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A Greenland ice core perspective on the dating of the Late
Bronze Age Santorini eruption

ELIN LOFROTH

Lofroth, E., 2010: A Greenland ice core perspective on the dating of the Late Bronze Age Santorini eruption. Exa-
mensarbeten i geologi vid Lunds universitet, Nr. 254, 22 pp. 45 ECTS credits.

Abstract: The Santorini eruption is one of the greatest in historic time and an important time marker in the regional
archaeology. It has been dated to 1627-1600 BC (2c error) using radiocarbon dating (Friedrich et al. 2006) and to
1642+5 BC by identifying a volcanic fallout layer in the Greenland ice cores (Vinther et al. 2006). However, ar-
chaeologists have estimated the eruption almost a century later than the other datings. The disagreement between
the datings has caused a debate about the reliability of the different dating methods, with archaeologists questioning
the radiocarbon and ice core datings as they do not agree within 2c errors. Muscheler (2009) found that the discrep-
ancy can also be seen when comparing records of cosmogenic radionuclides (‘’Be and '*C) in the GRIP ice core
and IntCal04 tree ring data.

In this study a new '°Be dataset from the NGRIP ice core is presented. It has a resolution of 7 years and spans the
period 3752-3244 cal yr BP (1803-1295 BC). The NGRIP '’Be record and the previously published '“Be GRIP re-
cord were compared to IntCal datasets to investigate the discrepancy between the ice core and tree ring chronolo-
gies. By modelling the '*C production rate based on atmospheric '*C records a comparison could be made to the
""Be flux which is assumed to represent the '’Be production rate. This showed a time shift of ~23 years between the
records. The sensitivity of the results to changes in important model parameters were evaluated. Uncertainties in the
carbon cycle model may influence the inferred time shift in the order of 0-6 years.

The potential influences of climate and atmospheric processes on the '’Be deposition were studied using 8'*0 from
the respective cores and GISP2 ice core ion data. The comparison to 8'*0 revealed a negative correlation when the
common production signal was removed from the '°Be curves by subtracting the '*C production rate curve. The ion
data, as proxies for atmospheric circulation changes, did not show any correlations to the '’Be record or the
"Be/"C difference.

When including possible data uncertainties there is still a minimum discrepancy of ~10 years between the '°Be ice
core and the '*C tree ring record. Due to lack of alternative explanations it is concluded that the ice core and/or the
tree ring chronologies contain unaccounted errors in this range.

Keywords: Santorini, 10Be, *C, NGRIP, carbon cycle modeling.

Elin Lofroth, Department of Earth and Ecosystem Sciences, Division of Geology, GeoBiosphere Science Centre,
Lund University, Solvegatan 12, SE-223 62 Lund, Sweden. E-mail: elinlofroth@gmail.com



Ett Gronlandskt isborrkarneperspektiv pa dateringen av
Santoriniutbrottet under sen bronsalder

ELIN LOFROTH

Lofroth, E., 2010: A Greenland ice core perspective on the dating of the Late Bronze Age Santorini eruption. Exa-
mensarbeten i geologi vid Lunds universitet, Nr. 254, 22 sid. 45 hp.

Sammanfattning: Santoriniutbrottet 4r ett av de storsta under historisk tid och en viktig tidsmarkering inom den
regionala arkeologin. Utbrottet har daterats till 1627-1600 ar fKr. (20 felmarginal) med '*C-datering (Friedrich et
al. 2006) och 1642+5 ar f.Kr. genom identifiering av ett vulkaniskt lager i de Gronldndska isborrkédrnorna (Vinther
et al. 2006). Arkeologer har dock uppskattat utbrottet till ungefér ett sekel senare 4n de andra dateringarna. Motsa-
gelsen mellan dateringarna har orsakat en debatt om tillforlitligheten hos de olika metoderna, med arkeologer som
ifragasitter '“C och isborrkérnedateringarna eftersom de inte stimmer Gverens inom 2c-felmarginalen. Muscheler
(2009) fann att diskrepansen dven finns vid jimforelse av kosmogena radionuklider i GRIP isborrkérnan och i trad-
ringsdata fran IntCal04.

I den hir studien presenteras ett nytt '’Be-dataset frin NGRIP isborrkidrnan. Dataserien har en upplosning pa 7 ar
och ticker perioden 3752-3244 BP (1803-1295 f.Kr.). Det nya datasetet frin NGRIP och tidigare publicerade '°Be
data fran GRIP jamfordes med IntCal-tradringsdataserier for att undersoka diskrepansen mellan trddrings— och is-
borrkirnekronologierna. Modellering av produktionshastigheten for '“C grundat pa "*C data méjliggjorde jaimforas
med '"Be fluxen som antas representera produktionshastigheten av '°Be. Denna jimforelse visade pa en tidsfor-
skjutning mellan dataseten pa runt 23 &r. Resultatens kédnslighet for forandringar i viktiga parametrar i kolcykelmo-
dellen utvérderades. Osékerheter i modelleringen kan paverka den berdknade tidsforskjutningen med storleksord-
ningen 0-6 ar.

Den méjliga paverkan pa depositionen av '’Be fran klimatet och atmosfiriska processer undersoktes med hjilp av
30 fran bada isborrkéirnorna samt jon-data fran GISP2-isborrkirnan. Jimforelsen mellan '*Be och 'O avslojade
en negativ korrelation di den gemensamma produktionssignalen mellan "*C och'°Be togs bort genom att subtrahera
"C kurvan fran '’Be-data. Jon-data, som fungerar som en proxy for forindringar i den atmosfariska cirkulationen,
visade inga korrelationer med '°Be eller differensen mellan '*C och 'Be.

Nir osikerheterna fran dataseten inkluderas finns fortfarande en diskrepans pa minst 10 &r mellan '°Be frén isborr-
kérnearkivet och '*C frén tradringsarkivet. I och med bristen pa alternativa forklaringar dras slutledningen att is-
borrkirnekronologin och/eller tradringskronologin innehaller okidnda fel pa runt 10 &r.

Nyckelord: Santorini, '’Be, '“C, NGRIP, kolcykelmodellering

Elin Lofroth, Institutionen for geo- och ekosystemvetenskaper, Enheten for Geologi, Centrum for GeoBiosfirsve-
tenskap, Lunds Universitet, Sélvegatan 12, 223 62 Lund, Sverige. E-post: elinlofroth@gmail.com



1 Introduction

The dating of the Santorini eruption in the Late Bronze
Age is still surrounded by uncertainties. The eruption
is one of the greatest in historic time, with an approxi-
mated ejecta volume of over 100 km’, and has been
estimated to about ten times as explosive as Kra-
katau’s eruption in 1883 (McCoy, 2009). Remains of
the eruption can be found over large areas and the
event is an important time marker in the regional ar-
chaeological chronology as it had a huge impact on the
Minoan civilization. In order to determine the interna-
tional relations of the Aegean region, especially to
Egypt, it is important to know the timing of the erup-
tion (Warren 2009).

