subsequently obtained the dendrochronological date for the last ring of the sample, which is
from Salisbury Cathedral in southern Britain: AD 1085 (Dan Miles, personal communication). This
known dendrochronological age is within the 95% confidence range of the 14C wiggle-match
(1072–1088 cal AD).
Dating a Well in Late Roman Silchester

This sample (sill beam N18, oak), from pith through sapwood to a spring cutting date at the start of
the 91st year of the sequence, belonged to Well 3011, found in Insula IX at the Late Roman site of
Silchester (Clarke and Fulford 2002:143). It was supposed to be contemporaneous to the 3rd phase
of the excavations and, thus, to belong to the 2nd–3rd centuries AD. The results of the wigglematch are shown in Figure 4. The fit is very good for all but 1 sample and the overall agreement
with the calibration curve passes a χ2 test (minimum value 5.897 with 7 degrees of freedom with a
threshold of 14.067 for 95% probability). The date for the mid-point of the last dated decade is fitted to 197–235 cal AD and, given the known number of additional rings from here to the terminal
ring preserved on the sample, we can deduce from this that the date of the outer ring of the sample
should be 202–240 cal AD.
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Atmospheric data from Stuiver et al. (1998); OxCal v3.9 Bronk Ramsey (2003); cub r:1 sd:2 prob usp[chron]
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Figure 4 This figure shows the wiggle-match for the wood sample from Silchester. The fit to the curve is good with only the
second point from the right being a marginal outlier. The boxes show the 2-σ range of the 14C measurement against the 95%
confidence interval of the wiggle-matched sequence.

Dating an Ornate Chair from Late Bronze Age Miletos

This sample (oak) is from an ornate chair found in a room of a sanctuary at Miletos (see also Bronk
Ramsey et al. 2004b, these proceedings). Particles of Theran (Minoan) ash (identified by Max
Bichler, personal communication) were sticking together with clay on the rim of a conical cup next
to the chair. In the destruction deposit covering the burnt chair, there was a patch of ash containing
particles of Theran tephra. Pottery, consistent with an LMIA date, was also found.
The dating of this sample offers a terminus post quem for the eruption of the volcano of Thera in the
Aegean Sea and forms extra evidence to clarify the debate around the chronology of this event and
the chronology of the LMIA cultural period in the Aegean. Current research considers the 2 most
likely dates for this eruption to be either the mid- to later-17th century BC (Hammer et al. 2003;
Manning et al. 1999, 2002; Manning and Bronk Ramsey 2003), or towards the end of the 16th century BC (Warren 1984, 1987, 1988, 1996; Bietak 2003). The results of the wiggle-match are shown
in Figure 5. The fit is very good for all samples, and the overall agreement with the curve passes a
χ2 test (minimum value 2.896 with 6 degrees of freedom with a threshold of 12.592 for 95% probability). The date for the mid-point of the last dated decade is fitted to 1674–1651 cal BC; since there
are 7 rings from the middle of this decade to the exterior of the sample, we can deduce from this that
the date of the outer ring of the sample should be within the range 1667–1644 cal BC (see further in
Bronk Ramsey et al. 2004b, these proceedings).
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Atmospheric data from Stuiver et al. (1998); OxCal v3.9 Bronk Ramsey (2003); cub r:1 sd:2 prob usp[chron]
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Figure 5 This figure shows the wiggle-match for the charcoal sample from Miletos. The fit to the curve is excellent.
The boxes show the 2-σ range of the 14C measurement against the 95% confidence interval of the wiggle-matched
sequence.

CONCLUSIONS

We can see from the examples here, and from the simulations performed, that the wiggle-match dating of wood samples from archaeological contexts is a precise and accurate technique of dating,
which could, in principle, be more widely applied. Overall 95% confidence ranges can be as short
as a few decades. Such time-series wiggle-matching is really the only way to achieve high-precision
calendar date estimates through 14C dating. The critical caveat to justify the effort involved is that
the dated sample must relate closely and specifically to the associated archaeology. Otherwise, one
can have a well-dated piece of wood that serves no purpose.
The method is fairly labor-intensive since a number of 14C determinations are needed for a single
date. For this reason, the use of simulations to minimize the amount of work involved is important,
and an “efficiency factor” can be used to help to find the optimum strategy.
In many cases, between 5 and 10 measurements at precisions of 25–30 14C yr are sufficient to
achieve an overall 95% confidence range of less than 25 yr. This is many fewer measurements than
would be needed to achieve the same precision by dating multiple samples from successive periods
in a more general form of Bayesian wiggle-matching (sequence seriation matching, where the absolute time intervals between samples are not known). Thus, if the right material is available in suitable association, this technique should be the method of choice for high-precision dating of archaeological material.

