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ABSTRACT. Prehistoric tell stratigraphies, like deep-sea sediments or peat deposits, store information about past atmo- 
spheric 14C variations. By matching the 14C ages on charcoal samples from settlement deposits with the tree-ring calibration 
curve, estimates for the time span covered by successive stratigraphic phases can be derived. This method is applied to 14C 
data from the tell mounds at Troy, Turkey and Ezero, Bulgaria. I compare the derived chronologies with the results of pottery 
shape seriation using correspondence analysis. 

INTRODUCTION 

A continuing problem in archaeology is analyzing and interpreting the increasingly large 14C data 
sets. A first solution to this problem was to use the histogram method (Geyh 1969), enabling large 
sets of grouped data to be analyzed graphically. Over the years, a variety of statistical and archaeo- 
logical procedures appropriate to histogram analysis of archaeological i4C data have been devel- 
oped (Jaguttis-Emden 1977; Pape 1979; Geyh 1980; Geyh and Maret 1982; Breunig 1987). In con- 
tinuing this line of research, a method to calibrate i4C histograms was developed, allowing the data 
to be presented on a time scale more convenient to archaeologists (Weninger 1986; Robinson 1986). 
Parallel to these methods, further proposals have been made for graphic display of calibrated 14C 
data (Ottaway 1973; Pazdur and Michczynska 1989; Aitchison, Ottaway and Al Ruzaiza 1991; van 
der Plicht 1993). 

The present state of affairs is that a variety of calibration methods exist, many of which now make 
use of the additional information on sample stratigraphy as supplied by archaeologists (Buck, Litton 
and Smith 1992; Buck, Litton and Scott 1994). The problem remains that 14C histograms, and the 
derived calibrated distributions, are distorted by "wiggles" (Suess 1970) in the tree-ring calibration 
curve. The unrealistic width of calibrated probability distributions, and the mathematical difficulties 
encountered in correction procedures (Stolk, Hogervorst and Berendsen 1989; Weninger 1990, 
1992a; Dehling and van der Plicht 1993), encourage wiggle-matching techniques, which promise 
more accurate results for sequenced archaeological data (Weninger 1986, 1987, 1992b; Manning 
1995; Manning and Weninger 1992). 

Wiggle Matching 

First applied by Ferguson, Huber and Suess (1966), "wiggle matching" represents one of the most 
powerful statistical tools available for analysis of sequenced 14C data. Perhaps its most important 
application is the precise calendrical dating of known-growth-period samples with limited time 
spans, e.g., trees with 40 to 200 rings, supporting construction of tree-ring chronologies. Combining 
large sets of tree-ring and 14C data, wiggle matching can also be used to accurately measure labora- 
tory modern standards (Stuiver and Pearson 1986; Pearson and Stuiver 1986). Pearson (1986) 
described wiggle matching in mathematical detail. 

In this paper, I apply wiggle matching to 14C data on samples from archaeological deposits. In contrast 
to tree-ring samples with well-defined growth periods, the problem here is to derive age estimates for 
deposits known (or judged) to have non-linear accumulation rates, including the possibility of time 
gaps. Examples are the time span represented by consecutive building phases in a tell settlement, the 
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time sequence of burials in a prehistoric cemetery or a sequence of cultural subphases derived from 

ceramic analysis. These examples share a duration in the range of 100 to 300 yr, similar to the range 

of the century-type Suess wiggles. Archaeological profiles often show quasi-annual deposits (e.g., 

clay floors), or even daily lamination (e.g., rain-washed fill of a fortification trench). However, in 

such cases, the range of 1 to 10 yr seems too short for wiggle matching. 

In comparable applications, where the sample growth function is initially unknown but can be 

assumed (or demonstrated) to be linear (e.g., peat layers), wiggle matching has also been adapted to 

derive estimates for the calibrated time intervals represented in a profile (van Geel and Mook 1989). 

The method varies (expands and compresses) the length of the sample sequence, until a "best" fit of 

the data and the calibration curve is achieved. In the case of peat deposits, knowledge of the linearity 

of annual growth can be used to smooth the calibration curve according to the number of years in the 

samples (Mook 1983). 

