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ABSTRACT. The debate over the dating of the Santorini (Thera) volcanic eruption has seen sustained efforts to criticize or
challenge the radiocarbon dating of this time horizon. We consider some of the relevant areas of possible movement in the 14C
dating—and, in particular, any plausible mechanisms to support as late (most recent) a date as possible. First, we report and
analyze data investigating the scale of apparent possible 4C offsets (growing season related) in the Aegean-Anatolia-east
Mediterranean region (excluding the southern Levant and especially pre-modern, pre-dam Egypt, which is a distinct case),
and find no evidence for more than very small possible offsets from several cases. This topic is thus not an explanation for cur-
rent differences in dating in the Aegean and at best provides only a few years of latitude. Second, we consider some aspects
of the accuracy and precision of '“C dating with respect to the Santorini case. While the existing data appear robust, we none-
theless speculate that examination of the frequency distribution of the '“C data on short-lived samples from the volcanic
destruction level at Akrotiri on Santorini (Thera) may indicate that the average value of the overall data sets is not necessarily
the most appropriate “C age to use for dating this time horizon. We note the recent paper of Soter (2011), which suggests that
in such a volcanic context some (small) age increment may be possible from diffuse CO, emissions (the effect is hypothetical
at this stage and has not been observed in the field), and that “if short-lived samples from the same stratigraphic horizon yield
a wide range of '4C ages, the lower values may be the least altered by old CO,.” In this context, it might be argued that a sub-
stantive “low” grouping of 14C ages observable within the overall '4C data sets on short-lived samples from the Thera volcanic
destruction level centered about 3326-3328 BP is perhaps more representative of the contemporary atmospheric “C age
(without any volcanic CO, contamination). This is a subjective argument (since, in statistical terms, the existing studies using
the weighted average remain valid) that looks to support as late a date as reasonable from the '“C data. The impact of employ-
ing this revised 'C age is discussed. In general, a late 17th century BC date range is found (to remain) to be most likely even
if such a late-dating strategy is followed—a late 17th century BC date range is thus a robust finding from the !4C evidence
even allowing for various possible variation factors. However, the possibility of a mid-16th century BC date (within ~1593—
1530 cal BC) is increased when compared against previous analyses if the Santorini data are considered in isolation.

INTRODUCTION

For several decades, there has been a vigorous debate concerning a “low” versus “high” date for the
Santorini (Thera) volcanic eruption in the Aegean in the mid-2nd millennium BC (e.g. Hardy and
Renfrew 1990; Warburton 2009; Manning 2010). One group of scholars seeks to maintain a tradi-
tional, pre-radiocarbon, “low” date range—based on an assessment of the archaeological and art-
historical associations between the Aegean, east Mediterranean, and Egypt—somewhere about
1530-1500 BC or even a little later (e.g. Warren 1984, 1985, 1987, 2009, 2010; Warren and Hankey
1989; Bietak 2003; Wiener 2006, 2009a,b, 2010; Bietak and H6flmayer 2007; MacGillivray 2009).
Whereas, another group of scholars observes that the !“C data associated with the Santorini eruption
indicate an earlier or “high” date for the eruption in the later 17th century BC, and argue that the
archaeological and other evidence can also be so reinterpreted (e.g. Betancourt 1987; Manning
1988, 1999, 2007, 2009; Bronk Ramsey et al. 2004; Friedrich et al. 2006; Manning et al. 2006;
Heinemeier et al. 2009; Manning and Bronk Ramsey 2009; Manning and Kromer 2011a). In the last
decade, this debate has seen sustained efforts to question the 4C dating related to the Santorini erup-
tion by some critics of the “high” chronology and/or advocates of the “low” chronology, with sug-

© 2012 by the Arizona Board of Regents on behalf of the University of Arizona
Proceedings of the 6th International Radiocarbon and Archaeology Symposium, edited by E Boaretto and N R Rebollo Franco
RADIOCARBON, Vol 54, Nr 3—-4, 2012, p 449-474

449

https://doi.org/10.1017/50033822200047202 Published online by Cambridge University Press


mailto:sm456@cornell.edu
https://doi.org/10.1017/S0033822200047202

450 S W Manning & B Kromer

gestions that one or more factors somehow affected or biased the C dates obtained for this time
horizon from the Aegean region or even from the entire east Mediterranean (e.g. Keenan 2002;
Bietak 2003; Bietak and Hoflmayer 2007; Wiener 2003, 2009a,b, 2010).

Claims for large and systematic errors or offsets for 14C dates relevant to the 3rd, 2nd, or 1st millen-
nia BC east Mediterranean are untenable or incorrectly based (e.g. Manning et al. 2002, 2010; Dee
etal. 2009; Manning and Kromer 2011b), and recent work has instead demonstrated a very good cor-
relation between sophisticated !“C dating and standard historical Egyptian chronology through the
2nd millennium BC (Bronk Ramsey et al. 2010; Manning et al. 2012). This does not mean that 2nd
millennium BC Egyptian chronology is entirely resolved—indeed there remain several areas for
minor debate (e.g. Huber 2011)—but use of the accepted regnal order for the Middle and New King-
doms, and consideration of 2 mainstream estimates of reign lengths covering a standard higher
option and a lower option, integrated with a large 1C database and a sophisticated analytical frame-
work, leads to a coherent model (data versus known history of atmospheric '“C levels), and so a
timeframe requiring an Egyptian chronology more or less in the range of the standard historically
based estimates (Bronk Ramsey et al. 2010).!

With regard to 1“C offsets, the important discovery in the course of the Oxford Project on Radiocar-
bon Dating and the Egyptian Historical Chronology is the evidence for an apparent and small ~19
5 14C yr offset relevant to pre-modern, pre-Aswan dam samples growing in Egypt (Dee et al. 2010).
This offset, related to the pre-dam hydrological cycle in Egypt that placed the Nile Valley growing
season almost at the opposite to the standard Northern Hemisphere spring-summer growing period,
offers more or less a maximum possible growing-season-related offset for the mid to lower (non-
tropics) latitudes of the Northern Hemisphere. It logically does not apply elsewhere in the east Med-
iterranean (excluding the southern Levant, where there is more of an offset in growing seasons, and
so there may be more of a 1“C offset; this is a topic that needs a separate investigation: project in
progress), where the typical main growing season is spring to summer and at most only slightly off-
set from the standard mid-latitude Northern Hemisphere growing season as represented by the trees
used for constructing the Northern Hemisphere 14C calibration curve (Reimer et al. 2009). Extend-
ing previous work (Manning et al. 2010), we investigate in this paper data from tree rings relevant
to the likely scale of a possible growing-season-related offset for other areas of the Aegean and east
Mediterranean for spring to summer growth to investigate the existence and scale of any apparent
offsets, and then consider the possible relevance of such offsets to the Santorini case.

