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Die Ahmose-Stele

410 W Kutschera et al.

Construction of the general phases comprises the archaeological backbone of the Tell el-Daba chro-
nology covering the time period from about 2000 to 1400 BC. As it is a compound stratigraphy
derived from different excavation areas with largely overlapping individual stratigraphies, it was
important to compare the stratigraphy with 14C measurements on samples assigned to the different
phases. In order to reduce uncertainties inherent to the 14C method (e.g. old-wood effect), only short-
lived plant material was selected. Finally, only seeds of various plants were used that were found in
the respective phases. There is, of course, always the question of a “secure context” for the samples.
Even though the assignment of the samples to a particular phase was made with the best possible
archaeological knowledge, one can never be absolutely certain about such assignments. For exam-
ple, redundant plant seeds produced upwards from ancient pits or foundation ditches cannot be rec-
ognized. Therefore, samples from as many phases as possible were selected, assuming that at least
a large fraction of them should be representative of the phases where they were found. Thus, the
overall picture emerging from this process was considered to be more relevant than samples of indi-
vidual phases. What is most important, is the fact that the relative chronology of the 14C results
described below confirms the overall sequence of phases.

Figure 3 The figure is adapted from Bietak and Höflmayer (2007) after new excavation results in 2011. The general phases
of Tell el-Daba as depicted in the rightmost column stems from 6 individual excavation sites that overlap (columns 4 to 9).
The timescale in the second column was established from the historical sequence of dynasties and pharaohs (third column).
The whole sequence of general phases is linked to the Egyptian historical chronology by 2 datum lines indicated at the far
right of the figure: The abandonment of Avaris was supposedly caused by the conquest of Ahmose (~1530 BC), and the date
of the construction of the Temple of Ezbet Rushdi (Phase K) from a stela from the 5th year of the reign of Sesostris III
(~1868 BC). The left-most column gives the periods extending from the Early Bronze to Late Bronze Age.
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Vulkanisches altes Kohlendioxid
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Kritik an Radiokohlenstoff

Probe aus der Tsunamiablagerung auf Palaikastro (links) und der äußere
Bereich des Olivenbaumastes von Akrotiri (rechts) [Fa07].
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Der größte Ausbruch für mehrere Jahrtausende

Narrowness-Index für irische Eichen über sechs Jahrtausende [Ba88].
Ba88
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Das 17. und 16. Jahrhundert – Dye 3, GISP2 und irische Eichen

Just as has been shown for ice cores, recent studies
using various characteristics of the tree-ring record
(e.g. frost rings, narrow ring widths, light rings) have
shown that there is a good relationship between known
eruptions thought to have perturbed climate and these
various parameters (Lamarche & Hirschboeck, 1984;
Filion et al., 1986; Jones, Briffer & Schweingruber,
1995). The basis for using these characteristics as
indicators of past volcanism is that the climatic cooling
from a volcanic eruption will produce anomalous
climatic conditions that will be easily detected in the
tree-ring record. However, unlike the ice-core record,
tree rings do not directly record the deposition of
volcanic products; they record the impact of past en-
vironmental change. Furthermore, the tree-ring record,
like the chemical record of volcanism in ice cores, can
not be absolutely linked to a known eruption (e.g.
Baillie, 1996; Buckland, Dugmore & Edwards, 1997).
Despite these problems, tree-ring records, primarily
because of their annual resolution, have played without
doubt the major role in the acceptance of a 1620s 
age for the Santorini eruption.
The first use of ice cores or tree rings to provide an

age for the Santorini eruption came from the presence
of a high acidity spike in the 1390&50  layer of the
Camp Century ice core (Greenland; Hammer, Clausen
& Dansgaard, 1980). The primary basis for this sug-
gestion was the lack of a volcanic signal around the
1500  date originally suggested for the eruption
(Marinatos, 1939). Several years later the first sugges-
tion of a 1620s  age was put forth by Lamarche &
Hirschboeck (1984). Lamarche & Hirschboeck felt that
frost rings dated to 1626  in bristlecone pine trees in
the White Mountains of California were volcanically
induced, and thus provided a more accurate date for
the eruption. Unfortunately, the link to Santorini again
was based on the lack of any other distinct signal
around the age suggested for the eruption at the time of
their study. This newer date led Hammer et al. (1987)
to propose a 1645&20  age for the eruption based
on an acidity spike in the 1644  layer of the Dye 3 ice
core from southern Greenland. Later, Baillie & Munro
(1988) suggested a 1628  age for the Santorini
eruption because of a series of very narrow rings in
Irish oaks beginning that year. They also proposed that
the 1645  event in the Dye 3 ice core was probably a
reflection of the same event that produced the narrow
tree rings in the Irish oaks (given the higher reproduc-
ibility and probable better dating of the tree-ring
record versus the ice-core record). Zielinski et al. (1994)
pointed out that the 1623&36  SO4