The time resolution achieved by wiggle matching, as applied to different types of 14C data, depends 

on a variety of parameters, of which the most important are the number of dates available, their stan- 

dard deviations, the time span covered by the samples, the shape of the calibration curve and the lin- 

earity of the deposit. In general, the advantage of wiggle matching is to enhance the dating accuracy 

for all samples in a series, using the available archaeological, botanical or geophysical information. 

Wiggle matching in archaeology can be very difficult, especially when the 14C ages of a sample 

series cover several wiggles of the tree-ring calibration curve. When the calibration curve is more- 

or-less flat, the 14C method is essentially "blind" to time differences of 50-300 yr. This is the starting 

point for combining wiggle matching with refined, archaeological methods of stratigraphic analysis. 

Tell Stratigraphies 

Prehistoric tell mounds of the Neolithic, Bronze and Iron Ages are abundant in southeastern Europe, 

Anatolia and the Near East. A typical tell mound, at least 5 m deep, contains the remains of large 

numbers of superimposed houses, fortification walls, gates, storage pits and other secondary struc- 

tures. Typical building materials are stone, mudbrick and wood. The samples submitted to laborato- 

ries are mainly charred wood, carbonized cereals and, less frequently, animal bone. 

In a tell settlement, it is natural for deposits to show secondary disturbances. Consider the construc- 

tion of a typical fortification system. It consists of a massive stone wall topped by a heavy mud-brick 

superstructure. To support the weight of such a structure, a deep (1-2 m) foundation wall is neces- 

sary. When digging the foundation trench, workers bring up large amounts of old material and 

spread this material over the working surface. Having set the stone foundation, the workers backfill 

the trench, again displacing large amounts of material. 

When the upper walls eventually decay, the building materials and associated artifacts are redepos- 

ited. The result of such processes can be thorough displacement and mixing of the archaeological 

objects, even for minor structures (e.g., storage pits). Thus, although seemingly "well-stratified", 

many tell deposits contain objects of different ages. This complicates the application of archaeolog- 

ical dating methods, notably when applied to the pottery finds most often used in chronological 

studies. Unfortunately, little is yet known about the sedimentary processes underlying the cone- 
sponding 14C samples. 

For typical disturbed deposits, the advantage of combining larger 14C data sets with statistical 

ceramic dating methods appears to be twofold. First, when ceramic comparisons are based on large 

quantities of sherds, checking the ceramic dates against the stratigraphy is possible. Second, statis- 
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tical ceramic dating methods allow for the estimation of uncertainty limits. Thus, the ceramic data 
can be used not only for chronological purposes, but also to study the complex sedimentological and 
historic processes affecting archaeological deposits (Easton and Weninger 1993). 

Ceramic Seriation 

I analyze here two series of 14C ages on charcoal from the Early Bronze (EB) Age sites of Ezero 
(Bulgaria) and Troy (northwest Anatolia), first, in relation to the building phases, and second, in 
comparison with the results of pottery shape seriation using correspondence analysis (CA) (Benze- 
cri 1980a,b; Bolviken et al. 1982; Ihm and Groenewould 1984). The basic assumption underlying 
archaeological seriation methods such as CA is that, in the course of time, new artifacts will gradu- 
ally replace the older types. If the artifacts, having been discarded, are deposited quickly (e.g., in 
pits, floor levels, destruction layers or burials), then the deposits will contain artifacts in use at the 
same time. Accordingly, the percentage variations of the different ceramic types found in the depos- 
its can be used for dating purposes. With real archaeological data, we must, of course, remain aware 
of possible deviations from this model. 

In reconstructing an unknown ceramic sequence using CA, the first step is to arrange the data in a 
contingency table A = (ate) with n rows (archaeological deposits) and m columns (pottery types). 
Each entry represents the number of finds of type j associated with deposit i. The table is then 
rearranged so that the correlation (or "correspondence") between the rows and columns reaches a 
maximum. The output is a list of coordinates for the deposits and pottery types scaled to the same 
low-dimensional hyperspace. The coordinates, in combination with the original data, can be used to 
plot a "battleship" diagram of the seriation results (Easton and Weninger 1993). 