"Huber (2011:211) accepts that the Bronk Ramsey et al. (2010) study rules out some revisionist low chronologies and
questions other extreme views, and he refers to the Bronk Ramsey date ranges in various places, but generally Huber
expresses some caution since he sees greater flexibility in some reign lengths than he believes allowed for, and incorrectly
states (p 209) that “they [Bronk Ramsey et al.] do not provide details about the sophisticated program used by them to analyze
the radiocarbon data.” This reflects Huber’s lack of knowledge regarding this topic: the OxCal software and the Bayesian
approach employed has of course been the subject of extensive publications including a number in Radiocarbor and Huber
(or anyone else) can run the Egyptian models of Bronk Ramsey et al. (2010) and try slightly different reign length adjustments
according to taste given both the full OxCal runfile code provided in the Supporting Online Material of Bronk Ramsey et al.
(http://www.sciencemag.org/content/suppl/2010/06/15/328.5985.1554.DC1/Bronk_Ramsey.SOM.revision.1.pdf) and the
open availability of OxCal at http://c14.arch.ox.ac.uk/ (where development history and extensive bibliography are also
available). In particular, Bronk Ramsey et al. (2010) in the Supporting Online Material show that their findings are fairly
robust, even if reign length uncertainties are increased by a factor of 2, or if the alternative reign lengths of Hornung et al.
(2006) are employed, or if the default prior outlier probability (and so uncertainty allowed for) is increased: Figures S2, S3,
and S4. Most of the likely variations in mainstream scholarly opinion thus lie within the range of one or other of the models
Bronk Ramsey et al. (2010) present, and so are approximately allowed for.
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For the specific case of the dating of the Santorini eruption (and associated contexts), there have
been claims that the 1“C data somehow are not representative of the contemporary (mid-latitude
Northern Hemisphere) real 14C age. We review the published data and find it is generally robust (see
also Manning and Kromer 2011a). However, we note the recent paper by Soter (2011), which “sug-
gests that plants growing in tectonically active areas can assimilate old carbon from the diffuse
emission of old CO,, either by root uptake in the soil or by photosynthesis in the canopy. Such
assimilation may be sufficient to produce detectable “C age increments, but it remains to demon-
strate whether it actually occurs in the field” (p 66). The Santorini case is clearly implied as a pos-
sible instance. The important difference in Soter’s discussion of the topic, compared to the previous
literature, is that he offers a case for the existence of relatively minor age increments. Previous dis-
cussions concerned the typically large and time-varying offsets observed when plant matter grows
close to a source of volcanic CO,. Most workers had concluded that such gross and typically highly
variable effects did not appear evident in the majority of the Santorini *C samples relevant to the
time of the eruption (i.e. in data obtained on short-lived plant matter from the final volcanic destruc-
tion level), since the majority of the data offered relatively similar ages (Friedrich et al. 1990; Hei-
nemeier et al. 2009:288; Manning et al. 2009:300-4).

However, Soter’s suggestion of mechanisms allowing for the possibility of the relevance of a much
smaller age increment is a key issue, and returns us very much to the debate at the Third Thera Con-
ference of 1989 between the groups from Simon Fraser University and Oxford University over a
claimed, or supposed, relatively minor older age contaminant fraction—or not—in short-lived sam-
ples from the volcanic destruction level at Akrotiri, Thera (Housley et al. 1990; Nelson et al. 1990;
Manning 1999:232-47).

In areas potentially affected by a diffuse flux of volcanic CO,, Soter concludes by suggesting that “if
short-lived samples from the same stratigraphic horizon yield a wide range of '*C ages, the lower
values may be the least altered by old CO,” (p 66). In light of Soter’s paper, we re-examine the avail-
able 1%C data on short-lived samples from the volcanic destruction level on Thera. While noting
Soter’s caveat that it “remains to demonstrate whether it [a detectable !4C age increment] actually
occurs in the field” (p 66), it is suggested here, by looking at the frequency distributions of the data
sets available, that there may (subjective assessment) in fact be evidence of small 14C age increments
affecting some data, and that there is a potentially important substantive set (or clump) of “lower
values” that may perhaps be argued to offer a better '4C age estimate for the volcanic destruction
level on Thera—in contrast to the overall set average value (if one wishes to make this subjective
argument—i.e. we pursue an even if approach). The impact of employing both this potentially more
relevant revised '4C age estimate, and the likely possible growing-season-related offset factor, are
considered in terms of setting the very latest plausible date for the Santorini eruption and the asso-
ciated archaeological horizon on the basis of 4C dating.

METHODS

To investigate the scale of possible growing-season-related !4C offsets relevant to the Aegean-Ana-
tolian-east Mediterranean region (excluding the southern Levant and Egypt), we consider some '4C
time series obtained from tree rings—either of known age or near-absolutely placed—available from
the east Mediterranean (see some previous analyses reported in Manning et al. 2010). All the data
employed in the analyses considered in this paper were run at the Heidelberg Radiocarbon Labora-
tory (for laboratory details, see Kromer et al. 2010:875). Thus, to begin, we considered the accuracy
of 2 sets of Heidelberg Laboratory measurements on known-age German oak versus the IntCal09
data set (Reimer et al. 2009) to demonstrate the good agreement of the Heidelberg measurements
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against IntCal09. The German oak came from the Hohenheim dendrochronology (Friedrich et al.
2004) with the 1C data employed for the AD period listed in Table 1, and the data for the BC period
taken from Kromer et al. (2010). We then investigated differences between several time series from
east Mediterranean tree-ring samples against the current standard Northern Hemisphere '“C calibra-
tion data set of IntCal09 (Reimer et al. 2009). The AR function in the OxCal software (Bronk Ram-
sey 2009b) was employed for these analyses and to produce the plots illustrated. An offset test of 0 +
20 '*C yr was employed except in one case (see below) and a curve resolution of 1.

Reconsideration of the '4C dating of Santorini is based on existing published data on short-lived sam-
ples relevant to the volcanic destruction level at Akrotiri (Friedrich et al. 2006; Manning et al. 2006;
Manning 2009; Manning and Bronk Ramsey 2009). }4C analysis (modeling) employs OxCal (Bronk
Ramsey 1995, 2008, 2009a,b) and IntCal09 (Reimer et al. 2009). Several sets of '4C data on short-
lived plant material from the Thera volcanic destruction level from the archaeological site of Akrotiri
have been published, with the data fully and readily available (shown in Manning and Kromer 2011a:
Figure 1). Here, we consider a starting overall set (Set 1) of 43 data, comprising the 28 data employed
in the Manning et al. (2006) analysis (see their SOM Table S1) and in addition 12 of the University
of Pennsylvania data listed in Manning (1988: Table 4 comprising P-1697, 1885, 1888, 1889, 1892,
1894, 1895, 2559, 2560, 2561, 2565, 2791) and 3 ETH data from Kutschera and Stadler (2000: Table
2 comprising ETH-3315, 3323, 3324); then the more selected (on appropriateness and quality
grounds) subset of 28 dates (Set 2) employed by Manning et al. (2006); and in particular a smaller
subset of 25 of these dates (Set 3). Frequency plots of distributions of the midpoints of the 4C ages
for the 43 and 25 date sets (1 and 3) are shown in Figures 9-10, the latter divided up by species dated.

RESULTS—RADIOCARBON OFFSETS IN THE AEGEAN AND EAST MEDITERRANEAN
(OTHER THAN THE NILE HYDROLOGIC ZONE AND SOUTHERN LEVANT)

A comparison of Heidelberg Radiocarbon Laboratory measurements on known-age German oak
shows that they compare very closely with the IntCal09 calibration curve in both an AD and BC
period test: Figures 1-3. Of course, this is partly circular as some of these data are incorporated into
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Figure 1 '4C data measured at the Heidelberg Radiocarbon Laboratory on decadal sections of known-age German oak
(GeO) from the Hohenheim dendrochronology (Friedrich et al. 2004) for the period between AD 13141869 (n = 56) plot-
ted against the IntCal09 calibration curve (Reimer et al. 2009), 1o errors shown. GeO data shown are listed in Table 1.
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the calibration data set, but in the AD period there are many more data from other sources and yet
there is a very close comparison, and in the BC period the Heidelberg data again agree well with a
range of data from other laboratories (see also Kromer et al. 2001: Figure 1; Manning and Kromer
2011a: Figures 3—4). Regardless of circularity, the outcome is that we can assert that Heidelberg
Radiocarbon Laboratory measurements compare very closely to the IntCal09 calibration curve. In
turn, we can therefore regard comparisons of Heidelberg Radiocarbon Laboratory measurements on
other data sets against IntCal09 as a good basis (like to like) to assess the reality and extent of any
possible C offsets.

