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1. Introduction 

Life on Earth is affected by the prevailing climate, where long term climate 
regimes such as glacial and interglacial periods during the Quaternary are 
primarily controlled by the positioning and path of the Earth in the solar 
system. On a decadal to centennial timescale, however, variations in the 
activity of the Sun itself may affect Earth climate. The question is to what 
extent and through which channels small variations in solar activity could 
affect Earth climate and its inhabitants on a secular scale. Total solar irradia-
tion is in fact fairly constant, but variations in solar activity result in radia-
tion of different wavelengths and varying levels of cosmic ray intensity in 
the Earth atmosphere, factors that may constitute channels for indirect ef-
fects of the Sun on climate. The existence and physics behind such effects 
have been under debate, through for instance the possibility of impact  on 
cloud formation, e.g. [Beer, et al., 2000; Carslaw, et al., 2002; Lockwood 
and Fröhlich, 2007; Svensmark, 1998]. 

In order to understand the present and future Sun - climate relationship, 
studies of past variability of the Sun and climate are indispensable. To gain 
such information, several constituents of natural archives such as glacier ice, 
lake or sea sediments can be targeted. These archives contain information on 
past climate through measurable chemical parameters like e.g. �18O, or 
physical parameters such as accumulation rates. In the process of linking the 
climate information in these records to past variations in solar activity, 10Be 
has proved to be an excellent tracer. 10Be is produced in the atmosphere and 
enters natural archives by wet and dry fallout. The production rate of 10Be in 
the atmosphere is linked to the solar activity level, and as a result 10Be ar-
chives hold information on past solar activity. These connections will help 
us understand the role of the Sun in climate change. The beauty of using 
10Be to decipher past solar activity is that it is a long-lived isotope that has a 
short atmospheric residence time, and therefore archives of widely different 
temporal extension and resolution can be considered, and climate and solar 
effects over decadal to millennial and glacial timescales can be studied. 

An important aspect of 10Be records derived from natural archives con-
cerns to what degree the 10Be signal reflects solar variability. Between pro-
duction and deposition of 10Be, local or regional parameters such as precipi-
tation and air mass circulation patterns may partly disguise or distort the 
solar activity related production signal. In this thesis, the accuracy of the 
10Be signals recorded in regionally separated archives of different types is 
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considered. 10Be was measured in a Greenlandic ice core and a Finnish lake 
sediment core from recent periods, to compare not only the geographical but 
also the archive type dependency of the 10Be signal. Measuring 10Be in 
varved lake sediments with annual resolution is a novel method which has 
not previously been presented in published literature. The existence of these 
new high resolution records provides an opportunity for calibrating past so-
lar reconstructions with detailed information on relationships between recent 
solar activity, 10Be and climate. Furthermore, the distribution of 10Be and the 
short-lived isotope 7Be in aerosols were examined in order to investigate the 
influence of atmospheric conditions on the isotope production signal. 

1.1 Objectives 
The main objectives of this thesis can be summarised as follows: 

• Developing a laboratory method that allows for AMS measurement of 
small volume and low 10Be concentration samples from natural ar-
chives 

• Attaining an annual resolution ice core 10Be record covering several 
centuries 

• Comparing the new high resolution data with existing 10Be records to 
investigate the regionality of local 10Be information on different time-
scales 

• Investigating whether conversion of 10Be concentration into flux pro-
vides records more closely related to the production signal, trough re-
moving effects from environmental conditions 

• Studying 10Be levels and variations during particularly interesting peri-
ods in solar and climate history, such as during grand solar minima and 
the 20th century 

• Exploring the possibility to expand on 10Be media diversity by investi-
gating the possibility of extracting a 10Be production signal from lake 
sediment archives 

• Examining the possible impact of atmospheric circulation variability 
on the 10Be production signal by means of aerosol isotope data 
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1.2 10Be production and deposition 
10Be is a cosmogenic isotope, so called because the production occurs as a 
result of cosmic rays entering the Earth atmosphere. Cosmic rays are also 
known as GCR, galactic cosmic rays. 10Be has several characteristics that 
make this isotope an interesting and useful target for studies aiming at un-
derstanding the causes and timing of climate change. Once produced, 10Be 
attaches to aerosols and is subsequently deposited on the Earth surface. Con-
sequently it can be sampled and measured in several types of reservoirs such 
as ice and sediments, and information from these measurements can be used 
to gain knowledge of past environmental and climatic conditions. A short 
summary of 10Be production in the atmosphere and deposition into natural 
archives is presented here. 

1.2.1 Atmospheric 10Be production and its modulation 
10Be is produced by spallation of atmospheric nitrogen or oxygen through 
interaction with incoming cosmic rays (Figure 1). 