2" spike in the
GISP2 core (Figure 1) agreed very well with this suite
of suggested ages and therefore could be further evi-
dence for a 1620s  age for the Santorini eruption.
Most recently, Kuniholm et al. (1996) ‘‘wiggle-
matched’’ radiocarbon dates from a floating chronol-
ogy of Anatolian (Turkey) tree rings to suggest that
the ring which dates to 1641&76/-22  probably
correlates to this seemingly ubiquitous 1628/27 event

in climate proxy records. Note that the 1628  ring in
the Lamarche & Hirschboeck record was corrected to
1627  (e.g. Baillie, 1990–1991). We now present new
evidence from the GISP2 core that severely challenges
the 1620s  age for the Santorini eruption.

Methods
Concentrations of all ionic species in the GISP2 core
(e.g. Mayewski et al., 1994, 1997), including SO4

2",
were measured by ion chromatography (Buck et al.,
1992). Very rigorous precautions were taken both in
the field and in the laboratory to prevent contami-
nation and to ensure reproducibility of the results.
Details on these procedures are presented in
many other studies (e.g. Mayewski et al., 1986, 1990;
Whitlow, Mayewski & Dibb, 1992). Estimation of
the volcanic SO4

2" component of the SO4
2" time

series was determined by initially applying a robust
spline smoothing to the original data set, thereby
producing a record of background SO4

2" concen-
trations (Zielinski et al., 1994). The sea-salt portion of
the total SO4

2" concentration is accounted for, al-
though it is usually less than 5% of the total value.
Residuals about the smoothed values that were greater
than one SD over the mean positive residual were
considered to have a volcanic source (i.e. all SO4

2"

residuals >25 ppb). Details on the procedure are given
in Zielinski et al. (1994). The sampling interval over the
last 10,000 years of record in the GISP2 core was at a
biannual resolution.
Samples for tephra analyses were obtained by

filtering meltwater onto a cellulose membrane from the
same layer of ice (766·8–766·9 m depth) that contained
the large SO4

2" spike that corresponds to 1623 
(Figure 1). The presence and composition of individual
glass shards was determined initially by automatically
scanning the filter with a JEOL JXA-8600 electron

1440

250

0
1740

Years BC

50

200

150

100

1680

V
ol

ca
n

ic
 S

O
2–

 (
pp

b)
4

1620 1560 1500

1623 BC

Figure 1. Volcanic SO4
2" time series from the GISP2 ice core for

the period between 1440 and 1740 . The signal at 1623  is
highlighted.

New Ice-Core Evidence 281

Ba88, Ha87



Problemstellung und historische Datierung Baumringe, Eiskerne und Radiokohlenstoff Résumé

Wann sollen wir suchen? Radiokohlenstoff
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Gibt es Jahrringe bei Oliven?
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Die Datierung des Olivenastes

Santorini Eruption Radiocarbon
Dated to 1627–1600 B.C.
Walter L. Friedrich,1* Bernd Kromer,2 Michael Friedrich,2,3 Jan Heinemeier,4

Tom Pfeiffer,1 Sahra Talamo2

T
he Minoan eruption of Santorini (Thera)

in Greece spread a huge fan of volcanic

ash deposits over the Eastern Mediterra-

nean region. Worldwide effects have been

ascribed to the eruption: sulphuric acid and

fine ash particles in the Greenland Ice Sheet,

climatic disturbances in China, and frost dam-

age to trees in Ireland and California. On

Santorini, the eruption produced a thick layer

of pumice and ash (fig. S1) (1) that buried

flourishing Bronze Age settlements. Left be-

hind is Akrotiri, a BPompeii of the ancient

Aegean,[ which is currently being excavated

(2). Precise dating of this eruption is important,

because the tephra layer acts as a universal time

marker of Late Bronze Age contexts in the

Eastern Mediterranean region.

On the basis of link-

ages between the Aege-

an andEgyptian cultures

(3), some archaeolo-

gists have traditionally

placed theMinoan erup-

tion around the mid- to

late-16th century B.C.,

whereas evidence from

ice cores, tree rings, and

a large number of radio-

carbon dates favor a date

100 years earlier (4).

Radiocarbon dates on

short-lived organic ma-

terial, like seeds, from

Akrotiri on Santorini

have been of limited pre-

cision because of a pla-

teau in the radiocarbon

calibration curve for part

of this time trajectory.