OxCal v4.1.7 Bronk Ramsey (2010), r:1
Test AD GeO offset Delta_R(0,20)
68.2% probability
(68.2%) 0.1-5.2
95.4% probability
(95.4%) -2.8-7.7

Mean 2.50353
2 o15F Sigma 2.52147
c
3 o1k greement 139.2%
s 0.05F
a 3
[ E
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Figure 2 Typical output of a consideration of whether there is a systematic regional offset operating when comparing the
known-age AD period German oak (GeO) data (see Figure 1) measured at Heidelberg Radiocarbon Laboratory against
IntCal09 (Reimer et al. 2009) with curve resolution set at 1 employing the AR function in OxCal with a prior of 0 + 20 yr
(Bronk Ramsey 1995, 2009a,b; Bronk Ramsey et al. 2001). (Note: bibliographic references for IntCal and OxCal are not
repeated in subsequent captions.) The Heidelberg GeO data are for samples centered AD 1316.5 to 1864.5. The analysis finds
a tiny (negligible) 14C offset (AR) of (expressed as the p + ) of 2.5 + 2.5 14C yr. The wiggle-match fit places the known-age
time series very close to its known date. Thus, the first sample is centered at AD 1316.5 versus a modeled fit with u + ¢ of
AD 1318 + 2 and against 68.2% and 95.4% probability ranges of, respectively, AD 1316-1320 and 1315-1320 (note: no
cleaning of the sequence for outliers has been undertaken).

xCal vd.1.7 Bronk Ramsey (2010, 1.1 Figure 3 Typical output of a consideration of
Test BC GeO offset Delta_R(0,20) whether there is a systematic regional offset
68.2% probability operating when comparing known-age Ger-

man oak (GeO) data covering 1730-1480 BC

%) -5.5-
(68.2%) -5.5--0.2 measured at the Heidelberg Radiocarbon Lab-

as the p + o) 2.8 + 2.5 '“C yr. The wiggle-
match fit places the known-age time series
extremely close to its known date. Thus, the
first sample is centered at 1735 BC versus a
modeled fit with p+ o of 1736 £ 1 BC and
against 68.2% and 95.4% probability ranges
of, respectively, 1737-1735 and 1739-1733
BC (note: no cleaning of the sequence for out-
liers has been undertaken).

95.4% probability oratory (Kromer et al. 2010) against IntCal09
(95.4%) -7.9-2.3 with curve resolution set at 1 employing the
= AR function in OxCal with a prior of 0 + 20 yr.
g 015 Mean -2.84346 The Heidelberg GeO data are for samples cen-
© o4k Sigma 2.47321 tered 1735 to 1482 BC. The analysis finds a
% Agreement 139.0% tiny (negligible) '“C offset (AR) of (expressed
g 0.05F
[
o
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Table 1 Heidelberg '“C ages for known-age AD period samples of German oak from the Hohenheim
dendrochronology run as part of the East Mediterranean Radiocarbon (Inter-) Comparison Project
(EMRCP) (some illustrated in Kromer et al. 2001; Manning et al. 2006; and data incorporated into
the IntCal database). Tree-ring samples kindly provided by Michael Friedrich.

Center ring Start ring End ring 14C age (yr BP) SD Hd code
1316.5 1314 1319 631 13 23116
1324.5 1320 1329 586 13 23117
1334.5 1330 1339 563 13 23118
1344.5 1340 1349 580 13 23124
1354.5 1350 1359 600 12 23125
1364.5 1360 1369 629 11 23255
1374.5 1370 1379 654 13 23126
1384.5 1380 1389 642 11 23035
1394.5 1390 1399 601 11 23036
1404.5 1400 1409 549 10 23039
1414.5 1410 1419 515 14 23119
1425 1420 1429 510 15 19940
1435 1430 1439 494 13 19950
1445 1440 1449 451 16 19949
1454.5 1450 1459 394 11 19477
1464.5 1460 1469 401 14 19485
1474.5 1470 1479 378 12 19484
1484.5 1480 1489 368 13 19478
1494.5 1490 1499 327 10 19390
1504.5 1500 1509 329 13 19440
1514.5 1510 1519 328 13 19439
1524.5 1520 1529 325 13 19442
1534.5 1530 1539 278 15 19816
1544.5 1540 1549 310 12 19509
1554.5 1550 1559 340 11 19510
1564.5 1560 1569 310 14 19815
1574.5 1570 1579 331 11 19539
1584.5 1580 1589 367 13 19817
1594.5 1590 1599 343 12 19548
1604.5 1600 1609 388 12 19705
1614.5 1610 1619 374 13 19706
1624.5 1620 1629 376 13 19737
1634.5 1630 1639 319 13 19755
1644.5 1640 1649 262 13 19756
1654.5 1650 1659 243 11 23056
1664.5 1660 1669 211 13 23057
1674.5 1670 1679 151 12 23055
1684.5 1680 1689 155 13 23059
1694.5 1690 1699 131 12 23073
1704.5 1700 1709 92 12 23072
1714.5 1710 1719 100 11 23051
1724.5 1720 1729 152 12 23048
1734.5 1730 1739 172 10 23047
1744.5 1740 1749 180 13 23061
1754.5 1750 1759 180 10 23053
1764.5 1760 1769 168 12 23054

https://doi.org/10.1017/50033822200047202 Published online by Cambridge University Press


https://doi.org/10.1017/S0033822200047202

Considerations of the Scale of '*C Offsets in the East Mediterranean 455

Table 1 Heidelberg !4C ages for known-age AD period samples of German oak from the Hohenheim
dendrochronology run as part of the East Mediterranean Radiocarbon (Inter-) Comparison Project
(EMRCP) (some illustrated in Kromer et al. 2001; Manning et al. 2006; and data incorporated into
the IntCal database). Tree-ring samples kindly provided by Michael Friedrich. (Continued)

Center ring Start ring End ring 14C age (yr BP) SD Hd code
1774.5 1770 1779 205 14 23062
1784.5 1780 1789 189 12 22883
1794.5 1790 1799 172 10 22884
1804.5 1800 1809 145 10 22885
1814.5 1810 1819 119 11 22886
1824.5 1820 1829 71 11 22888
1834.5 1830 1839 95 10 22889
1844.5 1840 1849 105 10 22890
1854.5 1850 1859 123 8 22925
1864.5 1860 1869 109 10 22891

Figures 4-8 show several comparisons of Heidelberg Radiocarbon Laboratory measurements on
times series from tree-ring samples from the Aegean-Anatolia-east Mediterranean region. These
form a more or less north to south and west to east transect covering in all in approximate rounded
terms 40° to 34°N and 27° to 34°E and so much of the eastern Aegean, Anatolia, and the east Med-
iterranean (excluding the southern Levant). The first comparison, on known-age pine from north-
western Turkey over a 500-yr period from AD 1300-1800 (Figure 4), shows very little or negligible
apparent offset, with a p + &, of just ~1.2 + 2.3 14C yr. The second comparison, on the older part of
the time series from juniper from Gordion covering 378 yr (tree rings) with 44 1“C data in the mid-
2nd millennium BC, again offers only a very small to negligible apparent offset, with a u + o, of just
~3.6 = 6.2 14C yr: Figure 5. (There is an apparent offset more on the decadal scale when looking at
the more recent part of the Gordion time series—see discussions in Manning et al. 2010—but this
reflects specific issues—especially the major solar minimum in the later 9th to mid-8th centuries
BC, but also some apparent need for revision to IntCal09 in the 14th—13th centuries BC—and so it
is not appropriate for typical periods and situations in the Aegean and east Mediterranean.)