 

 
Figure 1: 10Be is produced in the Earth atmosphere when cosmic rays interact with 
atmospheric atomic nuclei. The cosmogenic isotope attaches to aerosols, which may 
settle as dry deposition or be scavenged from the atmosphere by precipitation and 
fall out as wet deposition. Reservoirs containing 10Be constitutes natural archives 
that enables tracing of past production and deposition. 

Cosmic radiation was discovered in 1912 by Austrian physicist Victor Hess 
[Gosse and Phillips, 2001]. Cosmic ray particles consist of about 87% pro-
tons, 12% alpha particles and 1% heavier particles [Masarik and Reedy, 
1995; Simpson, 1983]. The particles are stripped of electrons as they travel 
trough the interstellar medium, and because of their charged state they are 
affected by magnetic fields. While most cosmic ray energies lie in the range 
~0.1-10 GeV nucleon-1, occasional rays of energies at 1011 GeV from outside 
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our galaxy occur [Gosse and Phillips, 2001]. The most efficient energy 
range for atmospheric 10Be production is 0.8-5 GeV [Beer, et al., 2006]. For 
10Be applications, it is generally assumed that cosmic ray intensity has been 
constant for several million years. If the intensity has varied over time it 
could have implications for interpretations of past production conditions. 

Besides GCR there are also SCR, solar cosmic rays, which lie in the 
much lower energy range ~1-100 MeV and consist to 98% of protons [Vogt, 
et al., 1990]. SCR are expelled from the Sun during discrete events lasting a 
few days, with peak particle fluxes encountering the Earth magnetic field 
and atmosphere during several hours. These events usually occur during high 
sunspot numbers, although they may also arise during a time of lower solar 
activity [Shea and Smart, 1990, 1992]. The SCR are almost completely 
stopped by the Earth’s magnetic field and on average contribute only a neg-
ligible <1% to cosmogenic isotope production [Masarik and Reedy, 1995]. 
SCR can also be referred to as SEP, solar energetic particles. 

The interaction between cosmic rays and the Earth atmosphere causes a 
cascade of secondary particles, which in turn interact with gas molecules in 
the stratosphere and troposphere to produce 10Be according to the following 
[Muscheler, 2000]: 

 
 
 

 
 

It is rare that a primary cosmic ray particle reaches the Earth surface. 10Be 
has a half-life of 1.51 Ma (million years), and decays by beta emission (�-, 
i.e. electron loss) [Yiou and Raisbeck, 1972]. Another beryllium isotope is 
7Be, which is also cosmogenically produced in the atmosphere but has a 
half-life of merely 53 days [Jaeger, et al., 1996]. 

The Sun continually expels a solar wind into space, influencing a distance 
of about 150 AU, a region called the heliosphere. (1AU, or astronomical 
unit, is the average distance between the Earth and the Sun.) Cosmic ray 
particles are continuously entering the heliosphere from outside the solar 
system, probably mainly from within the Milky Way [Gosse and Phillips, 
2001]. The amount of cosmic rays entering the heliosphere is modulated by 
the activity of the Sun, as magnetic fields are carried out through the helio-
sphere by the solar wind and causes scattering, diffusion and energy loss of 
the cosmic rays [Masarik and Beer, 1999]. The strength of the solar wind, 
and thereby the amount of cosmic ray particles entering the heliosphere and 
subsequently the Earth atmosphere, varies with solar activity. Solar modula-
tion is stronger for lower energy particles, most commonly affecting proton 
particles with energies of <10 GeV [Beer, et al., 2006]. The most common 
energy level of cosmic rays encountering the Earth atmosphere is <1 GeV, 
and these are modulated by an order of magnitude over the solar cycle [Ma-
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sarik and Beer, 1999]. Cosmic rays that do penetrate into the heliosphere are 
further affected by the Earth magnetic dipole field, which modulates cosmic 
rays by deflection (Figure 2). 

 
 

 
Figure 2: A simplified illustration of cosmic rays entering the heliosphere. The parti-
cle rays are modulated by the activity of the Sun and the geomagnetic field. 

The 10Be production rate is thus affected by a combination of solar and geo-
magnetic activity. The relationship between solar activity, geomagnetic field 
strength and 10Be production is non-linear (Figure 3). 

 
 
 

 
 

Figure 3: The relationship between solar activity, geomagnetic field strength and 
10Be production in the atmosphere is non-linear [Vonmoos, et al., 2006]. 



 12 

 
Figure 4:  An artist illustration of the Earth and Sun in space, with distortion of the 
geomagnetic field by the solar wind. The orientation of the geomagnetic field facili-
tates entering of cosmic rays in the polar areas. Image from www.nasa.gov. 