RESULTS 

Ezero 

The tell mound at Ezero contains 13 consecutive building phases (`Bauhorizonte") of the EB Age. 
The buildings are wood-mudbrick constructions. Topological analysis of the ceramic finds (fabrics, 
pot shapes, handles) indicates an uninterrupted cultural development through phases 13 (old) to 2 
(young). The pottery from the younger phases is similar, mainly in handle shapes, to the ceramics 
from Troy I (Georgiev et al. 1979). The Berlin laboratory measured 2714C dates on carbonized 
wood and grain samples from all phases 13-4, with the exception of phases 12 and 5 (Table 1). 

Figure 1 shows the calibrated 14C distribution of the data. The distribution has three peaks, corre- 
sponding to the changing shape of the calibration curve between 3400 and 2500 cal BC. A danger 
exists that the shape of the cal date distribution is erroneously interpreted as representing three con- 
secutive archaeological subperiods, each lasting ca. 300 cal yr. The overall time span of ca. 900 yr 
does not agree with the length of time we can reasonably assume for the stratigraphy on archaeolog- 
ical grounds. For simple mudbrick houses of the type found at Ezero, we can hardly expect a lifetime 
of >50 yr, long before which the houses would deteriorate by rain-washing. The 13 consecutive 
building phases at Ezero should, by this reasoning, represent, at the most, 650 yr. On the other hand, 
a lifetime <10 yr also seems unlikely, due to the work invested and housing necessities. The total 
time span covered by building phases 13-1 can rather be expected to lie between 130 and 650 yr, 
assuming these limits of minimum 10 yr and maximum 50 yr per phase. 

To help identify the actual time span of the settlement, the wiggle-matching technique was applied 
to the 14C data. For each phase length, 10-SO yr, the "best" preliminary fit of the 14C sequence to the 
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TABLE 1. Ezero 14C Dates Arranged in Stratigraphic Order. After Quitta 

and Kohl (1969) and Bojadziev 1992) 

Lab no 14C age Building Phase average 

(Bin-) (BP ± 1 Q) phase (BP ± 1 a) Material 

429 4130 ± 100 4 
428 4260 ± 80 4 
427 4365 ± 80 4 49 

421 4335 ± 80 6 
422 4310 ± 80 6 57 

423 4440 ± 80 7 
424 4575 ± 80 7 
522 4455 ± 100 7 
526 4135 ± 100 7 
523 4410 ± 100 7 

524 4460 ± 100 7 

525 4280 ± 100 7 35 

527 4390 ± 80 8 

528 4445 ± 100 8 
529 4375 ± 100 8 53 
724 4365 ± 150 9 

722 4285 ± 100 9 
1103 4280 ± 100 9 64 
725 4120 ± 100 10 
726 4285 ± 100 10 
727 4215 ± 100 10 58 
902 4360 ± 100 11 100 

1786 4450 ± 80 13 

1843 4430 ± 50 13 

1841 4420 ±50 13 

1837 4415 ± 40 13 

1838 4305 ± 60 13 23 

calibration curve was derived, in steps of 5 yr, using the root-mean square (rms) deviations of the 
14C ages and the calibration data. Figure 2 shows the results for an average phase length of 25 cal yr, 

which was judged to be the overall "best" result, by archaeological reasoning. 

These results are based on combined phase averages of the 14C data. I acknowledge that the data set, 

which includes potentially long- and short-lived samples, does not strictly match the criteria of Ward 

and Wilson (1978). Using the combined phase averages, however, the wiggle-matching results are 

easier to evaluate graphically. The same results are achieved by wiggle matching the raw data. 

Although the results appear satisfactory, there may exist additional sources of error not yet covered 

in the analysis. Probably the most important caveat against the 25-yr/phase hypothesis is that, 

because the calibration curve is essentially flat between 3200 and 3000 cal BC, breaks in the strati- 

graphic sequence of 30-100 yr would remain undetected by the 14C dates. A related problem is that 

little information can be derived from the 14C data about re-used wood samples or inner tree rings. 

Thus, it appeared to be of paramount importance to obtain an independent check on the results. This 

was considered possible using the published ceramic data, as follows. 

Figure 3 shows the results of seriating the ceramic data (Georgiev et at. 1979) by the CA method. 