OxCal v4.1.7 Bronk Ramsey (2010); r:1

Test AD TuP offset Delta_R(0,20)
68.2% probability

(68.2%) -1.2-3.7
95.4% probability

z (95.4%) -3.5-5.9
§ 0.15f Mean 1.2043
Zz 01F Sigma 2.28314
| 005p Agreement 140.2%
Q .
e 0F resm—
a =
M A ' SR N . s by | NS
-100 -50 0 50 100

Figure 4 Typical output of a consideration of whether there is a systematic regional offset operating when comparing a time
series of '4C data (n = 52) from a known-age Turkish pine tree-ring chronology from NW Turkey between AD 1300-1800
against IntCal09 with curve resolution set at 1 employing the AR function in OxCal with a prior of 0 + 20 yr. The '“C data
are listed in Manning et al. (2010: Table 7) and shown in Manning et al. (2010: Figure 13 Upper). Only a very small apparent
offset, citing pu + &, of 1.2 £ 2.3 14C yr is found for the overall set (compare with Manning et al. 2010: Figure 13 Lower where
curve resolution 5 was employed).
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OxCal v4.1.7 Bronk Ramsey (2010); r:1

Test Gordion (RY 772 to 1150) Offset Test Delta_R(0,20)
68.2% probability

(68.2%) -6.05724e-13-7.9
95.4% probability

(95.4%) -3.9-12
Mean 3.63368
Sigma 6.15098
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Figure 5 Typical output of a consideration of whether there is a systematic regional offset operating when comparing a time
series of 14C data (n = 44) sequenced at known tree-ring intervals along a dendrochronological time series of 378 rings
(years) from Juniper from Gordion, central Anatolia, from the 2nd millennium BC against IntCal09 with curve resolution
set at 1 employing the AR function in OxCal with a prior of 0 + 20 yr. The '“C data employed are listed in Manning et al.
(2010: Table 4). Only a very small apparent offset, citing u + &, of ~3.6 + 6.2 14C yr is found for the overall set (compare
with Manning et al. 2010: Figure 7 where curve resolution 5 was employed). The outcome from a typical run is shown; a
few runs see slightly larger offsets (to ~5.1 + 9.2 in runs considered for this paper), but in no case is 0 outside the SD range.

The third comparison is for 14C data from a short time series of 7 decades of oak from archaeological
excavations at Miletos, western Turkey. The data fit closely to the shape of the calibration curve:
Figure 6A. The offset is less constrained for such a small set, and whereas the other comparisons
consider an offset test of 0 + 20 4C yr, we show just 0 + 10 yr for the Miletos samples. The apparent
offset is again small to negligible (with the SD outweighing any possible small offset found) with
p = o of ~3.8 £ 8.1 14C yr (if an offset test of 0 + 20 4C yr is employed then this becomes 5.7 + 15.4
14C yr): Figure 6B. The fourth comparison is for 17 4C dates on 12 known-age decadal samples
over 130 calendar yr (AD 1801-1930) from a Pinus brutia chronology from the Stavros tis Psokas
area, western Cyprus. One measurement stands out as an outlier (datum for the interval AD 1861-
1870). With this datum excluded, the apparent offset against IntCal09, citing p + o, is about —1.1 +
3.4 14C yr (and even with the outlier included it remains small at about —5.0 + 3.3 !4C yr): Figure 7.
The fifth and final comparison reported here is from 6 '4C dates on 6 known-age samples over 60
calendar yr (AD 1800-1859) from a Cedrus libani chronology from the Bcharre area, Lebanon,
against IntCal09. The apparent offset reported is again very small to negligible with p + 5, ~0.7 +
6.9 14C yr. The wiggle-match of the data closely fits the calibration curve in 2 possible places (see
Figure 7A) with the correct known-age fit clearly the most likely (60.4% of total probability versus
the alternative at 7.8% probability, taking the most likely 68.2% range in the example shown and
with a 0.1 rounding error—in no runs did the likelihoods go below 57.1% versus 11.1%).
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Figure 6 A. Wiggle-match fit against IntCal09 of the weighted average of 2 4C measurements on each of seven 11-yr
samples from an oak sample from Miletos, western Turkey (Bronk Ramsey et al. 2004; Galimberti et al. 2004; Manning
et al. 2006). Boxes show 68.2% probability ranges. Compare Manning et al. (2010: Figure 11). B. A typical output of a
consideration of whether there is a systematic regional offset operating when comparing the Miletos data set against
IntCal09 (curve resolution 1) using the AR function in OxCal with a prior of 0 + 10 yr. Only a small to negligible offset
is found, p + o of ~3.8 + 8.1 4C yr. If a larger prior range is employed, e.g. 0 20 yr as in the previous examples, then
the possible offset range becomes larger (since this is a very small set of data), —4.4 to 19 at 68.2% probability, but the
W + ¢ remains similar and relatively small to negligible at ~5.7 + 15.4 14C yr. Compare Manning et al. (2010: Figure 12).

RESULTS—SANTORINI DATA SET AND DATA PATTERN

The 28-date set (set 2) of '4C measurements on short-lived sample matter from the Akrotiri volcanic
destruction level (VDL) employed in the Manning et al. (2006) study passes a chi-squared (y?) test
following the Ward and Wilson (1978) approach with a test statistic (7) =31.5 <39.9 at 5% level for
df27. The weighted average 1“C age is 3345 + 8 BP. This implies that there is no statistically signif-
icant indication of a wider scatter of the data than can be randomly expected (and thus any apparent
minor bias in the set is by chance, and yet by chance some such bias has to be present and so can be
ignored). Indeed, although the overall 43 date set (set 1) fails a y? test (this set noticeably has 3 data

https://doi.org/10.1017/50033822200047202 Published online by Cambridge University Press


https://doi.org/10.1017/S0033822200047202

458 S W Manning & B Kromer

300

A B2 intcalos 10
IntCal09 RAW data 1o
250 ® Stavros tis Psokas, W. Cyprus 1o

C Age (years BP)

Calendar Date AD
QxCal v4.1.7 Bronk Ramsey (2010): r:1

Stavros tis Psokas Offset Test (0,20) n=17
2% probabili

(68 2%) -8.4--1.6
95.4% probability

(95.4%) -11.8-1.8
Mean -5.02913
Sigma 3.31941
Agreement 135.3%

@

0.1E
0.05F

Probability density

50 100

-100 -50 0
10): 1.1
Stavros tis Psokas Offset Test (0,20) n=16
68.2% probability
(68.2%) -5.2-1.9
95.4% probability
(95.4%) -8.3-5.2
Mean -1.60858

Sigma 3.42699
01k Agreement 138.9%

N

0.05 F

Probability density

0F ]

hd

-100 -50 0 50 100
Radiocarbon Years

Figure 7 A. 17 14C dates on 12 known-age decadal samples over 130 calendar yr (AD 1801-1930) from a Pinus brutia chro-
nology from the Stavros tis Psokas area, western Cyprus (the 1C data are listed in Table 2), shown against (i) the IntCal09 1o
calibration curve (gray band), and (ii) the individual raw !4C data comprising the IntCal09 data set for this period (data from
Reimer et al. 2009). B. Typical output of a consideration of whether there is a systematic regional offset operating when com-
paring all the Stavros '4C data (n = 17) sequenced at the known tree-ring intervals against IntCal09 with curve resolution set
at 1 employing the AR function in OxCal with a prior of 0 + 20 yr. C. The same as (B), but excluding the 1 major outlier (even
in terms of the raw data in IntCal09)—the datum centered AD 1865.5. The apparent offset with the single outlier removed is
very small, citing p + &, about —1.1 + 3.4 14C yr (and even with the outlier included it remains small at about —5.0 + 3.3 !4C yr).
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Table 2 '“C measurements at the Heidelberg Radiocarbon Laboratory on known-age tree rings of
Pinus brutia from the Stavros tis Psokas area of western Cyprus. Laboratory procedures were as
summarized in Kromer et al. (2010).

Hd code AD start AD end 14C age (yr BP) SD d13¢C
25163 1801 1810 130 12 -23.06
25165 1811 1820 97 12 -23.03
25168 1821 1830 112 13 -23.13
25176 1831 1840 124 13 -23.1
25177 1841 1850 82 13 -23.1
25178 1851 1860 83 12 =23
25222 1861 1870 64 11 -23.08
25223 1871 1880 89 10 -22.93
25246 1881 1890 97 13 -22.4
25231 1881 1890 128 12 -23.41
25659 1881 1890 93 12 -22.77
25232 1891 1900 100 11 -23.61
25368 1891 1900 102 10 -23.15
25369 1901 1910 97 12 -22.96
25233 1901 1910 87 10 -23.73
25245 1911 1920 103 13 -23.35
25375 1921 1930 138 11 -23.19

Table 3 '4C measurements at the Heidelberg Radiocarbon Laboratory on known-age tree rings of
Cedrus libani from the Bcharre area, Lebanon. Laboratory procedures were as summarized in
Kromer et al. (2010).