The eruption has been dated to 1627-1600 BC
(95.4% confidence interval) using radiocarbon dating
of an olive branch buried by the eruption (Friedrich et
al., 2006) and to 1642+5 BC by identifying a volcanic
fallout layer and using annual layer counting in the
Greenland ice cores (Vinther et al. 2006). The differ-
ence between the '*C-dating and the ice core dating is
only within the bounds of the methods uncertainty
limits if the confidence interval is increased to 99.7%
and because of this their reliability has been ques-
tioned. Furthermore, according to archaeological re-
cords based on links between the Minoan and Egyp-
tian civilizations the eruption should have occurred
1550-1500 BC (Warren 1984, Wiener 2009). A sum-

mary of some published dates is shown in figure 1.
These differences have spurred a debate about the tim-
ing of the eruption and the reliability of the respective
methods, with natural scientists and some archaeolo-
gists supporting an earlier dating of the eruption and
(other) archaeologists favouring the traditional ar-
chaeological dating (Warburton 2009).

In a geological perspective the difference in
itself is of interest. The differences between the '*C
dating and ice core dating imply that the assumed er-
rors are larger than currently believed if indeed the
Santorini eruption is correctly identified in both re-
cords. A robust chronology is vital when studying
geological processes. Dating allows us to find syn-
chronised events in different parts of the world and
hypothesise about possible causes. When working with
systems that have a short response time, such as cli-
mate, it is of even greater importance to get exact rela-
tive dating in order to examine climate responses and
feedback mechanisms. By comparing timescales in-
ferred with different methods we can gain further
knowledge and thus improve the accuracy of the dat-
ing.

Two records for which this can be done are the
ice core '"Be and the tree ring '*C record. '’Beand '*C
are both formed when cosmic rays interact with the
atmosphere and by comparing their variations in tree
rings and ice cores it is possible to evaluate discrepan-
cies between the time scales. This link was used by
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Fig. 1. Summary of some of the datings of the Santorini eruption. The datings are shown as black bars with 26 errors for “C
based records (Pearson et al., Friedrich et al. and Manning et al.), maximum counting errors for ice core records (Vinther et al.
and Hammer et al.) and as archaeological estimates for archaeological records. The underlying chronology for the respective
dates is given in brackets. The high archaeological chronology is a reinterpretation of archacological data based on radiocarbon

datings



Muscheler (2009) to evaluate the difference between
the datings. From this comparison Muscheler found
indications that there is an approximated 20 year dif-
ference between the two timescales around the time of
the Santorini eruption. This supports the identification
of the Santorini tephra in the ice core record but sug-
gests that there are problems with tree ring chronol-
ogy, ice core chronology, or both. Alternative explana-
tions are uncertainties in the '°Be transport and deposi-
tion, uncertainties or changes in the carbon cycle as
well as problems in '*C-data (Muscheler 2009).

In this thesis I will further investigate the dif-
ference between the timescales and what type of errors
that may contribute to these. The focus will be on the
suggested time shift between the '“C and '“Be curves
2000-1000 BC as a possible explanation for the dating
discrepancy. Previously published records of '°Be, tree
-ring based IntCal calibration curves as well as new
'"Be data from the NGRIP (North GReenland Ice core
Project) ice core will be used to compare the timing of
production rate changes in '°Be and '*C data. The in-
fluence of climate on '’Be deposition will also be dis-
cussed based on previously published §'*0 data from
GRIP and NGRIP as well as GISP2 ion data.

Questions of interest:

. Is there a discrepancy between the '’Be and '*C
records?

. Do the GRIP and NGRIP '"Be curves show the
same discrepancy to the '“C calibration curve?

. Do the results change with different ways of
calculating the "*C production rate? How does
this influence the discrepancy?

. How do climatic variations influence the depo-
sition of '’Be and can these variations influence
the comparison between '’Be and '*C records?

2 Scientific background

The link between '°Be and '“C is very important for
the subject of the study. The '“Be and '*C production,
depositional processes as well as the atmospheric ef-
fects on '’Be deposition are described in this section.

2.1 Production

Both "C (half-life 5730 years, Lal and Peters 1967)
and '°Be (half-life 1.5 My, Yiou and Raisbeck 1972)
are produced in the atmosphere as galactic cosmic rays
(GCR) reach the Earth (see figure 2). Primary GCR
consist of protons (85%), alpha-particles (14%) and
heavier nuclei (about 1%) and originate from outside

our solar system (Lal and Peters 1967). When primary
GCR interact with the atmosphere secondary particles
are formed. These include muons, electrons and
gamma rays. ''Be is created by spallation; secondary
cosmic ray particles hitting oxygen and nitrogen atoms
causing nucleons to be emitted. The major production
(~50-70%) of ""Be occurs in the stratosphere but a
relatively large part takes place in the troposphere (Lal
and Peters 1967, Masarik and Beer 1999). The ratio
depends on the altitude of the tropopause — at higher
latitudes a smaller amount of '’Be is produced in the
troposphere. The '°Be concentrations generally de-
crease closer to Earth because the production rate de-
creases and residence time is shorter (Feely et al.
1989). For "*C, nitrogen capture of neutrons is respon-
sible for over 99% of the production (Masarik and
Beer 1999). Less energy is needed for the production
of '*C and thus in total less '’Be is produced (Lal and
Peters 1967). As a result, the direct response to solar
particle emissions is also higher in '*C production. A
minor part of the production of both isotopes also oc-
curs from solar ray particles, which have lower ener-
gies than the GCR.

Heliosphere

Primary particles

Atmosphere

Secondary particles

Nz 502 Nzuoz

Fig. 2. Schematic summary of the production and deposition
of '’Be and *C. The white lines mark the steps in production
and black lines mark depositional processes.



The influx of solar and cosmic ray particles
determines the production rate of cosmogenic radionu-
clides. The Earth is protected from radiation by the
solar magnetic field and the geomagnetic field, which
deflect low-energy radiation. The influx of cosmic
rays depends on the energy, charge and angle of inci-
dence of the particles and the strength of the magnetic
fields. The solar magnetic field varies with solar activ-
ity in periods of e.g. 11 years (the Schwabe cycle), 88
years (the Gleissberg cycle) and 207 years (the De
Vries cycle) and are thus possible to study within a
thousand year period. The strength of the geomagnetic
field, on the other hand, varies over much longer time-
scales. The strength of the geomagnetic field is of
great importance for the production rate at different
latitudes since it deflects radiation more effectively at
the magnetic equator.

The production of '’Be and '*C has been stud-
ied since the mid 20th century (e.g. Arnold and Al-
Salih 1955, Libby 1946). Today the production proc-
ess and the influence from solar activity and geomag-
netic field changes are well understood. It is possible
to test our understanding by comparing model results
to experimental data and data from geological records.
This has been done by e.g. Masarik and Beer (1999,
2009), who presented modelled results showing a good
agreement with measured data.

2.2 Depositional processes

The depositional processes of '“C and '"Be differ,
making it a very important fact to consider when inter-
preting such data from geological archives.

221 "C

After "*C has been produced it forms CO, which fol-
lows the air masses to the lower troposphere and enters
the carbon cycle. Through the carbon cycle "“C be-
comes well mixed globally, which also dampens the
production signal in the '*C record.

Because of the suitable half-life, good mixing
and the incorporation in organic materials radiocarbon
is used for dating. Therefore '*C and the influence of
the carbon cycle has been well studied, e.g. through
carbon cycle modelling. Through modelling it is possi-
ble to evaluate the effects of varying production rates
and changes in the carbon cycle and to study produc-
tion rate changes in the past. Carbon cycle models are
also an important part of studying global warming and
possible feedback mechanisms.