Wiggle-Match Dating of Tree-Ring Sequences

923

ACKNOWLEDGEMENTS

We would like to thank Dan Miles for the wood from Salisbury and for advice on the dendrochronological aspects of the work. We thank Michael Fulford and Amanda Clark for the samples from
Silchester, and Dan Miles again, who had carried out a prior dendrochronological study on them.
We thank Wolf-Dietrich Niemeier for the sample from Miletos, and we thank Peter Ian Kuniholm
and Maryanne Newton, who carried out the dendrochronological analysis of the sample. Thanks are
also due to the staff of ORAU, and in particular to Christine Tompkins and Angela Bowles, who provided invaluable help in the pretreatment of the samples. This work was part of an MSc project and
was supported by ORAU and NERC.
REFERENCES
Bietak M. 2003. Science versus archaeology: problems
and consequences of High Aegean chronology. In:
Bietak M, editor. The Synchronisation of Civilisations
in the Eastern Mediterranean in the Second Millennium BC II. Proceedings of the SCIEM 2000–EuroConference, Haindorf, 2001, Vienna. p 23–33.
Bronk Ramsey C, Higham TFG, Leach P. 2004a. Towards high-precision AMS: progress and limitations.
Radiocarbon, these proceedings.
Bronk Ramsey C, Manning SW, Galimberti M. 2004b.
Dating the volcanic eruption at Thera. Radiocarbon,
these proceedings.
Bronk Ramsey C, van der Plicht J, Weninger B. 2001.
“Wiggle-matching” radiocarbon dates. Radiocarbon
43(2A):381–9.
Christen JA, Litton CD. 1995. A Bayesian approach to
wiggle-matching. Journal of Archaeological Science
22:719–25.
Clarke RM, Morgan RA. 1983. An alternative statistical
approach to the calibration of floating tree-ring chronologies: two sequences from the Somerset levels.
Archaeometry 25:3–15.
Clarke RM, Renfrew C. 1972. A statistical approach to
the calibration of floating tree-ring chronologies using
radiocarbon dates. Archaeometry 14:5–19.
Clarke A, Fulford M. 2002. The excavation of Insula IX,
Silchester: the first five years of the “Town Life”
project, 1997–2001. Britannia 33:129–66.
Dee M, Bronk Ramsey C. 2000. Refinement of graphite
target production at ORAU. Nuclear Instruments and
Methods in Physics Research B 172:449–53.
Ferguson CW, Huber B, Suess HE. 1966. Determination
of the age of Swiss lake dwellings as an example of
dendrochronologically-calibrated radiocarbon dating.
Zeitschrift für Naturforschung 21A:1173–7.
Friedrich M, Kromer B, Kaiser KF, Spurk M, Hughen
KA, Johnsen SJ. 2001. High-resolution climate signals in the Bølling-Allerød Interstadial (Greenland
Interstadial 1 as reflected in European tree-ring chronologies compared to marine varves and ice-core
records). Quaternary Science Reviews 20:1223–32.
Guo Z, Liu K, Lu K, Ma H, Li K, Yuan S, Wu X. 2000.
The use of radiocarbon dating AMS for Xia-Shang-