Hd code AD start AD end 14C age (yr BP) SD d13C

24438 1800 1809 160 10 -22.32
24429 1810 1819 111 14 -22.31
24396 1820 1829 90 14 -22.38
24409 1830 1839 99 12 -22.17
24436 1840 1849 120 10 -22.04
24439 1850 1859 131 10 -22.02

that are much too old and 3 that are much too recent: see Figure 9, and Manning and Kromer 2011a:
Figure 1), even the remaining central 37-date set passes a 2 test with a test statistic (T) = 35.9 < 50.3
at 5% level for df 36. The weighted average '“C age is 3346 + 7 BP. If one compares the data on the
2 main sample materials (Lathyrus sp. and Hordeum sp.) from the Oxford, VERA, and Copenhagen
laboratory sets (25 data = set 3) (and discounting the 3 now old—in terms of when measurements
were made and the laboratory procedures then in place—Heidelberg data on the basis that specific
species data are not provided for 2 samples, just “grain,” and as the 3 data clearly show far too much
scatter (cf. Hubberten et al. 1990:184)—comprising the oldest and most recent data in the set among
their 3 measurements), then we see that we achieve very similar distributions of date estimates: see
Figure 10. The weighted average for the Lathyrus sp. is 3346 + 13 BP (y? test statistic of T =
10.8 < 22.4 at 5% level for df 13), and the weighted average for the Hordeum sp. is 3345 + 10 BP
(x? test statistic of 7= 8.7 < 16.9 at 5% level for df 9)—in other words there is no difference. The
25-date set combined has a weighted average !“C age of 3346 + 8 BP (y? test statistic of T =
19.8 < 36.4 at 5% level for df 24).
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Figure 8 A. Wiggle-match placement of 6 '“C dates on 6 known-age samples over 60 calendar yr (AD 1800-1859)
from a Cedrus libani chronology from the Bcharre area, Lebanon, against the IntCal09 1o calibration curve (gray band).
The '4C data for the Bcharre samples are listed in Table 3. Within the most likely 68.2% probability range (and a small
0.1 rounding error), there are 2 possible wiggle-matches. The most likely one (60.4% of the overall probability) equates
with the known age date; the less likely possible fit is older (7.8% of the overall probability). The boxes show the 2 fits
and the respective 68.2% probability ranges on the 14C and calendar timescales. B. Typical output of a consideration of
whether there is a systematic regional offset operating when comparing the Beharre 14C data (n = 6) sequenced at the
known tree-ring intervals against IntCal09 with curve resolution set at | employing the AR function in OxCal with a
prior of 0 + 20 yr. The apparent offset is very small to zero, citing p + 6, ~0.7 + 6.9 14C yr.

Thus, a priori, there is good reason to use the weighted average 1%C ages of 3345 BP or 3346 BP
reviewed in the previous paragraph as the appropriate and best estimate of the correct 14C age for the
short-lived sample material from the Akrotiri VDL (as, for example, in the Manning et al. 2006
study). There is no evidence for an abnormally wide scatter of data looking either at the better qual-
ity data (e.g. Set 3) or the central 86% of the overall 43-date set (Set 1). Thus, the criterion for rec-
ognizing a possible volcanic increment-affected case suggested by Soter (2011)—*"if short-lived
samples from the same stratigraphic horizon yield a wide range of 1*C ages [our italics]...”—does
not apply in this case. Since the data from the Akrotiri VDL are, in fact, rather coherent, and do not
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Figure 9 Thera volcanic destruction level 14C data (on short-lived samples) Set 1, n =43, frequency
distribution (of central values) by 10 4C yr bins (set as shown in Manning and Kromer 2011a: Fig-
ure 1 no. 3). Data sources given in text (“Methods”). A (subjectively defined) main “low clump” of
dates is indicated by the box labeled “A,” comprising 41.9% of the data.

exhibit a scatter beyond that expected, it could be further argued that for the Soter suggestion of a
possible volcanic-source older age increment to be nonetheless applicable then the effect needs to
apply both to the Hordeum sp. and to Lathyrus sp. and so to different (original crop growing) fields
and at different heights off the ground, which is perhaps unlikely. Since the '#“C ages on a section of
olive wood found buried by the eruption (Friedrich et al. 2006) are also consistent with the dating
offered by the short-lived samples from Akrotiri (see also Manning et al. 2006, 2009, 2010:1588,
Figures 1415, Table 8), then the olive tree in question (found some distance from Akrotiri and its
likely fields) must also have been consistently affected and over a number of years (again seemingly
unlikely, especially a stable effect over several years to decades). Hence, it could be argued that a
consistent effect has to somehow apply to a large area of pre-eruption Santorini, and over some time
period of weeks to months to years to decades, in order to allow the Soter suggestion—and this over-
all scenario is perhaps rather unlikely (and no such case has yet been observed in the field).

However, despite the strength of the case just reviewed, we offer a brief subjective discussion of
whether perhaps some slight (but statistically insignificant) bias might seem to exist and, since this
allows the Santorini data to support about the latest possible date they can, we review whether this
has any substantive impact on the dating of the Santorini VDL—thus, we pursue an even if case to
see where this leads. This argument is based on a visual inspection of the frequency distributions of
the '4C data on short-lived samples from the volcanic destruction level at Akrotiri on Thera (see Fig-
ures 9 and 10), and the suggestion that the data might not be symmetrically distributed about their
respective mean values. Figures 9 and 10 each indicate what we subjectively define as an apparent
“clump” of a good number of tightly grouped data (41.9% and 52% of the data, respectively) that are
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Figure 10 Thera volcanic destruction level '4C data (on short-lived samples) Set 3, n = 25
(this is Set 2 from Manning et al. 2006 with the 3 Heidelberg data excluded: see text), fre-
quency distribution (of central values) by 10 '“C yr bins (set shown as Manning and Kromer
2011a: Figure 1 no. 1 minus the 3 Heidelberg data—data sources cited in text above “Meth-
ods™). The data are further separated by species of plant analyzed. The dotted box marks a
(subjectively defined) “low clump” of data (52% of the total data set shown).

to the more recent side of the overall set weighted averages discussed above: thus, a weighted aver-
age value of the “low clumps” at 3328 BP versus 3345 or 3346 BP and a difference of 17-18 14C yr.
We might also observe that there is more of a long tail in the data to the old side in both Figures 9
and 10. Thus, there are very few more recent data than those in the “low clump,” but quite a large
range of older ages. This older-age spread and “tail” might be argued to be consonant with some of
these samples perhaps exhibiting (some) volcanic CO, sourced age increments in line with the Soter
(2011) arguments. If so, it is the “low date clump” (e.g. “A” in Figure 9 or the box area in Figure 10)
that perhaps better reflects the best estimate available for the contemporary atmospheric C age least
altered by possible old (volcanic) CO,.

This “low date clump” of central values offers weighted average 1*C ages of 3328 + 9 BP (Figure 9)
or 3328 £+ 10 BP (Figure 10). If one further argues only to consider the most modern available data
and so only considers the 13 AD2000s data in the Manning et al. (2006) study, then this “low clump”
weighted average becomes 3326 + 11 BP. These values are strikingly similar to the 3325 BP value
the Oxford team reported in their 1990 paper if they allowed for the possibility of the reality of an
older contaminant factor in their Series I (Housley et al. 1990:213).