2.2.2'"%Be

In contrast to “C, '"Be attaches to aerosols and is
transported with the air masses down to the lower tro-
posphere where the aerosols are scavenged by droplets
in clouds and deposited with precipitation or deposited
directly. The atmospheric residence time of 'Be
formed in the stratosphere is about 1 to 2 years and a
few weeks for tropospheric '“Be (McHargue and
Damon 1991).

The '"Be signal in ice cores is more directly
related to the production rate than '*C found in tree
rings, but as it is mixed in the atmosphere and depos-
ited quite fast it might give a biased representation of
the global production rate. The '°Be record in ice cores
is therefore more likely to be affected by weather and
climate phenomena. Influences from these processes
on the deposition might explain a part of the discrep-
ancy between the '*C and the '°Be curves. So, how do
atmospheric processes influence '°Be deposition?

2.3 Atmospheric influence on '°Be deposition

There is no general consensus concerning the atmos-
pheric processes affecting the deposition of '“Be. As
""Be moves with the air masses it is dependant on at-
mospheric circulation patterns and changes in them.
Concerning the exchange between the stratosphere and
the troposphere some authors (e.g. Feely 1989) assign
an important role to folding events in the upper tropo-
sphere, especially at mid-latitudes. Folding events are
when the tropopause folds into the stratosphere. This
allows flow of lower stratospheric air into the upper
troposphere. For polar areas this would also mean that
the influx of '"Be-rich air is dependant on transport
from mid-latitudes. Hence, the effects of periods of
high exchange rates would be delayed at high latitudes.
Holton et al. (1995), on the other hand, suggest that
waves in the extratropical stratosphere drives the ex-
change, which occurs through a variety of processes at
all latitudes.

Although the transport paths are not well
known it is still possible to study the effects of intru-
sions of beryllium-rich air on the '’Be record. Aldahan
et al. (2008) showed that intrusions of beryllium-rich
air masses can affect even annually averaged data,
giving a skewed image of the production signal. Fur-
thermore, such intrusions have been found to be sup-
pressed at high latitudes when the polar vortex is stable
(Baldwin and Dunkerton 2001). The polar vortex is a
large scale cyclonic circulation pattern centred around
each pole. Hence, if there are long periods of a very



stable polar vortex this might prevent mixing of air
masses, resulting in an apparent drop in '’Be concen-
tration and vice versa.

Another important factor is precipitation vari-
ability, which could affect the concentration of '’Be.
Through modelling and comparisons to previous re-
sults Field et al. (2006) found that a warmer climate
enhances precipitation over Greenland and thus dilutes
the '’Be concentration and that a colder climate could
give an opposite effect. This is also seen in '’Be from
the Summit ice cores when comparing '’Be concentra-
tions from the Holocene to concentrations from the
last glacial period (Wagner et al. 2001). Large volcanic
eruptions, like Santorini, may also give a temporary
cooling of the climate. Still, the influence on the '’Be
record would not be very great or long-lasting.

The sensitivity of '°Be concentration to changes
in precipitation motivate a correction for variations in
the snow accumulation rate. This is done through cal-
culating the '*Be flux:

F= 10Bemm*rm"‘piCe [104*atoms/g ice]

In this formula the flux (F) is multiplied by the rate of
accumulation at the site (r,) and the density of ice
(picc). However, as accumulation rate changes during
the Holocene are relatively small it is not clear which
of the concentration or the flux that provide the best
representation of the global production rate during this
period. As found by Horiuchi et al. (2006) '’Be con-
centration at Dome Fuji shows greater similarities to
the '“C production rate than the '’Be flux during some
periods of the last 2000 years, indicating that it better
represents the global production rate during these peri-
ods. '“Be is also included in general circulation models
(GCM). One example is the ECHAMS-HAM used by
Heikkild et al. (2008) to study how well the solar sig-
nal is reproduced in '’Be concentrations and deposi-
tion fluxes on short time scales. This study showed
that there was a good correlation to the solar signal for
both the concentration and flux.

3 Methods and datasets

3.1 Preparation of NGRIP ice core samples

NGRIP ice core samples were taken from the freezer
at the Centre for Ice and Climate, University of Co-
penhagen. The core was pre-cut into 55 cm segments
at the coring site. Most samples (113 out of 141) avail-
able for this project were also pre-cut into segments
with a cross section of 3 cm*5 cm. To complete the
missing segments samples with a cross section of ~2

cm*4 cm were cut from the main NGRIP core in Co-
penhagen. A total of 141 samples were packed and
shipped to Uppsala. The samples were prepared at the
Geoscience Department at Uppsala University in col-
laboration with Ann-Marie Berggren, Ala Aldahan and
Inger Pahlsson. The samples were analyzed at the Tan-
dem Laboratory by Goran Possnert.

Each 55 cm segment represents about 3.5 years.
Since the IntCal04 data has a resolution of 5 years
during the studied period a lower resolution was con-
sidered satisfactory for the project. Therefore two sam-
ples were combined to give a resolution of ~7 years
per combined sample. The samples were prepared in
random order to avoid large gaps in the data should
problems arise with a consecutive sequence of sam-
ples. In the following passages the procedures used
when preparing the samples are described. In order to
get good measurements from the Accelerator Mass
Spectrometer (AMS) and avoid contamination be-
tween the samples it was very important that the
equipment was cleaned between each sample, thus
these procedures are included in the description.

The combined samples were cut into smaller
pieces using a band saw in order to simplify the clean-
ing of the samples. Each piece was then rinsed in dis-
tilled water to remove contaminations, e.g. drilling
fluid, and placed in plastic boxes with lids. Before the
first usage the boxes were cleaned with washing fluid
and tap water and then rinsed with 1 mol HCI and dis-
tilled and deionised water. The samples were weighed
and 0.25 mg *Be carrier was added using a digital pi-
pette. Carrier was needed for the AMS measurements
to define the '“Be/’Be ratio in the sample so that the
amount of '’Be could be calculated. It has the advan-
tage that loss of '’Be in the later stages would not af-
fect the '’Be/’Be ratio. The samples were melted by
aid of a microwave oven. This was done in short peri-
ods so that the samples would not become hot and
evaporate. For every eighth NGRIP sample a blank
sample of about 1000 g distilled water was also pre-
pared in order to identify potential contamination and
to correct for the '’Be levels for '’Be contaminations
during the preparation process and erroneous "Be
counts in the AMS measurement. The boxes were
rinsed thoroughly with distilled water after each sam-
ple.

The melted samples were moved to plastic wa-
ter containers with attached silicone tubes, which were
rinsed thoroughly with distilled water both before and
after each sample was run through it. The silicone
tubes were connected to cation exchange columns (Bio
-Rad Poly-Prep® column, prefilled with AG® 50W-



X8 resin, 100-200 mesh hydrogen form 0.8*4cm)
marked with sample names. As the samples ran
through the columns the beryllium remained in the
column and the waste water was discarded. Cation
columns were not re-used.

To extract beryllium from the columns an ex-
tension quartz tube was placed on each column and
25ml of 4 mol HCI was added to the samples. The acid
leached Be from the resin and it was retained with a
plastic centrifuge tube. Afterwards 16 ml of NH, was
added to each sample to raise the pH value of the solu-
tion so that beryllium-hydroxide could form. Each
sample was sealed with a lid and shaken in order for it
to be well mixed. The samples were then left for ~24
hours in order for precipitation of beryllium-hydroxide
to occur.