The seriation nicely reconstructs the artifact stratigraphy, with the exception of an incorrect position 
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2-D DISPERSION CALIBRATION 

EZERO, N-27 DATES 

3800 
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Fig. 1. Calibrated probability distribution for 27 dates (Table 3) of the tell mound at Ezero. The 
ticks on the 14C scale show the spread of measured 14C ages. This ticks in the cal scale represent the 
corresponding cal median values, calculated by fitting Gaussian curves to the (partly multimodal) 
cal distributions of the individual dates. Decadal tree-ring calibration data set UWTEN93.14C 
(Stuiver and Reimer 1993). 
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Fig. 2. Archaeological wiggle matching of 14C data on charcoal from building phases 13-4 at Ezero. Aver- 
age phase length 25 yr. Decadal tree-ring calibration data set UWTEN93.14C (Stuiver and Reimer 1993). 
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for the ceramics from phase 9. The ceramics separate into three clusters indicating the existence of 
a phase-group (or "subperiod") with older ceramic types (phases 13-8), a transitional subperiod 

(phases 7-6) and a younger subperiod (phases 5-2). The strongest change in the ceramic spectrum 

occurs in the transition from phase 6 to phase 5. Based on a detailed analysis of the individual 

ceramic finds, the excavators differentiate subperiods Ezero-A (older phases 13-11) and Ezero-B 

(younger phases 6-2), with an intermediate subperiod of phases 8-7. Acknowledging the difficulties 

of stratigraphic analysis, the results of the ceramic analysis (Georgiev et al. 1979) and the statistical 
procedures presented here seem quite concordant. 
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Fig. 3. Results from CA of ceramic data (Georgiev et al. 1979) from the EB phases 13-2 at Ezero. 

r 

The seriation results allow us to readdress the questions: 1) whether the phase lengths can be 
assumed equal; and 2) whether the settlement was continuous. Assuming a one-to-one relation 
between the ceramic "time" scale (factor 1) and calendric time, there are no indications of non-lin- 
earities and gaps larger than ca. 60 yr for phases 13-6 and 5-2. It is difficult to rule out this possi- 
bility in the transition from phase 6-5. 

A further check on settlement continuity was to wiggle-match the 14C ages using the seriation 
results. The archaeological wiggle-matching application, in this case, is to project the CA coordi- 
nates of the phases onto the first eigenvector (factor 1 in Fig. 3) and resequence the 14C ages accord- 
ingly. This approach changes the position of phase 9 samples and corresponding 14C ages, at the 
same time introducing phases of unequal length. The phase lengths are thus linearly related to the 
differences in factor 1 phase coordinates. 

Figure 4 shows the "best" results achieved by ceramic seriation of the 14C data for an overall time 
span of 270 yr, which is equivalent to an average building phase length of 25 yr. Although the chro- 
nologies obtained by architectural and ceramic seriation are quite similar for phases 13-6, it is inter- 
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esting to observe that, for phases 5-2, the ceramic seriation leads to cal ages that are 50-150 yr 
younger (cf. Figs. 2 and 4). This may imply a slowing down of the changes in pottery shapes in 
phases 5-2, in relation to earlier phases, or a lengthening of building phases 5-2, or both. 
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Fig. 4. Archaeological wiggle matching of 14C data on charcoal from building phases 13-5 at Ezero, based 
on ceramic seriation. Assumed time span 270 yr. Average phase length 25 yr. Error bars ± 1 a. Decadal tree- 
ring calibration data set UWTEN93.14C (Stuiver and Reimer 1993). 

Tlroy 

The 16-m-deep stratigraphy of Troy covers ca. 4 ka of human settlement, from the EB Age to the 
Byzantine period. In brief, the Hisarlik mound shows a sequence of fortified settlements, which were 
successively enlarged during the course of time. During the EB period (Troy I), nine consecutive 
building phases, Ia-Ii (old-young), were identified, each defined by houses with stone foundations 
and mudbrick superstructures. The ceramics are handmade. During Troy II, the fortifications were 
repeatedly enlarged. Most remarkable are the central megaron-type buildings, built in Troy IIc and 
destroyed by fire in Troy hg (the well-known "burnt city" of H. Schliemann). 