The calibrated calendar age ranges for 3328 +9 and 3326 + 11 BP are shown in Figure 11. The most
likely calendar age ranges are in the 17th century BC (and in particular the subranges 1635-1607 or
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1634-1606 cal BC, respectively)—thus, use of the lower '“C age estimates from the subjectively
defined “low date clumps” above does not materially change previous assessments of the 1“C-based
dating of the Thera volcanic destruction level that also favored mid- to later 17th century BC ranges
(e.g. Manning 1999; Bronk Ramsey et al. 2004; Manning et al. 2006; Friedrich et al. 2006; Friedrich
and Heinemeier 2009; Heinemeier et al. 2009). However, there is now a noticeably increased possi-
bility for a date in the later 17th century BC, and also for a date in the mid-16th century BC date
range when these 4C ages are considered in isolation (as in Figure 11). A date range of 1590-1532
cal BC has a 36.2% probability with the date 3328 + 9 BP (the most likely subrange(s) looking at the
68.2% probability range is 1573-1539 cal BC) and a range 1593—1531 cal BC has a 43.4% proba-
bility with the date 3326 + 11 BP (the most likely subrange looking at the 68.2% probability range
is 1575-1537 cal BC).

3500 OxCal v4.1.7 Bronk Ramsey (2010); r:5; Atmospheric data from Reimer et al (2009)
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Figurc 11 Calibrated calendar age ranges for 2 of the weighted averages on the “low date
clump” scts identificd in Figurcs 9-10 and in the text. Calibration analysis and data shown
arc from OxCal 4.1.7 (Bronk Ramscy 1995, 2009) and IntCal09 (Reimer ct al. 2009).
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If the lowest of the above “low” !4C age estimates (3326 + 11 BP) for the Thera volcanic destruction
level is employed in a sequence analysis of Aegean !“C data from before, contemporary with, and
after the Santorini eruption horizon, as in (i) Manning et al. (2006) or (ii) Manning and Bronk Ram-
sey (2009) with Manning (2009), then the effect of employing the “low” Thera volcanic destruction
level set is to concentrate the modeled probability for the Thera volcanic destruction level in the last
few decades of the 17th century BC: see Figure 12. These ranges are a little more recent than previ-
ously reported, but remain firmly centered in the later-late 17th century BC, with clear highest prob-
ability either 1632—1605 cal BC (Figure 12A) or 1626-1612 cal BC (Figure 12B).
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Figure 12 A. The modeled calendar age probability distribution and age ranges for the Thera volcanic destruction
level from the Manning et al. (2006) Model 1 Aegean sequence model rerun employing the lowest of the low date
clump weighted average values of 3326 + 11 BP for the Akrotiri VDL set of data on short-lived samples. B. As (A)
but running a slightly revised version of (A) (as in Manning and Bronk Ramsey 2009) including (i) the Friedrich ct
al. (2006) olive branch data with last dated segment placed as contemporary with or after the Thera volcanic destruc-
tion level, and (i) including the Late Minoan IB Final data on short-lived samples from Mochlos on Crete (as in Man-
ning 2009) but (iii) changing the Chania phase of Late Minoan IB data to have a Tau_Boundary (which has the effect
of pushing the Chania dating as late as possible). Calibration analysis and data are shown from OxCal 4.1.7 (Bronk
Ramsey 1995, 2009) and IntCal09 (Reimer et al. 2009). A. with curve resolution 5; B. with curve resolution set at 1.
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A final issue concerns whether any growing-season-related regional '“C offset might apply—as
reviewed earlier in this paper. The available evidence from the Aegean region suggests that if any
such offset exists it is negligible to very small. A possible offset factor (AR) from available data of
no more than approximately 4 + 4 4C yr was suggested in Manning et al. (2010) and this seems if
anything generous based on the evidence reviewed in Figures 4-8 above. Employing such a putative
possible offset further pushes the Aegean dates as late as possible. We might nonetheless consider
the effect of such a possible plausible offset factor on the analyses reported above and in Figures 11
and 12: see Table 4. If the “low date clump” Thera volcanic destruction level value is considered in
isolation, this further slight reduction in the effective 14C age starts to make a 16th century BC date
range just about as likely as, or even slightly more likely than, the 17th century BC date range. We
are of course doing everything subjective (and beyond) possible now to the data in order to achieve
as recent a calendar age as we can. The sequence analyses reported in Figure 12 if adjusted by the
AR of 4 + 4 are less affected and the slightly lower calendar age ranges still very clearly resolve in
favour of dates in the later-late 17th century BC (1632/1624 to 1609/1601 cal BC): see Table 4.

Table 4 Calibrated calendar age ranges calculated for the Akrotiri volcanic destruction level from
the analyses shown in Figures 11-12 or similar and as discussed in the text, and the same if a AR off-
set of 4 + 4 yr is applied as the possible plausible maximum relevant range of a growing-season-
related regional offset for the Aegean on the basis of the data in Manning et al. (2010) and as found
to be a likely upper-end estimate from the analyses reported in this paper (see Figures 4-8).

Analysis model 68.2% probability  95.4% probability

(a) 3328 £ 9 BP (in isolation) 1635-1607 (47.3%) 1666-1649 (5.9%)
1573-1559 (12.5%) 1644-1602 (53.4%)
1550-1539 (8.4%) 1590-1532 (36.2%)

(b) as (a) but with AR offset of 4 + 4 yr

(c) 3326 = 11 BP (in isolation)

(d) as (c) but with AR offset of 4 + 4 yr

(e) Manning et al (2006) Model 1 with Thera VDL set
as 3326 + 11 BP
(f) as (e) but with AR offset of 4 + 4 yr

1631-1606 (35.9%)
1576-1537 (32.3%)

1634-1606 (39.3%)
1575-1537 (28.9%)

1629-1606 (31.1%)
1576-1537 (37.1%)
1632-1605 (68.2%)

1632-1601 (66.3%)
1571-1568 (1.9%)

(g)=(e) modified to add Mochlos Late Minoan IB data 1627-1612 (68.2%)

and Friedrich et al (2006) data on the Santorini olive
branch after Manning (2009) and Manning and Bronk
Ramsey (2009)

1663-1653 (2.6%)
1640-1601 (44.6%)
1593-1531 (48.2%)
1666-1650 (5.0%)
1644-1601 (47.0%)
1593-1531 (43.4%)
1661-1654 (1.8%)
1639-1530 (93.6%)
1659-1598 (83.5%)
1593-1557 (11.9%)
1641-1549 (95.4%)

1638-1605 (95.4%)

(h) as (g) but with AR offset of 4 + 4 yr 1624-1609 (68.2%) 1631-1600 (95.4%)

As a final analysis, we show a revised sequence analysis incorporating (i) the additional charcoal
data from late Middle Cycladic to Late Cycladic I Advanced Akrotiri from Maniatis (2010); (ii) the
lowest of the “low clump” dates for the Akrotiri VDL short-lived samples at 3326 + 11 BP; (iii) a
Tau_Boundary for the Chania data, which has the effect of pushing these data as late as possible; (iv)
the Mochlos Late Minoan IB data as in Manning (2009); and (v) a AR allowance of 4 + 4, which
appears generous (see above this paper) and again helps push the resultant dates about as low as
plausibly possible. The outcome is shown in Figure 13. This places the most likely 68.2% range for
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the date of the Akrotiri VDL 1630-1605 cal BC. The 95.4% range (1643-1559 cal BC) now
includes the 16th century cal BC, but the main probability is clearly in the last 3 decades of the 17th
century BC (see Figure 13 inset), and it noticeable that even now the extreme lowest end of the
95.4% probability range ends ~1559 cal BC—well short of the conventional archaeological date
estimates for the date of the Santorini/Thera eruption ~1530-1500 BC. Thus, even this extreme case
where we have done just about everything subjectively possible to push for as late a date as plausible
does not find the conventional chronology position to be potentially compatible with the 4C evi-
dence—the %C evidence in combination with the archaeological sequence framework instead
clearly offers a most likely date for the Akrotiri VDL in the last 3 decades of the 17th century BC.
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Figure 13 The modeled outcomes for the Late Minoan IA to Late Minoan II sequence from a revised version of the Manning
et al. (2006) Model 1 incorporating (i) the additional charcoal data from late Middle Cycladic to Late Cycladic I Advanced
contexts at Akrotiri from Maniatis (2010) = the DEM samples; (ii) the lowest of the “low clump” dates for the Akrotiri VDL
short-lived samples at 3326 + 11 BP; (iii) a Tau_Boundary for the Chania data, which has the effect of pushing this as late as
possible; (iv) the Mochlos Late Minoan IB data as in Manning (2009); and (v) allowing for a AR allowance of 4 + 4, which
appears generous (see above this paper) and again helps push the resultant dates about as low as plausibly possible. Thus, this
is a “latest plausible/possible” case study, doing everything reasonable given the available data to get as late a date as possible
for the Akrotiri VDL. Calibration data are from OxCal 4.1.7 (Bronk Ramsey 1995, 2009) and IntCal09 (Reimer et al. 2009)
with curve resolution set at 5. No outliers are excluded in the analysis shown. The horizontal lines under the probability his-
tograms show the modeled 68.2% probability ranges. The inset shows the modeled age range from this analysis for the
Akrotiri VDL. The most likely 68.2% probability range is 1630-1605 cal BC.
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DISCUSSION—OFFSETS