The samples were centrifuged for 20 minutes in
order for the precipitate to be concentrated at the bot-
tom. The waste was then poured out. Distilled water
was added and mixed with the samples. The mixtures
were then moved to quartz tubes using disposable
plastic pipettes. Extra water was used to make sure
that the samples were completely transferred from the
plastic centrifuge tubes. After each sample the centri-
fuge tubes were cleaned with washing fluid and tap
water, rinsed with 1 mol HCI and then with distilled
water. Pipettes were never reused. Before usage, the
quartz tubes were cleaned using 4 mol HCI, dried at
~60°C over night to remove hygroscopic water and
weighed so that the sample weight could be calculated.

The quartz tubes were centrifuged for 20 min-
utes to separate the precipitate from the water. After
pouring out the waste water, distilled water was added
to and mixed with the samples using disposable plastic

spatulas. The quartz tubes were centrifuged and
washed with water one more time. After this the sam-
ples were centrifuged again and the waste water
poured out.

The quartz tubes were put in a furnace and
dried for several hours at 60-80°C. After initial drying
the temperature was increased to 150°C and kept at
this temperature for two hours in order for the samples
to become completely dry. Subsequently the tempera-
ture was raised to 850°C over a period of two hours
and then kept this level for two more hours so that the
samples could oxidise to beryllium oxide (BeO). The
samples were allowed to cool to 110-150°C before
they were moved to an desiccator to cool down.

The samples were weighed and Nb powder of 2
-3 times of the sample weight was added. The BeO
was crushed and mixed with the Nb. About half of the
mixture was used for pressing samples for AMS meas-
urements. The rest of the samples were kept in storage
as a backup until the AMS measurements were fin-
ished.

3.2 Previously published data

In order to study the observed discrepancy between
"“Be and 'C data the new NGRIP '’Be dataset is com-
pared to several previously published datasets.

For the NGRIP ice core datings were available
from the GICCOS5 timescale with a 20 year resolution
on a depth scale published by Vinther et al. (2000).
The &0 values from NGRIP were available at 20
year resolution on the GICCO5 timescale. Both records
are available from the Centre for Ice and Climate, Uni-
versity of Copenhagen.
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The GRIP record of '°Be, shown in figure 3,
and 8'80 with a 3-4 year resolution were available
from Muscheler at al. (2004) and Johnsen et al. (1997).
The GRIP record is used as a complement to the
NGRIP data as it encompasses the period 2000-1000
BC (3950-2950 BP). As seen in figure 3 there are
some data points missing in the record, mainly after
3265 BP where every other data point is missing since
these measurements have not been performed. There
are also some data points missing in the period that the
new NGRIP dataset encompasses.

For '*C there are several records available. The
C measures in tree-rings is usually shown as A"C,
which is the relative '*C value compared to a standard
and given in per mille. The Intcal04 calibration curve
(Reimer et al. 2004) and two of the underlying data-
sets from The University of Washington (Stuiver et al.
1998b) and the Queen’s University of Belfast (Pearson
et al. 1986) were used (figure 4, 5a and 5b). The un-
derlying datasets were used as a comparison to study if
the time shift is present also for the original data and
not only in the statistically treated IntCal04. The
Washington and Belfast datasets were chosen because
both encompass the period 3950-2950 BP. The former
calibration curve, the IntCal98 curve (Stuiver et al.
1998), was also used for comparison (figure 5c). As
seen in the figures the resolutions of the records vary
somewhat. The IntCal04 has a resolution of 5 years,
based on statistical treatment of the underlying data-
sets. The IntCal98 that has a resolution of 10 years.
The Washington record has a resolution of 10 years
and the Belfast record has a general resolution of 20
years.

To investigate the possible influences of cli-
mate and atmospheric processes ion data from the
GISP2 ice core were used (Mayewski et al. 1997)
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3.3 Data analysis

The timing of the relative production changes in the
datasets was compared through visual and statistical
analysis. In order to compare datasets of different reso-
lution all data were interpolated to an annual resolu-
tion. Because of the differences in production and de-
positional processes the '’Be and “C data are not di-
rectly comparable. However, there are ways in which
these differences can be addressed.

The different production processes give higher
C-production responses to solar particle emission
changes. This was compensated for by multiplying the
relative '’Be changes around the mean by a factor of
1.3 (Masarik and Beer 1999, Muscheler 2000). The
long term trends of the datasets over the studied period
were removed to facilitate visual comparison of the
datasets and to ensure that they do not affect later cal-



culated correlation coefficients. This was done through
linear detrending.

3.3.1 Accumulation rates and "°Be

As ice core '“Be is deposited with precipitation, varia-
tions in the accumulation rate may influence the con-
centration. Compensating for accumulation variability
can be done by calculating the '’Be flux. The flux is
calculated as the concentration multiplied by the den-
sity of ice and the accumulation rate. However, as
mentioned previously it is not determined which of the
concentration or the flux that is closest to the actual
production rate. The flux was calculated for both the
NGRIP data and the GRIP data. For the NGRIP ice
core an estimated accumulation rate was calculated
using depth and the GICCOS timescale (Vinther et al.
2006). The calculated accumulation rate was then de-
trended to compensate for compression effects. For
GRIP the accumulation was also calculated using
depth and the GICCOS5 timescale. The correction for
ice flow effects used in the calculation was taken from
Johnsen et al. (2001).

3.3.2 Carbon cycle modelling

An important step when comparing the '’Be and '*C
data is compensating for the different depositional
processes. The quick deposition of '°Be makes it a
more direct representation of its production rate
whereas the '“C enters the carbon cycle where it is
mixed in the atmosphere, biosphere and the oceans. To
compare the A'C record with the '°Be record the 'C
production rate is needed. By using a carbon cycle
model a "*C production rate can be modelled based on
tree ring A'*C data. In doing this it is assumed that the
carbon cycle during the studied period is well repre-
sented in the model. A comparison of the A '*C (input)
and the modelled '*C production (output) is shown in
figure 6. The modelled "*C production rate can then be
compared to the '’Be production rate. The model used
in this study was supplied by Raimund Muscheler. It is
programmed in MatLab Simulink and based on Ulrich
Siegenthaler’s outcrop-diffusion model (1983). Further
details are given in Muscheler et al. (2005). The model
will hereafter be referred to as the box diffusion
model.

As seen in the comparison of A '*C and mod-
elled "C production (figure 6) there is a shift in the
amplitudes of the curves and a slight time shift be-
tween model input and output. Since the response to
production changes is not direct in the atmospheric A
"C record this is to be expected. However, since the
timing is of importance in this study it is interesting to
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Fig. 6. Comparison of A '*C, black curve, and the modeled
4C production, grey curve. There is a slight difference in
timing of the peaks. The main change is in the amplitudes of
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Fig. 7. Comparison of modelling outputs when varying pa-
rameter values. The top panel shows variation of the K pa-
rameter. The K values are 3005 (red curve), standard setting
4005 (black curve) and 5005 (blue curve). It is clear from this
comparison that model results do not depend greatly on the K
value since large changes in the parameter do not change the
output to a large extent. The bottom panel shows variation of
the a, parameter. The diagram shows the standard setting of
zero and increased values 0.01 (dark blue), 0.05 (blue) and 0.1
(light blue). It can be seen that increasing values for a. yield
higher amplitudes in the model output and 0-3 year changes in
the timing of production rate peaks and troughs.
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investigate if the model output is dependent on parame-
ter values.