The ceramics of Troy II and following phases are largely wheel-made. The wheel was first intro- 
duced in Troy IIc. The following settlements of Troy III-V are less well known, due to large-scale 
leveling operations during the Hellenistic and Roman periods which destroyed large parts of the 
upper stratigraphy. The Middle Bronze (MB) Age is covered by Troy VI, the later phases of which 
show increasingly strong connections to the Myceneaen world. Characteristic for Troy VI are differ- 
ent varieties of the highly polished "Gray-Minyan" fabrics, which are extremely difficult to classify. 
Troy VI ends with large-scale destruction(s), which are often judged as giving Homeric writing a his- 
toric background. During Troy VII, a new wave of people, bringing in handmade pottery ("Buckelk- 
eramik"), settled at Troy. 
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The general impression of Troy is that a large number of local "floating" architectural and ceramic 

stratigraphies exist, which should be synchronized as accurately as possible. The present studies 

concentrate on the 14C dates and stratigraphy of the Troy I period. The dates, measured by the 

Heidelberg laboratory (Korfmann and Kromer 1993) are arranged in stratigraphic order in Table 2. 

TABLE 2. Troy I Radiocarbon Dates Arranged in Stratigraphic Order. After 

Korfmann and Kromer (1993) 

Lab no. 14C age AWM 

(Hd-) (BP ± 1 Q) Phase 

13813 3953 ± 49 Ii 0 
13633 4228 ± 45 Ii (outlier) 
13862 3986 ± 38 Ig-h 
13643 4629 ± 47 Ig-h (outlier) 
13812 4022 ± 31 Ig-h 
13850 4050 ± 50 Ig 
13644 4673 ± 59 If (outlier) 
13627 4740 ± 49 If (outlier) 
13801 4038 ± 59 If 
13848 4026 ± 40 If 
13295 4463 ± 43 If (outlier) 
13291 4620 ± 170 If (outlier) 
13384 4110 ±44 Ie-f 
13851 4060 ± 50 Ie 
13852 4208 ± 68 Ie 
13929 4185 ± 31 Ic-d 
13618 4108 ± 38 Ic-d 
13619 4288 ± 37 Ic-d 
13751 4182 ± 32 Ic-d 
13931 3786 ± 55 Ic-d (outlier) 
11906 4168 ± 52 Ib-c 
12117 5291 ± 97 Ib (outlier) 
12059 4156 ± 59 Ia-b 
11935 4316 ± 34 Ia-b 
12060 4289 ± 65 Ia 
12061 4177 ± 41 Ia 
11944 4238 ±37 Ia 
11917 4299 ±42 Ia 
11945 4315 ± 84 Ia 
12058 4215 ± 84 Ia 
12046 2920 ± 86 Ia 

Figure 5 shows the "best" wiggle-matching result achieved after identifying nine outliers (Table 2), 

for an assumed average length of 50 yr for phases Troy Ia-Ii. The 14C sequence follows the shape of 

the calibration curve. Tests with shorter and longer phases showed poorer fitting 14C ages. Length- 

ening the overall sequence has the strongest displacement effect on the oldest and youngest phases. 

This is understandable because the rms technique in effect identifies a central value for the 14C 

sequence. The statistical weight of the 14C ages above the calibration curve is balanced by the num- 

ber below. Although the 14C ages match the calibration curve, one cannot assume an equal length of 
time for each of the architectural phases, Troy Ia-Ii. Troy Ia is represented by the remains of an 
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apsidal stone foundation, the duration of which could easily be > or <50 yr. This foundation is cov- 
ered by a large rectangular stone building with a different orientation. The existence of a gap 
between phases Ia and Ib is thus in no way ruled out, and could amount to any number of decades. 
Such caveats against the hypothesis of an average phase length of 50 yr also apply to the architecture 
of the following phases. 

3000 2800 2600 2400 
oalBC 

2200 

Fig. 5. Archaeological wiggle matching of 14C data on charcoal samples from EB Troy 
phases Ia-Ii, assuming an average phase length of 50 yr. Error bars ± 1 a. Decadal tree- 
ring calibration data set UWTEN93.14C (Stuiver and Reimer 1993). 

To check the hypothesis of settlement continuity during Troy Ia-Ii, we again resort to the ceramic 
data. Using the pottery shape classification system and data of Blegen et al. (1950,1951) for quan- 
titative seriation, it was necessary to derive a scheme of quantifying the pot shape frequencies. A 
minimum number of 14,917 potsherds were reconstructed. 