The data, both from both known-age and floating time series as reviewed in this paper from the
Aegean-Anatolian-east Mediterranean region (excluding the southern Levant and Egypt), show little
evidence for any substantive, yet alone significant, offsets for these samples versus the IntCal09 data
set: with pu + o values (see Figures 4-8) of 1.2 £2.3,3.6 £6.2,3.8£8.1,-1.6 £3.4,and 0.7+ 6.9
14C yr. It could argued that the possible Aegean offset factor of around 4 + 4 1“C yr suggested in Man-
ning et al. (2010) is if anything about a maximum possible factor. The weighted average of the p+ o
offset findings in Figures 4-8 for the Aegean-Anatolian-east Mediterranean region is 0.75 + 1.72—
i.e. effectively 0.

These findings are on the basis of tree-ring data. They are clearly reasonable for these data as typical
tree growth (at the relevant moderate to higher elevations) in the Aegean-Anatolian-east Mediterra-
nean region (excluding the southern Levant and Egypt) occurs generally at around the same time as
in the rest of the mid-latitude Northern Hemisphere, with at most only a slight offset (sometimes
starting slightly earlier in the spring and ending a little earlier in the summer). A legitimate question
is whether these tree-ring-based data apply also to field crops from lower elevations (like Hordeum
sp. and Lathyrus sp.)? Where these crops are growing above ground in (early) spring onwards for an
early to mid-summer harvest—with summer the typical harvest time for traditional farming in the
Mediterranean (see e.g. Spurr 1986; Isager and Skydsgaard 1992)—then the answer should broadly
be yes. Where the crop was planted in the autumn perhaps a little more offset may occur. For exam-
ple, as an approximate test, we can consider A!4C data on samples of barley and wheat collected in
the field in March and June 2004 in southern and central Cyprus at lower elevations versus the
monthly atmospheric A'4C record from Mauna Loa, Hawaii (Graven et al. 2012): see Figure 14
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Figure 14 Comparison of the range and (non-weighted) average of A!*C measurements on wheat and barley samples col-
lected from southern and central Cyprus in March (samples 1-5) and June 2004 (samples 6-12) made at the Heidelberg
Radiocarbon Laboratory versus the A'4C record from Mauna Loa, Hawaii (Graven et al. 2012), and the monthly average
A'C values from Schauinsland and Jungfraujoch, Germany (Levin and Kromer 2004). The 12 A!“C measurements from the
Heidelberg Radiocarbon laboratory on samples of wheat (nos. 1, 2, 5, 6, 9, 10, 11, 12) and barley (nos. 3, 4, 7, 8) collected
in the field (pre-harvest) at sites from southern and central Cyprus are shown in the inset (order by 4C values obtained for
March set, samples 1-5, and then for June set, samples 6-12). For data: see Table 5. Error bars shown are lc.
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(individual Cyprus data shown in the inset) and Table 5. We see a general broad correlation. There
is of course some variation, but the data from both loci are consistent with the 2004 sampling period
(and there is a slight tendency in the Cyprus data for larger values for the spring [March] versus
early summer [June] samples). We can also compare the Mauna Loa record with 2 records from Ger-
many from Schauinsland and Jungfraujoch (Levin and Kromer 2004)—all 3 records partly over-
lap—and against the Cyprus data: see Figure 14. Again, while there is a clear trend in the data, there
is variation on the short-term scale—but the Cyprus data clearly match within their correct date win-
dow and could not be misplaced by more than 1-2 calendar yr. The Cyprus data are from the types
of crops providing typical short-lived samples from archaeological contexts and were collected,
subjectively, from barley and wheat crops in various states of growth in each of March and June
2004. The implication of this case is that typical summer-harvested crops from the eastern Mediter-
ranean should offer “C ages with at most only very small (and thus largely negligible and unimpor-
tant) offsets in 1“C age versus those from the contemporary general mid-latitudes of the Northern
Hemisphere. And thus, in turn, trees from the eastern Mediterranean region that sample their '“C
content each year over approximately the same spring to summer period should, within small mar-
gins, provide an equivalent record—hence, the findings for Aegean-Anatolian-east Mediterranean
(excluding the southern Levant and Egypt) offsets above from tree rings should also hold for most
summer-harvested crops in the region in approximate terms.

Table 5 A'C measurements from the Heidelberg Radiocarbon laboratory on samples of wheat and
barley collected in the field (pre-harvest, in a range of the growth stages available at each sampling
period) at sites from southern and central Cyprus, elevations ~25 to 300 m asl.

Sample nr Hd lab code d13C AlC SD
March 2004 Barley

3 24128 -25.04 68.19 1.17

4 23727 —24.95 68.54 1.20
March 2004 Wheat

1 24125 -25.02 66.72 1.20

2 23718 —-25.01 68.33 1.16

5 23750 —24.88 71.61 1.54
June 2004 Barley

7 23714 -25.48 62.99 1.22

8 24126 -25.28 64.15 1.20
June 2004 Wheat

6 23748 -26.10 62.89 1.47

9 24112 -26.00 64.51 1.15
10 24138 —24.82 68.46 1.45
11 23751 —24.93 69.28 1.49
12 24139 -24.90 70.23 1.60

DISCUSSION—SANTORINI DATING

If the subjective decision is made to prefer the (subjectively) observable “low date clump” of
Akrotiri volcanic destruction data on short-lived samples as more likely representing the correct
contemporary !4C age of this time horizon—a possible hypothesis following Soter (2011) but one
that has not actually been demonstrated—then we find that, in terms of the analysis of a sequence of
southern Aegean 14C data (Figures 12—13 and Table 4), the likely date for the Santorini volcanic
eruption horizon lies, in round terms, in the last 3 decades of the 17th century BC. It is important to
highlight that such a comprehensive Bayesian approach (i.e. using the approaches summarized in
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e.g. Bayliss et al. 2007, 2011; Bayliss 2009) is the most appropriate and rigorous approach available
for such data, and provides both considerable analytical power and robustness in the case of such a
detailed sequence analysis. To do the opposite, and to consider 1 date, or group of dates, in isolation,
and to ignore the relationships with other data known to be earlier or later (from stratigraphic or
archaeological analysis), and especially to further favor an extreme end of a probability distribution
in isolation, is inappropriate and/or invalid. It is also important to note how robust the finding in
favor of the later/late 17th century BC is for the Akrotiri VDL, whether employing the '4C data as
published/reported, or whether trying to allow for a range of various possible plausible issues (see
above, and also Manning and Bronk Ramsey 2003:124-9; Manning et al. 2006, 2009; Manning and
Kromer 2011a).