Zhou chronology. Nuclear Instruments and Methods
in Physics Research B 172:724–31.
Hajdas I, Bonani G, Seifert M. Forthcoming. Radiocarbon and calendar chronology of Ulandryk 4 and
Pazyryk 2 tombs. In: 14C and Archaeology: Proceedings of the 4th Symposium. Oxford: Oxford University
School of Archaeology Monographs.
Hammer CU, Kurat G, Hoppe P, Grum W, Clausen HB.
2003. Thera eruption date 1645 BC confirmed by new
ice core data? In: Bietak M, editor. The Synchronisation of Civilisations in the Eastern Mediterranean in
the Second Millenium BC II. Proceedings of the
SCIEM 2000–Euroconference, Haindorf, 2001,
Vienna. p 87–94.
Hedges REM, Law IA, Bronk CR, Housley RA. 1989.
The Oxford accelerator mass spectrometry facility:
technical developments in routine dating. Archaeometry 31:99–113.
Imamura M, Sakamotu M, Shiraishi T, Sahara M,
Nakamura T, Mitsutani T, van der Plicht J. 1998.
Radiocarbon age calibration for Japanese wood
samples: wiggle-matching analysis for a test
specimen. In: Evin J, Oberlin C, Daugas J-P, editors.
1999. 14C and Archaeology, 3rd International
Symposium. Rennes: Université de Rennes. p 79–82.
Kilian MR, van Geel B, van der Plicht J. 2000. 14C AMS
wiggle-matching of raised bog deposits and models of
peat accumulation. Quaternary Science Reviews 19:
1011–33.
Kromer B, Manning SW, Kuniholm PI, Newton MW,
Spurk M, Levin I. 2001. Regional 14CO2 offsets in the
troposphere: magnitude, mechanism, and consequences. Science 294:2529–32.
Lowe JJ, Hoek WZ, INTIMATE group. 2001. Interregional correlation of palaeoclimatic records for the
Last Glacial-Interglacial transition: a protocol for
improved precision recommended by the INTIMATE
project group. Quaternary Science Reviews 20:175–
87.
Manning WS. 1999. A Test of Time. The Volcano of Thera
and the Chronology and History of the Aegean and
East Mediterranean in the Mid-Second Millennium
BC. Oxford: Oxbow Books.

924

M Galimberti et al.

Manning SW, Bronk Ramsey C. 2003. A Late Minoan III absolute chronology for the Aegean—combining
archaeology with radiocarbon. In: Bietak M, editor.
The Synchronisation of Civilisations in the Eastern
Mediterranean in the Second Millennium BC II.
Proceedings of the SCIEM 2000–EuroConference,
Haindorf, 2001, Vienna. p 111–33.
Manning WS, Bronk Ramsey C, Doumas C, Marketou T,
Cadogan G, Pearson CL. 2002. New evidence for an
early date for the Aegean Late Bronze Age and Thera
eruption. Antiquity 76:733–44.
Manning WS, Kromer B, Kuniholm PI, Newton MW.
2001. Anatolian tree-rings and a new chronology for
the East Mediterranean Bronze-Iron Ages. Science
294:2532–5.
Pearson GW. 1986. Precise calendrical dating of known
growth-period samples using a ‘curve fitting’ technique. Radiocarbon 28(2A):292–9.
Slusarenko IY, Christen JA, Orlova LA, Kuzmin YV,
Burr GS. 2001. 14C wiggle-matching of the “floating”
tree-ring chronology from the Altai Mountains, southern Siberia: the Ulandryk-4 case study. Radiocarbon
43(2A):425–31.
Slusarenko IY, Kuzmin YV, Christen JA Burr GS, Jull
AJT, Orlova LA. Forthcoming. 14C wiggle-matching
of the Ulandryk 4 (Early Iron Age, Pazyryk Cultural
Complex) floating tree-ring chronology, Altai Mountains, Siberia. 14C and Archaeology: Proceedings of
the 4th Symposium. Oxford: Oxford University

School of Archaeology Monographs.
van de Plassche O, Edwards RJ, van der Borg K, de Jong
AFM. 2001. 14C wiggle-match dating in high-resolution sea-level research. Radiocarbon 43(2A):391–
402.
van der Plicht J, Jansma E, Kars H. 1995. The “Amsterdam Castle”: a case study of wiggle matching and the
proper calibration curve. Radiocarbon 37(3):965–8.
Vasiliev SS, Bokovenko NA, Chugunov KA, Dergachev
VA, Sementsov AA, Sljusarenko JU, Zaitseva GI.
2001. Tree ring, “wiggle-matching” and statistics in
the chronological studies of Scythian Age sites in
Asia. Geochronometria 20:61–8.
Warren P. 1984. Absolute dating of the Bronze Age eruption of Thera (Santorini). Nature 308:492–3.
Warren P. 1987. Absolute dating of the Aegean Late
Bronze Age. Archaeometry 29:205–11.
Warren PM. 1988. The Thera eruption: continuing
discussion of the dating. III—Further arguments
against an early date. Archaeometry 30(1):176–9.
Warren P. 1996. The Aegean and the limits of radiocarbon dating. Acta Archaeologica 67:283–90.
Wille M, Hooghiemstra H, van Geel B, Behling H, de
Jong A, van der Borg K. 2003. Submillennium-scale
migrations of the rainforest savanna boundary in
Colombia: 14C wiggle-matching and pollen analysis
of core Las Margaritas. Palaeogeography,
Palaeoclimatology, Palaeoecology 193:201–23.