Evenbyapplying refined

statistical analysis on the

most suitable series of

radiocarbon dated sam-

ples grouped by archae-

ological evidence, it has

not yet been possible

to date the eruption of

Santorini more precisely

than ranging (2s) from
1663 to 1599 B.C. (5).

We have found (6) a branch from an olive

tree that was buried alive in tephra on Santorini,

with branches of the crown partly preserved in

life position (Fig. 1A and fig. S1) (1). The hori-

zontal position of the seven molds of branches in

the pumice 1 to 3 m above its base and remnants

of olive leaves and twigs covered by the pumice

further support our claim that the olive was

buried alive. We obtained a series of radiocarbon

dates from a defined sequence of tree rings in the

branch that can be wiggle-matched to the latest

radiocarbon calibration curve IntCal04 (Fig. 1B).

One problem with olive trees is that they form

irregular, barely visible rings. We thus used x-ray

tomography to identify 72 rings in a section of

the branch with preserved bark (Fig. 1C) (1). We

divided the section into four consecutive groups

of rings and obtained 14C dates for each (1).

Using the calibration program OxCal (7), we de-

termined the calibrated age range of the outermost

ring to 1621–1605 B.C. (1s, 68% confidence) or

1627–1600 B.C. (2s, 95% confidence). Even

when we take into account an uncertainty of 50%

in the ring count, potentially caused by growth

irregularities of olive, these limits are increased

by only a decade (table S2). We also excluded a

significant local offset of the 14C ages by volcanic

CO
2
, because then it would be impossible to

match our 14C sequence anywhere to the shape of

the calibration curve (Fig. 1C).

Our wiggle-matched sequence adds to the

already strong evidence of an eruption date in

the late 17th century B.C. It is the first ac-

curately (close to annually) defined sequence

based on an object buried alive by the eruption.

A date around 1520 B.C. or later, as assumed by

some archaeologists working with Egyptian

contexts, is not consistent, even within 3s
(99.7% confidence), with our result, which con-

sequently suggests a flaw in either their linkage

of the Aegean to the Egyptian chronology or in

the chronology itself for the relevant time range.
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present. Error bars indicate 1 SD. (C) X-ray tomography of a section of the
olive branch, with yellow lines indicating identified growth rings. The four
dated segments are indicated by arrows.
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Welcher Vulkanausbruch ist es?

of silicic tephras. Perkins et al. [1998] give the

distance formula as

D2 ¼
Xn

k¼1

xk1 � xk2ð Þ2= s2k1 þ s2k2
� �

ð1Þ

where n is the number of elements used in the

comparison, xk1 and xk2 are the concentrations of

the kth element in the first and second samples, and

sk1 and sk2 are the precisions of the determinations

of the kth element in each sample (i.e., the standard

deviations of analyses). Perkins et al. [1995] have

shown that the calculated value of D2 has a Chi-

squared distribution amongst compositionally iden-

tical samples. Here, this method is applied to

Figure 1. Chondrite normalized REE spidergrams for glass from the GRIP ice core (A1340-7) [Hammer et al.,
2003], the Minoan tephra deposited at Gölhisar Gölü, Turkey [Pearce et al., 2002] and tephra from the caldera
forming eruption of Aniakchak (UT2011, this study). Normalisation factors from Sun and McDonough [1989].

Figure 2. Chondrite normalized incompatible element spidergram for glass from the GRIP ice core (A1340-7)
[Hammer et al., 2003], the Minoan tephra deposited at Gölhisar Gölü, Turkey [Pearce et al., 2002] and Aniakchak
(UT2011, this study). Normalization factors from Thompson [1982].

Geochemistry
Geophysics
Geosystems G3G3

pearce et al.: identification of aniakchak tephra 10.1029/2003GC000672
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Synchronisation der Eis- und Dendrochronologien
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Identifikation von Thera in GISP2Just as has been shown for ice cores, recent studies
using various characteristics of the tree-ring record
(e.g. frost rings, narrow ring widths, light rings) have
shown that there is a good relationship between known
eruptions thought to have perturbed climate and these
various parameters (Lamarche & Hirschboeck, 1984;
Filion et al., 1986; Jones, Briffer & Schweingruber,
1995). The basis for using these characteristics as
indicators of past volcanism is that the climatic cooling
from a volcanic eruption will produce anomalous
climatic conditions that will be easily detected in the
tree-ring record. However, unlike the ice-core record,
tree rings do not directly record the deposition of
volcanic products; they record the impact of past en-
vironmental change. Furthermore, the tree-ring record,
like the chemical record of volcanism in ice cores, can
not be absolutely linked to a known eruption (e.g.
Baillie, 1996; Buckland, Dugmore & Edwards, 1997).
Despite these problems, tree-ring records, primarily
because of their annual resolution, have played without
doubt the major role in the acceptance of a 1620s 
age for the Santorini eruption.
The first use of ice cores or tree rings to provide an