To test the model dependency of the results the
modelling was redone several times with different val-
ues for two important model parameters. This was done
to ensure that the results are not an artefact depending
on modelling parameters. A comparison of the changes
in model output with different model settings for a sine
wave representing typical periodicities found in produc-
tion data can be seen in figure 7. The parameters ad-
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Fig. 8. Comparison between the box diffusion model (black

curve) and the Bern3D model (red curve) (Miiller et al.
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tudes of the peaks and troughs. Muscheler et al. (2007).
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justed were the diffusion constant (K) and outcrop area
(ac). The diffusion constant determines the speed of
which carbon can move between the ocean layers of
the model. The outcrop area is the ocean surface area
that is in contact with deep ocean layers and represents
a model parameterization of deepwater formation
(Siegenthaler 1983).

A further way of testing the reliability of the
modelled "*C production rate is to compare model per-
formance to more recent models. This was done by
Muscheler et al. (2007) who compared the box diffu-
sion model to more recently developed models like the
Bern3D model (Miiller et al. 2006). The results from
the comparison of the box diffusion model with stan-
dard settings to the Bern3D model are shown in figure
8. The comparison was also done with varied model
parameters.

Based on the comparison of model output with
varied parameter values we can expect that the ampli-
tude of the modelled '*C production will vary and that
the timing of the peaks and depressions might vary
slightly. The difference in the timing of the peaks in
figure 7 is 1-3 years. The comparison to the Bern3D
model clearly shows that the model performance is
good in relation to more complex models. There is
some variation in the amplitudes of the curve as well
as in the timing of the peaks and troughs.

After modelling the "C production rate was
compared to the '’Be concentration and flux. Compari-
son of the timing of individual peaks in the '’Be and
'C datasets was first done visually and through meas-
urements between chosen peaks and valleys. For a
more objective analysis the correlations between the
different datasets with and without time lags up to +50
years were also calculated.
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3.3.3 Atmospheric influences

Possible climatic influences on the '"Be flux were
studied by comparison with 3'*0 from the respective
cores. 8'°0 is used in palaeoclimatology to infer cli-
matic changes such as temperature and precipitation
changes. To evaluate possible influences from atmos-
pheric changes on Greenland around the time of the
Santorini eruption ion concentration data from the
GISP2 ice core were used.

A comparison was made to the '’Be flux data as
well as '’Be flux after removing the long term trend in
the flux calculated with a 4 degree polynomial. Also
the '*C curve was used as a representation of the com-
mon production signal and subtracted from the unfil-
tered '°Be flux. This was done to focus the comparison
on the short-term changes.

Correlation coefficients were calculated to in-
vestigate the common signals in the data and visual
analysis was used for the comparison of the '’Be flux
with the ion data.

4 Results

4.1 "°Be data

The new NGRIP '’Be dataset (figure 9) covers a pe-
riod from 3752 to 3244 years BP. It has a resolution of
~7 years. After the dataset was analysed, eight samples
were re-analysed. This was done because two samples
in the dataset appeared to have been mixed with blank
samples. This could not resolve the problem and there-
fore these two data points were removed from the
dataset for the following analysis. The results from the
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Fig. 9. Results of '’Be measurements from NGRIP ice samples
on a depth scale. The black line shows mean concentration val-
ues and the grey areas show the 1 ¢ error. The data covers the

period between 3752 and 3244 years BP.
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Fig. 11. Comparison of the normalised NGRIP '°Be con-
centration (black) and the GRIP '°Be concentration (grey)
(Muscheler et al. 2004).The NGRIP data covers a shorter
period than the GRIP data and has a lower resolution but
show similar variations over the examined period.

re-measurements of the other samples were added to
the dataset after calculating weighted means. A com-
parison between measured '"Be concentrations and
fluxes are shown in figure 10.

The calculated flux does not differ much from
the concentration. Because of the stronger correlation
with GRIP °Be and IntCal04 '“C data, fluxes were
used in later comparisons. A comparison between the
NGRIP and GRIP '"Be concentrations is shown in
figure 11. The GRIP data has a higher resolution and
greater variations than the NGRIP '’Be flux. The same
periods of high production can be found in both re-
cords. The only difference is the peak at 3665 year BP
in the NGRIP data, which is given by one data point.
The correlation coefficient of the two records is 0.48
for the concentrations and 0.57 for the fluxes (table 1).
Both are significant at the 99.9% level.

4.2 Comparison between °Be and *C
datasets

4.2.1 Visual analysis

Visual analysis involving calculation of offsets be-
tween peaks and valleys of the curves is not an objec-
tive way of studying the data, however it still gives
some information about the time shift.

Figure 12 shows the NGRIP '“Be flux and the
1C production rate based on IntCal04 and calculation
of offsets between some selected peaks and troughs.
These were chosen because of their proximity to each
other. Also, the production increase and decline be-
tween ~3400 to ~3300 appears to fit better when shift-
ing the '"Be curve towards younger ages. It is impor-
tant to note that this does not necessarily show the
actual time shift since it is not possible to know if the
selected peaks and troughs represent the same produc-
tion changes. The measurements in figure 12 do not
give a consistent answer to how large the discrepancy
between the curves is. The difference varies between

Datasets compared Lag (years)  Correlation Significance Table 1. Correla-
coefficient tion coefficients
GRIP & NGRIP “Be concentration (3752-3244 BP) 0 0.48 >99.9% for the datasets
o , compared for the
GRIP & NGRIP '*Be flux (3752-3244 BP) 1 0.57 >99.9% time shifts with
IntCal04 '“C & NGRIP '"Be concentration (3752-3244 BP) 26 0.45 >99.9% the highest corre-
1 10 lation coefficients.
IntCal04 C & NGRIP '°Be flux (3752-3244 BP) 25 0.52 >99.9%
IntCal04 C & GRIP '°Be concentration (3950-2950 BP) 18 0.32 >99.9%
IntCal04 *C & GRIP '°Be flux (3950-2950 BP) 18 0.35 >99.9%
IntCal04 '*C & GRIP '°Be concentration (3752-3244 BP) 19 0.43 >99.9%
IntCal04 '“C & GRIP '"Be flux (3752-3244 BP) 20 0.52 >99.9%
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Fig. 12. The NGRIP ""Be flux (blue line) with errors (light blue) and '*C production rate (red line) with 1o errors (pink). The
NGRIP record has been low-pass filtered (20 yr) to remove noise. The '“C production was calculated from low-pass filtered (10
yr) IntCal04 A"C using 100 Monte Carlo runs. The numbers indicate the offset in years between some of the more pronounced
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Fig. 13. The GRIP "°Be flux (grey line) with errors (light grey) and '*C production rate (red line) with 1o errors (pink). The
GRIP record has been low-pass filtered (20 yr) to remove noise. The "C production was calculated from low-pass filtered (10
yr) IntCal04 A'C using 100 Monte Carlo runs. The numbers indicate the offset in years between some of the more pronounced

peaks and troughs.