Figure 6 shows the ceramic seriation as a correlation diagram. The CA coordinates for phases Troy 
Ia-c are quite similar, as expected for the Troy I (Early) ceramic subperiod. Due to the cluster, the 
length of these initial phases cannot be established by means of the ceramics, at least using the Ble- 
gen et al. (1950,1951) pottery shape classification system. Thus, as for settlement continuity during 
Troy Ia-c, ceramic seriation offers no additional information for estimating the phase lengths. How- 
ever, due to the shape of the calibration curve, the age of Troy Ia can be narrowed down to ca. 2920 
cal BC, simply on the basis of the 14C dates. In comparison, the seriation restricts the possible non- 
linearity of the Troy Id -j interval. The Blegen classification system gives a dating accuracy of ca. ± 
1 building phase (±50 yr) for this interval. 
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Fig. 6. Results from CA of ceramic data (Blegen 1950, 1951) for EB Troy I-V. Factor 1 represents the ceramic time 

scale for Troy I-II. Factor 2 represents the ceramic time scale for Troy III-V. 

Figure 7 shows the corresponding battleship diagram for most frequent pot shapes. This graph rep- 

resents 12,202 of the total 14,917 sherds (i.e., 82% of the ceramic data). For the battleship diagram, 

the precision with which the CA method can reconstruct the stratigraphic sequence of architectural 

phases was optimized by rotating the coordinate system 45° (Fig. 6). 

The seriation results are mostly consistent with the stratigraphic observations of Blegen et al. (1950, 

1951) and will be discussed in detail elsewhere. Figure 7 demonstrates the amount of reworking of 
ceramic finds that is encountered in the 20-m tell stratigraphy at Troy. A strong upward movement 

of the ceramics to higher stratigraphic levels is evident (e.g., for typical Troy I vessel shapes A7, 

D24, A6, A12 occurring in Troy II-V deposits), in contrast to much fewer downward moving sherds 

(e.g., Troy II shape A2; Troy IV/V shapes C22, A33, A20). 
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Fig. 7. Battleship diagram of the EB ceramics Troy I-V. Ceramic time runs from bottom left to top right. The diagram 
shows the percentage variations of pot shapes (A7,..420) in time. 

CONCLUSION 

Figure 8 summarizes the results of wiggle matching 14C data from Ezero and Troy. Both the 14C data 
and the ceramic data are consistent with the hypothesis that the EB settlement sequence at Ezero is 
continuous, each architectural phase representing ca. 25 yr. Wiggle matching of the 14C data by 
building phase shows that Ezero phases 13-2 date between ca. 3100 and 2800 cal BC. Wiggle match- 
ing supported by ceramic seriation reinforces these results, although phases 5-2 could be 50-150 yr 
younger. The wide calibration readings 3400-3100 cal BC and 2800-2500 cal BC initially obtained 
by 2-D dispersion calibration (Fig. 1) seem improbable on archaeological grounds. 

Altogether, the 14C dates from Troy are consistent with the hypothesis that the building phases of 
Troy I have an average length of 50 yr. With the presently available 14C data, derived in toto from 
potentially multi-annual wood-charcoal samples, the accuracy achievable for the Troy I phases is 
limited to ca. ± 50 yr on the calibration scale. 

The Troy I chronology presented in Figure 8 can be tested as follows: additional high-precision 14C 

measurements by the Heidelberg laboratory on charred wood with 226 tree rings give a tree-ring 
wiggle-matched cutting date of 2699 ± 15 cal BC for Troy Ib/Ic ± 1 phase (Korfmann and Kromer 
1993). This date series was purposely not included in the present analysis. It was used to evaluate the 
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accuracy of the methods applied above. The results (cf. Korfmann and Kromer 1993, Fig. 23 with 

Fig. 8 above) differ by a minimum of 20 yr (phase i) and a maximum of 100 yr (phases b/c). These 

differences can be explained assuming an "old wood" effect for many of the charcoal samples. To 

lower the dating errors encountered for flat regions of the cal curve, in future research, it may be 

possible to optimize the biological and taphonomic properties of the archaeological samples submit- 

ted for 14C dating. Most useful would be to combine 14C data on carefully chosen bone samples with 

the results of ceramic seriation for the same excavation units. 
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