age for the Santorini eruption came from the presence
of a high acidity spike in the 1390&50  layer of the
Camp Century ice core (Greenland; Hammer, Clausen
& Dansgaard, 1980). The primary basis for this sug-
gestion was the lack of a volcanic signal around the
1500  date originally suggested for the eruption
(Marinatos, 1939). Several years later the first sugges-
tion of a 1620s  age was put forth by Lamarche &
Hirschboeck (1984). Lamarche & Hirschboeck felt that
frost rings dated to 1626  in bristlecone pine trees in
the White Mountains of California were volcanically
induced, and thus provided a more accurate date for
the eruption. Unfortunately, the link to Santorini again
was based on the lack of any other distinct signal
around the age suggested for the eruption at the time of
their study. This newer date led Hammer et al. (1987)
to propose a 1645&20  age for the eruption based
on an acidity spike in the 1644  layer of the Dye 3 ice
core from southern Greenland. Later, Baillie & Munro
(1988) suggested a 1628  age for the Santorini
eruption because of a series of very narrow rings in
Irish oaks beginning that year. They also proposed that
the 1645  event in the Dye 3 ice core was probably a
reflection of the same event that produced the narrow
tree rings in the Irish oaks (given the higher reproduc-
ibility and probable better dating of the tree-ring
record versus the ice-core record). Zielinski et al. (1994)
pointed out that the 1623&36  SO4

2" spike in the
GISP2 core (Figure 1) agreed very well with this suite
of suggested ages and therefore could be further evi-
dence for a 1620s  age for the Santorini eruption.
Most recently, Kuniholm et al. (1996) ‘‘wiggle-
matched’’ radiocarbon dates from a floating chronol-
ogy of Anatolian (Turkey) tree rings to suggest that
the ring which dates to 1641&76/-22  probably
correlates to this seemingly ubiquitous 1628/27 event

in climate proxy records. Note that the 1628  ring in
the Lamarche & Hirschboeck record was corrected to
1627  (e.g. Baillie, 1990–1991). We now present new
evidence from the GISP2 core that severely challenges
the 1620s  age for the Santorini eruption.

Methods
Concentrations of all ionic species in the GISP2 core
(e.g. Mayewski et al., 1994, 1997), including SO4

2",
were measured by ion chromatography (Buck et al.,
1992). Very rigorous precautions were taken both in
the field and in the laboratory to prevent contami-
nation and to ensure reproducibility of the results.
Details on these procedures are presented in
many other studies (e.g. Mayewski et al., 1986, 1990;
Whitlow, Mayewski & Dibb, 1992). Estimation of
the volcanic SO4

2" component of the SO4
2" time

series was determined by initially applying a robust
spline smoothing to the original data set, thereby
producing a record of background SO4

2" concen-
trations (Zielinski et al., 1994). The sea-salt portion of
the total SO4

2" concentration is accounted for, al-
though it is usually less than 5% of the total value.
Residuals about the smoothed values that were greater
than one SD over the mean positive residual were
considered to have a volcanic source (i.e. all SO4

2"

residuals >25 ppb). Details on the procedure are given
in Zielinski et al. (1994). The sampling interval over the
last 10,000 years of record in the GISP2 core was at a
biannual resolution.
Samples for tephra analyses were obtained by

filtering meltwater onto a cellulose membrane from the
same layer of ice (766·8–766·9 m depth) that contained
the large SO4

2" spike that corresponds to 1623 
(Figure 1). The presence and composition of individual
glass shards was determined initially by automatically
scanning the filter with a JEOL JXA-8600 electron
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Figure 1. Volcanic SO4
2" time series from the GISP2 ice core for
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Santorini glass shards from distant locations have
higher SiO2 values (especially when compared to some
samples from Bo deposits on Santorini itself, or bulk
tephra samples) and notably have characteristic very
low MgO and TiO2.