Fig. 14. The correlation coeffi-
cients with significances for
different time shifts between
NGRIP and GRIP ""Be flux
(green), NGRIP '“Be flux and
modeled IntCal04 *C produc-
tion (blue), GRIP °Be flux and
modeled IntCal04 **C produc-
tion (black) as well as GRIP
"Be flux 3752-3244 BP and
modeled IntCal04 *C produc-
tion (grey). The dashed lines in
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Fig. 15. Comparison of the GRIP '°Be concentration (grey) to
1C production rates modeled with different values for the a,
parameter. The "*C production curves were low-pass filtered
(20 yr) to facilitate the visual comparison of amplitudes.
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38 and 11 years. The average difference based on these
measurements is 22 years. The appearance of the
peaks and troughs also differ between the records in
terms of width and amplitude. This is also true for the
IntCal04 comparison to the GRIP '"Be flux (figure
13). For the GRIP dataset the measurements are more
consistent with an age difference of around 18 years.
The measured discrepancies for both records
both point to a difference of about 20 years. The
agreement between the 'Be and '*C records
vary in different periods of the time span, but a
~20 year shift of the '’Be curves could improve
the agreement for several of the peaks and dips.

Now s o

Normalised production rate

1.1
4.2.2 Correlations 10
The correlation coefficients calculated with dif- 2:
ferent lag times (£0-50 yrs) suggest a time shift 07

of 18 years or more between the '’Be datasets
and the '*C datasets. The highest correlation
coefficients when comparing '"Be flux to the
modelled IntCal04 production rate were found
with a lag between 18 and 25 years. The correla-
tion coefficients with lag time are given in fig-
ure 14 and with significance in table 1.
However, for the modelled IntCal98 'C
production the best correlation is found for lags
between 19 and 27 years. For both comparisons
the difference between the NGRIP and GRIP
results decrease when correlations are calculated
for the same period. The IntCal04 underlying
datasets from University of Washington and
Queen’s University of Belfast also gave the best
correlation when '"Be was shifted to younger
dates. The best fit was with a time shift between
30 and 31 years for dataset 1 and 27 to 43 years
for dataset 2. It is notable that for all "*C data

o
o

Normalised production rate

tion

series the correlation coefficients are higher when
compared to '"Be flux than when compared to '°Be
concentration.

Correlation coefficients gave similar results for
different model values of K. For different model val-
ues of a, the results differed concerning what offset to
the '’Be data gave the strongest correlation. The larg-
est difference compared to the standard production rate
result was six years. The correlation coefficients were
higher for all a, values larger than zero and highest for
a.=0.05. A comparison between the different produc-
tion curves and GRIP '°Be data is shown in figure 15.

4.2.3 Visual comparison with time shifts

Based on these correlations we can also do a visual
analysis of the agreements when the '°Be curves are
shifted in time. The NGRIP curve was shifted 25 years
(figure 16) and the GRIP curve was shifted 18 years
(figure 17) as these time shift were suggested by corre-
lation coefficients analysis. Several of the peaks and
valleys show an improved agreement between the re-
cords when this is done. Also the larger scale varia-
tions like the peak between ~3400 and ~3300 seem to
agree better for both records after applying these time

3900 3800 3700 3600 3500 3400 3300 3200 3100 3000
Year BP

Fig. 16. The same as figure 12 with the NGRIP '°Be flux shifted 25
years towards present day (to the right), as suggested by the calculated
correlation coefficients.
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Fig. 17. The same as figure 13 with the GRIP '“Be flux shifted 18
years towards present day (to the right), based on the highest correla-
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Fig. 18. Comparison of '"Be records with proxies for atmospheric
circulation changes and climate changes. From the top panels show concen-
trations of Na, NH,4, K, Mg, Ca, Cl, NO;, SO,4, GRIP 530, normalised GRIP
'“Be flux and GRIP '°Be flux minus the "C production rate curve (Johnsen
et al. 1997, Mayewski et al. 1997, Muscheler et al. 2004). As the amplitudes
in the "*C production rate are less than in the '°Be record the two curves
have similar features. The red area marks the ice core dating of the Santorini
eruption with the maximum counting error (Vinther et al. 2006). The grey
areas show periods where peaks are seen in several of the ion records, as
well as in the '°Be GRIP data.

Datasets compared Correlation  Signifi-
coefficient cance
NGRIP '"Be flux & 6180 (3752-3244 BP) -0.05 -
Detrended NGRIP '“Be flux & 5180 (3752-3244 BP) -0.21 -
"C-NGRIP '"Be flux difference & 5'*0 (3950-2950 BP) -0.21 >99.9%
GRIP Be flux & 8180 (3950-2950 BP) -0.11 -
Detrended GRIP '*Be flux & 8180 (3950-2950 BP) -0.13 95%
C-NGRIP ""Be flux difference & 8'%0 (3950-2950 BP) -0.14 >99.9%

Table 2. Correlation coefficients for the comparison between 8'°0 and '°Be
flux and '’Be flux with its long term trend removed.
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shifts. There is also a peak between ~3200
and ~3100 that agrees better with these
time shifts. There are still differences be-
tween the '’Be and '*C records after shift-
ing the curves, but the timing of some in-
dividual peaks as well as the larger scale
variations appear to agree better when
time shifts are applied.

4.3 Atmospheric influences on
deposition

The comparison between 5'°0 and '’Be
fluxes show a negative correlation, as
summarised in table 2. However, the cor-
relation is relatively low compared to the
comparison between '’Be and “C and only
significant for the GRIP data with the long
term trend removed. When subtracting the
1C production curve from the '°Be fluxes,
both the NGRIP and GRIP records show a
negative correlation to 8'%0. Table 2
shows a summary of the results.

The comparison between the GRIP
"“Be data and the ion concentration data is
shown in figure 18. The GRIP record is
used as it is available for a longer time
period. There is no general agreement be-
tween the records, but some concentration
peaks can be found in several records. At
around 3600 BP there are increases in the
concentrations of sodium, magnesium,
calcium, chloride and sulphur. This also
has a corresponding increase in the '"Be
flux and the '"Be-'*C difference. Around
this period, at 3608 and 3582 BP, we can
also see two peaks in the SO, record.
However, they are unlikely to be a reflec-
tion of the Santorini eruption as it has been
dated to around 3590 BP. There is also an
increase in several records at the end of
the studied period. Both the sodium, am-
monium and potassium show large peaks
around 2950 BP. There is also an increase
in the '’Be and '"Be-'*C difference after
3000 BP, but it is not larger than other
peaks in the record. Some of the other ion
records also show minor increases after
3000 BP. Correlation coefficients were
also calculated between the '“Be fluxes
and each ion record. This gave no signifi-
cant correlations.



5 Discussion

5.1 "°Be uncertainties

The similarities between the new NGRIP '’Be data and
the previously published GRIP '“Be data strengthen
the reliability of the results. It has previously been
found through principal component analysis (Beer et
al. 2007) that 90% of the variance in the '“Be GRIP
record can be explained by the production signal. The
main difference between the curves is the peak at 3665
year BP in the NGRIP data (figure 11). As this peak is
based on one sample and not reflected in either the
GRIP dataset or in the "“C record it can be argued that
it does not reflect a change in production rate. Concen-
tration peaks could reflect low accumulation rates
which could lead to higher concentrations of 'Be.
However, the peak does not change much when com-
pensating for accumulation changes by calculating the
""Be flux. The complete NGRIP data series can be
considered reliable in terms of consistency with the
GRIP '“Be data. Still, possible mixing of samples low-
ers the credibility of individual measurements. Thus,
this might be the explanation why the peak is not re-
flected in the other datasets.