By preferring a late 17th century BC date range, we find a result that is more easily potentially com-
patible with a revised interpretation of the east Mediterranean archaeological synchronizations (e.g.
Kemp and Merrillees 1980; Betancourt 1987; Manning 1988, 1999, 2007, 2009; Manning et al.
2006; Manning and Bronk Ramsey 2009; Manning and Kromer 2011a)—whereas an earlier date
into the mid-17th century BC causes many more problems and contradictions (see for example the
comments of Merrillees 2009: esp. 251). Such a late 17th century BC date range is also consonant
with—and more so than a mid-17th century BC date—the relevant Aegean '“C evidence available
excluding the '“C data from Santorini (Manning et al. 2006: Table 1; Wild et al. 2010; Lindblom and
Manning 2011). The analysis of the Santorini “C data in terms of a sequence of '4C data from
before, contemporary with, and after the Santorini eruption horizon is the most appropriate and
robust approach (as in Manning 2006, 2009; Manning and Bronk Ramsey 2009; Manning et al.
2009, and as now adapted in this paper to consider the possible relevance and impact of favoring,
subjectively, the “low date clump” identified in the Akrotiri VDL data as perhaps more relevant to
the correct '“C age of this context). Thus, the late 17th century BC solution appears (to remain) the
best, most robust date placement of the Santorini eruption on current evidence (and even doing
everything to push for as late a date as plausible). Such a date accords well with the date range sug-
gested for the last growth increment of an olive tree branch plausibly killed and buried by the San-
torini eruption (Friedrich et al. 2006; Friedrich and Heinemeier 2009; Manning et al. 2009:312,
Table 3; Manning 2010:465; Manning et al. 2010: Figure 14, Table 8). The ice-core signal that has
been argued to be possibly associated with the Santorini eruption (despite criticisms) by Vinther et
al. (2006, 2008) is published as dating ~1642 BC, but an apparent dating problem (unexplained)
exists that could see the ice-core date reduced by ~20 yr (Muscheler 2009), potentially also placing
it into the same time period. (Other associations suggested from tree-ring anomalies [and exactly
which ones?], or changes in speleo-them chemistry, might also come into play, but as yet they either
lack a definite causal association with Santorini, or have some flexibility in their chronology and,
thus, we do not discuss them here: see Manning 2010:466-7.)

If, however, one chooses to ignore the Aegean Late Minoan I-II sequence, and the indications that
the various phases of the subsequent Late Minoan IB period progressively seem to occupy parts of
the mid- and later 16th century BC and earlier to mid-15th century BC (Manning 2009; see also Fig-
ure 13 above), then the Santorini evidence considered in isolation employing the “low date
clump”—as in Figure 12—clearly most strongly favors a late 17th century BC date range but does
also now permit a mid-16th century BC range with much more probability (36.2% to 43.4% in Fig-
ure 11). And, if in addition, a possible plausible maximum AR offset of 4 + 4 yr is included to help
even more, then the 16th century BC date range becomes as likely as, or even more likely than, the
17th century BC date range: Table 4. Those scholars who would prefer a lower date for the Santorini
eruption horizon will undoubtedly seize on this (and ignore the preceding paragraph and the analyt-
ical strength and robustness of the Bayesian sequence approach and the need to allow for the clear
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date placement of the range of Late Minoan IB data). Nonetheless, the notable point is that the pos-
sible calendar range ends 1532-1530 cal BC at 95% probability (and 1529-1527 cal BC even at
99.7% probability). Thus, the date of about 1530 BC for the Santorini eruption recently suggested
by Warren (2010:394) on the basis of his assessment of the archaeological evidence is at the lowest
possible end margin of the 14C evidence—something that is inherently very unlikely. The '4C-sup-
ported range (even at its margin and doing everything plausible to achieve the most recent age pos-
sible) does not run into the mid-1520s BC, let alone to 1500 BC or later (for just a few examples of
scholarship arguing for conventional or “low” dates for the Santorini eruption in this post-!C range,
see Bietak 2003; Bietak and Hoflmayer 2007; Wiener 2006, 2009a,b, 2010; MacGillivray 2009).
This 14C-based date range, even choosing to select the lowest possible calibrated date, is thus not
compatible with the conventional archaeological date assessments for the Santorini eruption from
around 1525 to 1500 BC or later. This time range is associated instead with subsequent Late Minoan
IB 14C evidence (Manning 2009; see also Figure 13 above). As shown in Figure 13, the Chania Late
Minoan IB data lie in the mid-late 16th century BC, the Late Minoan IB Late destruction at Myrtos-
Pyrgos (i.e. end of Late Minoan IB Late at Myrtos-Pyrgos—with the actual Late Minoan IB Late
cultural phase before this point, and before this the earlier part(s) of the overall Late Minoan IB cul-
tural phase) is then placed ~1519-1491 cal BC at 68.2% probability (1526-1465 cal BC at 95.4%
probability), and the subsequent Late Minoan IB Final destruction at Mochlos lies at ~1480-1446
cal BC at 68.2% probability (1498-1436 cal BC at 95.4% probability). The mature-late Late Minoan
IA Akrotiri VDL cannot also be pushed into the later 16th century BC; it creates an unacceptable
conflict of evidence. In reverse, the 14C placements of the end of the Late Minoan IB period in the
earlier to mid-15th century BC, and the Late Minoan II period in the later 15th century BC (see Fig-
ure 13), offer good correspondences with the historically derived dates for the Egyptian contexts
with which reasonable numbers of material culture and other exchanges (Aegean to/from Egypt and
the Levant) relevant to these periods are associated (Hoflmayer 2009; Manning 2009)—in particular
for a transition between Late Minoan IB and Late Minoan II during the reign of Tuthmosis III.

For those who wish to try to hold as close to the conventional “low” archaeological chronology as
possible, while accepting the need to try to find some sort of accommodation with the 1C evidence
(even if choosing an unlikely possibility), the available “low”-date option is to try to make a possible
plausible argument in favor of a date for the Santorini eruption somewhere in a range from about
1593 to 1530 cal BC (looking at the Santorini evidence in isolation), with the area offering the most
plausible (some probability) date closest to the conventional archaeological assessment lying from
about 1550 to 1539/1537 cal BC. To employ such a date for the Santorini eruption would still
require a substantial revision and rethinking of a number of the conventional Aegean-Egyptian link-
ages, and especially of viewpoints that place archaeological traits that are at a minimum contempo-
rary with the Santorini eruption, and/or from shortly after it, as lying in the 15th century BC, and in
particular from the start of the reign of Tuthmosis III (~1479 BC) (such as are summarized in Bietak
2003; Bietak and Hoéflmayer 2007; MacGillivray 2009). It still broadly requires a 25- to 50-yr
rethink and “compromise” Aegean high chronology scenario. It could also lead to the renewal of
attempts to link the Santorini eruption with the Tempest Stele of Ahmose (Foster and Ritner 1996).
For some suggestions of a need to indeed rethink the conventional chronology, and the inherent
associations and assumptions, see Hoflmayer (this volume).

In conclusion, a reappraisal of the Akrotiri volcanic destruction level 4C data set from short-lived
samples, in light of the paper of Soter (2011), suggests that a dating for the Santorini volcanic erup-
tion in the late 17th century BC remains most likely: in particular somewhere in the last 3 decades
of the 17th century BC. This analysis and position gives primacy to the “C evidence and the analy-
sis of this in terms of the available stratigraphically defined sequence (thus, the 4C and archaeolog-
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ical evidence integrated together). This date range should remain the working hypothesis for those
who place weight on the now detailed and sophisticated '“C chronology available for this period.
Moreover, this dating is relatively robust. We also know that sophisticated 4C dating works very
well in Egypt and offers a close match with the historical chronology (Bronk Ramsey et al. 2010).
This means that a sophisticated !“C-based chronology from the Aegean should provide the appropri-
ate placement of the Aegean and other east Mediterranean archaeological phases and contexts both
in calendar time and against the Egyptian historical chronology (Manning and Kromer 2011a): thus,
like against like. 4C therefore approaches the point where it offers a refined timeframe for the 2nd
millennium BC Aegean independent of the various assumptions, interpretations, and stepwise logic
transfers inherent in the previous archaeological syntheses and derived chronologies (and especially
in cases—Ilike the Middle Minoan III through earlier Late Minoan IB periods—where there are very
few import/exports between the Aegean and Egypt and instead much guesswork and assumption).
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