We can therefore conclude that highly evolved
Santorini glass as initially erupted (and so likely to
travel furthest), and particularly as found at Mochlos
on Crete, is both compatible with (highly rhyolitic),
and indeed characteristic of (low MgO and TiO2), the
GISP2 tephra shards: see Figure 1 and Table 1. In
reaching the opposite conclusion, Zielinski & Germani
mistakenly compared the GISP2 shards against only
samples of less-evolved Santorini glass. In addition,
thanks to the analysis and discussion of Zielinski &
Germani, we may now go further. Four other volcanic
eruptions have been proposed in recent years as
possible alternative sources of 17th century  eruption
signals or products (Aniakchak, Vesuvius–Avellino

and two eruptions of Mt St Helens). But the analyses
of Zielinski & Germani demonstrate that none of these
four eruptions offers data even vaguely compatible
with the GISP2 glass shards. Thus it is appropriate to
suggest that it is both possible, and indeed likely, that
the shards in the 1623  layer of the GISP2 core come
from Santorini. Further positive evidence to confirm or
deny this identification is now required (if possible):
e.g. trace-element and rare earth element analyses (cf.
Vitaliano et al., 1990: 61–70; Eastwood et al., 1998),
and refractive index data.

1623 BC Date?
Zielinski & Germani (1998) claim an accuracy of ‘‘just
over 1%’’—which they quantify as &36 years—on the
dating of the GISP2 ice-core in the 17th century 
(depth 766·8–766·9 m). Previous publications stated an
error of the order of 2% (e.g. Alley et al., 1993: 528
table 1; cf. Zielinski et al., 1994: 948), and the new
study of Meese et al. (1997: table 2) again repeats
this, stating an ‘‘estimated error’’ of 2% for depth
719–1371 m. Zielinski & Germani are at pains to point
out that ‘‘these errors are very conservative and should
be considered as a maximum possible error’’, but they
fail to address the one salient issue raised in the earlier
publications of the GISP2 team: namely that the
GISP2 core is not complete. Alley et al. (1993: 528
table 1) state that ‘‘recovery of intact core exceeded
97%’’, but therefore specifically mean that recovery of
intact core was also clearly less than 98% (i.e. 2% is
non-intact). The detailed analysis of Alley et al. (1997)
provides further details. Across good (intact) sections
of core the GISP2 team can achieve an excellent,
&1%, reproducibility of visual stratigraphic measure-
ments, but some 87 m of core was not suitable for
analysis. Sometimes, although it was not usable, the
length of core was still known, other times the intervals
lost had to be estimated from typical ice accumulation
rates. In the absence of multi-core replication, an
unknown error may have been introduced with such
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Figure 1. Comparison of the major oxide composition (weight
percentage) of volcanic glass shards in the 1623  layer of the
GISP2 ice-core as reported by Zielinski & Germani (1998) versus
data reported for both the initial ‘‘Rose Pumice’’ from the Minoan
Bo eruption of Santorini and airfall Santorini Bo glass shards found
in Late Minoan contexts at Mochlos, Crete: data set out in Table 1.
/, GISP2; ., Santorini ‘‘Mochlos’’; -, Santorini ‘‘Rose Pumice’’.

Table 1. Comparison of the major oxide composition (weight percentage) of volcanic glass shards in the 1623  layer
of the GISP2 ice-core as reported by Zielinski & Germani (1998) versus data reported for both the initial ‘‘Rose
Pumice’’ from the Minoan (Bo) eruption of Santorini and airfall Santorini Bo glass shards found in Late Minoan
contexts at Mochlos, Crete, (Soles, Taylor & Vitaliano, 1995: 388 table 1; Vitaliano et al., 1990: 60 table 2—note the
typographical error in the value for the Al2O3 which should be 14·0 as in Soles, Taylor & Vitaliano, 1995). Data are
compared graphically in Figure 1.

Parameter
GISP2

glass shards
Santorini Bo glass
Mochlos samples

Santorini Bo initial
glass—‘‘Rose Pumice’’

SiO2 75·1 76·8 74·3
TiO2 <0·1 0·29 —
Al2O3 16·8 14·2 14·0
Fe2O3/FeO 1·6 2·2 2·0
MgO <0·1 0·13 0·3
CaO 1·4 1·4 1·1
Na2O 3·1 2·0 4·9
K2O 2·0 3·0 3·4
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Das genaue Datum liegt zwischen 1630 und 1628 BC
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Résumé

Die Konvergenz und Übereinstimmung aller naturwissen-
schaftlichen Datierungen lassen inzwischen keinen Zweifel
mehr an einem Ausbruchsdatum im Jahr 1630/28 BC.

Auf welche Weise die historische Datierung damit in
Übereinstimmung gebracht kann und ob der Fehler in der
Parallelisierung oder der ägyptischen Chronologie selbst
zu suchen ist, muß den auf diesem Gebiet arbeitenden
Fachleuten überlassen bleiben.
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