The correlation coefficients of the NGRIP and
GRIP data give a measure of their agreement. The
slightly higher level of the correlation coefficients
when comparing fluxes rather than concentrations
might indicate that the fluxes are closer to the global
production rate than the concentrations because of
accumulation rate changes influencing the concentra-
tions. This could also reflect a climate bias found in
both records. Still, the correlation coefficients when
comparing '“Be and *C records are also higher for the
fluxes which gives greater confidence to the flux as a
reflection of the production signal. However, this only
applies for the studied period. Which of the '°Be flux
and the '°Be concentration that best reflects the pro-
duction rate may vary for different periods, as found
by e.g. Horiuchi et al. (2006).

Another consideration that should be made
when interpreting the '’Be data is the possibility of a
polar bias in the ice core records. This could be caused
by a higher local production response to changes in the
solar magnetic field as the geomagnetic field is less
effective in deflecting GCR at the poles. This would
mean that the ice core '’Be records discussed here
might show higher production rate changes compared
to the global production rate. Using '“Be transport
modeling with a general circulation model Field et al.
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(2006) found a polar enhancement of the solar-induced
""Be production variations of about 1.2 compared to
the global production rate. However, another modeling
study by Heikkild et al. (2009) found no indication of
such a polar enhancement. The authors add that there
may be a polar enhancement present that is lower than
the noise level and therefore not seen in the results.
Thus there might be a polar enhancement of the polar
"“Be response to solar magnetic field changes in the
order of 1.2 or less.

5.2 'C uncertainties

The IntCal datasets are extensively used, as indicated
by the many citations of the two articles (Stuvier at al.
1998: 2689 citations, Reimer et al, 2004: 1160 cita-
tions. Source: ISI Web of Knowledge 2019-01-10).
However, the reliability of '*C dating of the Santorini
eruption has been questioned because of uncertainties
in the method (Wiener 2009). His main arguments are
that there is a problem when reproducing '*C dating
between different laboratories, that the errors of the
measurements are too large to make the method useful
in this context and that regional offsets to the calibra-
tion curve may give erroneous results.

The criticism offers an opportunity to investi-
gate uncertainties in dating and improve the method.
Kromer et al. (2001) have done this by examining pos-
sible effects from regional carbon offsets in the period
around the Santorini eruption. One of the assumptions
made in '*C datings of terrestrial material is that '*C is
well equilibrated in each hemisphere, although it is not
clear if this is true or not (Kromer et al. 2001 and ref-
erences therein). Kromer and co-workers compared
'C datings of absolutely dated tree ring records be-
tween Anatolia and Germany to investigate possible
offsets. Their results showed that the offset existing is
most likely due to differences in the growing season of
the trees used for the comparison. Climate changes
may also influence offsets in radiocarbon measure-
ments through shifting of the growing season, thus
adding uncertainty to interpretations (Chmielewski and
Rotzer 2001, Kromer et al. 2001). During some peri-
ods there may be offsets resulting in dating differences
in the order of 15-30 years. The possibility of regional
offsets has been considered in the construction of the
IntCal04 calibration curve, but as these are close to the
precision of "C determinations and the offsets are
likely to have varied over time they are difficult to
estimate (Reimer et al. 2004).



5.3 The "°Be and "*C comparison

Local offsets between '*C in Santorini and central
Europe may have existed but since the Intcal04 cali-
bration curve is absolutely dated even a minor system-
atic timescale shift compared to the ice core '’Be re-
cords is unlikely. As '°Be and '*C productions are con-
trolled by the influx of cosmic ray particles to the at-
mosphere but differ significantly in their depositional
processes, the common signal in the records should be
the production signal. The signal should also be simul-
taneous in the two records. Still, all records of '°Be
and '*C compared here show that there is a difference
in the timing of the '’Be and the '“C production curves.
This is clear from both the visual analysis and the cor-
relation analysis.

The GRIP '"Be record was used to estimate the
lag time over the 3950-2950 yr BP period as well as
the period covered by the NGRIP data (table 1, figure
13, 17). The comparison for the common time period
shows a closer agreement of the results regarding the
timing of the '°Be and '*C variations (table 1). If
NGRIP data for the 3950-2950 BP period were avail-
able the discrepancy for the highest correlation might
change. Hence, it is more reasonable to use the same
time periods to see if the NGRIP and GRIP records
agree. It may be that NGRIP '°Be for the entire period
shows a time shift estimate closer to the GRIP esti-
mate.

As shown in the correlation analysis, the 23
year discrepancy does not depend on the parameters of
the box diffusion model. The time shift suggested by
the correlation coefficients did vary (0-6 yr), espe-
cially with changes in the a. parameter as it also did
when comparing output values for the artificial curve
(see figure 7). Hence, if the model would not accu-
rately represent the actual operation of the carbon cy-
cle for the studied period it could explain a systematic
time shift between the datasets. The up to six years of
difference can be regarded as the uncertainty of the
model for this application. Nonetheless, even large
modifications of the relevant model parameters do not
lead to time shifts that are in the order of the discrep-
ancy between the '°Be and the '*C records.

Interesting to note are the higher correlation
coefficients between '’Be flux and "*C for the produc-
tion rates calculated with higher values for the outcrop
area, a.. The production rate calculated with an a,
value of 0.05 gave the highest correlation. As shown in
the methods (figure 7) the a. parameter changes the
amplitude of the variations in the output data. The am-
plitudes of the '’Be and '*C production rates differed
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when standard settings were used in calculating the '*C
production rate. When a higher value for a, was used
the amplitudes were increased, improving the correla-
tion with the 'Be data. Newer models, like the
Bern3D model (Miiller et al. 2006), include a parame-
ter similar to the a. in the carbon cycle model. As seen
in the comparison by Muscheler et al. (2007), also
shown in figure 8, the main difference between the
modelled production rates are the amplitudes of the
changes although these differences are not as great as
produced when changing a. alone. This result could
suggest that the box diffusion model underestimates
the exchange between the atmosphere and the deep
ocean. However, the amplitudes of the '’Be flux in the
Greenland ice cores might be enhanced due to a polar
enhancement and the Intcal04 curve could underesti-
mate the amplitudes due to the applied smoothing of
raw '*C data. Thus the differences in amplitudes might
result from the model, a potential polar enhancement
of '"Be response to solar magnetic field changes or the
applied '*C data.

The suggested time shifts differ more for differ-
ent "*C records than differently modelled '*C produc-
tion rates. This may depend on the resolution of the
records, timing of the peaks and strong individual
peaks. IntCal04 includes several improvements com-
pared to the Intcal98 calibration curve. For the period
3950-2950 BP these improvements include a different
statistical treatment of the underlying datasets to con-
struct the curve and some additional data points from
C measurements on German oak trees, thus improv-
ing the reliability of the production rate modelled from
Intcal04 A'™C. Furthermore, it combines data series
from different regions, which should improve the reli-
ability of the modelled production rate compared to
the two underlying datasets. The individual records
might contain regional offsets, influences from sam-
pling methods, treatment of samples and other non-
quantifiable errors (Reimer et al. 2004). Still, if one of
the underlying datasets showed a much higher correla-
tion or no time shift when compared to '’Be flux it
would be worth a further investigation. From the re-
sults we can conclude that this is not the case.

For the '’Be data the residence time of '"Be is
important for the timing of peaks and troughs. Heik-
kild et al. (2008) found that the residence times of '’Be
in the atmosphere may change as a result of changes in
the amount of '°Be produced in the stratosphere in
relation to the troposphere. Changes in the atmos-
pheric residence time of '’Be would influence time
shifts. However, to explain the time shift this would
have to be in the order of 10 times the residence time,



which is not possible from changes in the ratio be-
tween stratospheric and tropospheric production.

When doing a cross correlation analysis it is
important to consider potential biases. If strong peaks
are present, agreements with these will influence the
correlation coefficient more than agreement between
smaller variations. It is also important to remember
that there is a high correlation between the '’Be and
"C record also with slightly lower and slightly higher
time shifts than for the maximum correlation. The sig-
nificances of the correlation coefficients can be used as
estimates of the error of the time shifts. For the com-
parison of the '’Be flux and the IntCal04 '*C produc-
tion rate at the 99.9% limit give a time span of ~16-33
(see figure 14). Using the 95% limit the span is 8-38
years.

Therefore, based on the comparison between
the '’Be fluxes and the IntCal04 '*C production rate it
would be reasonable to estimate the time shift for 3752
-3244 BP to about 23 years with a uncertainty range
of ~16-33 years. If we take into account the maximum
error in the ice core chronology (£5 years) this leaves a
discrepancy of ~18 years (11-28 years). Adding the
modelling uncertainty based on the maximum differ-
ence (6 years) and the '°Be residence time leaves us
with a difference of ~10 years (3-21 years).

5.4 Atmospheric influence on '°Be depo-
sition

The comparison between the 8'*0 and the '°Be flux
records show a negative correlation for the GRIP '“Be
record when comparing short-term variations (table 2).
When removing the approximated solar signal by sub-
tracting the '*C production curve from the fluxes both
records show a significant negative correlation to 8'*O.
A negative correlation between 5'°0 and '°Be concen-
trations has been found on snowfall event scale by
Pedro et al. (2006). This is suggested to depend on
depletion in '"Be in warm and moist air masses com-
pared to cold air masses. They also concluded that this
shows that the '°Be record may be influenced by mete-
orological changes. This correlation has also been
found on longer timescales in the GRIP ice core by
Wagner et al. (2001). It is possible that the accumula-
tion rate used to calculate the flux does not have the
high resolution needed. Though, as the accumulation
rate changes are not very big this would not explain
the correlation. Thus, there seems to be climatic influ-
ences on the '"Be concentration that cannot be re-
moved by calculating the flux.
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As seen in the comparison between the GRIP
""Be flux and the ion data (figure 18) there are some
similarities between the datasets. This may indicate
that during some periods both records are sensitive to
the same changes. The similarities could be produced
by e.g. atmospheric circulation patterns. Atmospheric
circulation patterns do effect the concentrations of ions
in ice cores and could also change the transport pat-
terns of '’Be. The similarities found here can be com-
pared to those of O’Brien et al. (1995) who studied
common signals in the GISP2 ion data. They found
several events during which the ion data indicated
changes in the atmospheric circulation patterns in the
polar area. A minor event ~3100-2400 BP was the
only change mentioned around the time of the
Santorini eruption. In this period marine species of the
ions increased more than the non-sea salts, which was
interpreted as a sign of a cooler climate (O’Brien et al.
1995).

A cooler climate has been shown to result in
higher '°Be concentrations during the last glacial pe-
riod (Wagner et al. 2001). In the comparison between
the ion data and the GRIP '"Be flux there is an in-
crease in the concentrations of some of the ions after
3000 BP as well as in the '’Be flux. As indicated by
the '’Be flux from which the '*C production rate curve
was subtracted this does not occur in the '*C record.
The concentration and flux in the GRIP record both
show a similar trend in this period. Furthermore, even
though there is a difference between the '°Be and the
'C record at this point in time the difference is not
larger than at other times. Hence, according to the
GISP ion record no large changes in atmospheric cir-
culation patterns occurred during the Santorini erup-
tion. There might be periods during which the '°Be
record is affected by climate changes, but at this time
no such changes can be seen when comparing the '°Be
flux/"*C production rate difference to ion data.

Influences of climate and atmospheric proc-
esses on the '’Be concentration and flux (as a measure
for the production rate) has been examined by several
authors. Beer et al. (2007) conclude that systematic
effects on the '’Be deposition account for about 10%
of the variability in the GRIP record. According to
Usoskin et al. (2006) the local climate is important for
the '’Be variations on time scales <100 years but the
solar signal is still an important influence on these
time scales. From GCM modeling it has been con-
cluded that the solar signal is highly correlated to '’Be
flux variations in ice cores also on shorter timescales
(1986-1990) (Heikkila et al. 2008).

In summary, there are climatic and



atmospheric processes that influence ''Be records,
adding some uncertainty to production rate reconstruc-
tions. Based on the results and the discussion above
there are atmospheric and climatic influences that must
be taken into account when interpreting '’Be ice core
data. However, climatic and atmospheric effects on
the '°Be data show do not appear to cause systematic
shifts in the '’Be fluxes peaks and troughs on periods
over 100 years.

5.5 Synthesis and outlook

The date of the Santorini eruption has been widely
discussed (e.g. Betancourt 1987, Cadogan 1978, Frie-
drich et al. 2006, Manning et al. 2006, Pearce et al.
2004, Pearson et al. 2009, Siklosy et al. 2009, Warbur-
ton 2007). Several types of records have been used,
each with their own challenges. The results presented
here provide a possible explanation for the discrepancy
between the "“C datings and the ice core chronology.

As discussed above there are several uncertain-
ties in the records that may affect the comparison.
There is a climatic influence on the '“Be deposition
that influences the '’Be concentration and flux. There
are uncertainties regarding how well ice core '°Be flux
and modelled "*C production rate represents the global
production rates. These uncertainties may influence
the comparison during certain periods, somewhat shift-
ing the peaks. None of the uncertainties found are,
however, likely to give systematic shifts in the time-
scale. The comparison between the '°Be and "“C re-
cords show a ~23 year discrepancy. Removing ice core
counting errors, carbon cycle uncertainties and the
residence time of '’Be leaves a ~10 year difference of
unaccounted errors. As the uncertainties discussed
cannot explain the discrepancy the most likely expla-
nation seems to be a shift between the ice core and the
tree ring chronologies. This would reconcile some of
the previously published datings, strengthening their
reliability. As methodology improves in future re-
search hopefully it will be possible to reach consensus
about the date of the Santorini eruption and to solve
the discrepancy between the tree ring and ice core re-
cords.

6 Conclusions

. There is a discrepancy between the '*C tree ring
record and the '"Be ice core record of about 23
years.
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. Both NGRIP and GRIP '’Be data show discrep-
ancies to the IntCal04 '*C record.

. A part of the discrepancy (up to 6 years) may
be explained by uncertainties when modelling
the '*C production rate.

. There is a climatic influence on the '’Be data
that cannot be removed by calculating '"Be
fluxes. This influences the comparison between
C and '""Be but is unlikely to cause a system-
atic shift between the records.

. When summing up the uncertainties of the data-
sets and the method applied there is still a mini-
mum 10 year discrepancy between the '°Be ice
core record and the 'C tree ring record.

. This may indicate that there is a time shift be-
tween the chronologies, but also reconciles the
ice core and tree ring datings of the Santorini
eruption.
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