Cosmic ray modulation by the geomagnetic field depends not only on the 
particle energy and electric charge, but also the angle of approach. As a con-
sequence of the Earth dipole field orientation (Figure 4), more cosmogenic 
isotopes such as 10Be, 36Cl and 14C are formed at high geomagnetic latitudes 
where cosmic rays can enter the atmosphere more easily. The tropospheric 
production is up to three times higher at the poles than at the equator, and in 
the stratosphere the corresponding increase with latitude is 4-5 times [Kaste, 
et al., 2002]. The dipole nature of the geomagnetic field also results in a 
stronger solar modulation at high latitudes, i.e. differences in 10Be produc-
tion rates between solar minima and maxima are larger at the poles than at 
the equator. While global 10Be production varies by about 10% over an 11-
year solar cycle, the variation is more than 20% at polar latitudes [Steig, et 
al., 1998]. [Masarik and Reedy, 1995] used cosmic ray and solar proton dis-
tribution to calculate atmospheric 10Be production rates at different latitudes 
(Figure 5). 

 

 
Figure 5: The calculated relationship between atmospheric 10Be production rates and 
geomagnetic latitude. After Figure 2 in [Masarik and Reedy, 1995]. 
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10Be production also varies with altitude, first increasing as the cascade of 
secondary particles initiated by cosmic rays propagates down through the 
atmosphere, until the cascade abates when enough energy is lost and the 10Be 
production rate decreases towards the Earth surface [Masarik and Beer, 
1999]. Different estimates indicate that 50-70% of 10Be is produced in the 
stratosphere, the rest in the troposphere, e.g. [Beer, et al., 1987; Masarik and 
Beer, 1999]. Semi-empirical calculations and modelling of global production 
rates have yielded estimates ranging from 0.011 to 0.060 atoms cm-2 s-1 [Ma-
sarik and Beer, 1999; Monaghan, et al., 1986, and references therein]. 

The atmospheric production of 10Be accounts for 99.9% of the 10Be inven-
tory on the Earth surface. The remaining 0.01% is from in situ production by 
interaction of cosmic ray induced secondary particles with mineral and rock 
surfaces. A method commonly used to decipher the history of different land-
forms and processes based on in situ production of 10Be is termed exposure 
dating. For more details on applications of in situ 10Be see e.g. [Bierman, et 
al., 2002; Gosse and Phillips, 2001]. 

1.2.2 Atmospheric mixing and deposition of 10Be 
Soon after production, 10Be adsorbs to aerosol particles and can thereby eas-
ily fall out to the Earth surface by wet (precipitation-related) or dry (turbu-
lent) deposition. In this manner, 10Be differs from e.g. 14C and 36Cl which 
form gaseous molecules and therefore behave differently in the atmosphere. 
Residence times of aerosols are 1-2 years in the stratosphere and a few 
weeks in the troposphere [Masarik and Beer, 1999], and the same applies for 
the 10Be attached to these particles. The residence time in the stratosphere is 
long enough to allow for quite thorough mixing, and short enough to make 
attenuation by reservoir delay insignificant. In the troposphere, the shorter 
residence time combined with the latitude dependent production rates likely 
leads to a more inhomogeneous distribution of the <50% 10Be produced in 
the troposphere. 

Air masses move between the stratosphere and troposphere during episodes 
of stratosphere-troposphere exchange, STE. Tropopause folding in the region 
between two large scale tropospheric circulation cells (Figure 6) allows strato-
spheric air to enter the troposphere, and introduces larger quantities of strato-
spheric 10Be at specific latitudes. Although 10Be is considered well mixed 
within the stratospheric air mass, the frequency and distribution of STE can 
affect regional 10Be abundance in the troposphere in a manner which is likely 
to vary with climate. Major climatic changes may result in varying altitude and 
thickness of the tropopause and thereby affect air mass exchange processes, 
which in turn would bring about local changes in 10Be deposition that are unre-
lated to production rate changes. Due to the much shorter half-life of 7Be com-
pared to 10Be, 10Be/7Be ratios change with air mass age and can be used to 
trace air mass circulation [Jordan, et al., 2003; Raisbeck, et al., 1981]. 
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Figure 6: Atmospheric air mass circulation cells. Stratospheric air can enter the 
troposphere by tropopause folding where two circulation cells meet. Picture from 
www.srh.noaa.gov/jetstream/global/jet.htm. 

The large scale air mass circulation cells also infer higher precipitation rates 
at certain latitudes and regions, and this in turn affects the rate of 10Be scav-
enging from the atmosphere. [Field, et al., 2006] modelled global wet and 
dry deposition of 10Be by employing the patterns of production and climate 
(Figure 7). 

 

 
Figure 7: Modelled wet and dry deposition of 10Be [Field, et al., 2006]. Wet deposi-
tion is larger than dry deposition, and occurs mainly at mid-latitudes. 
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Although the half-life of 7Be is much shorter than for 10Be, the production 
and circulation patterns are expected to be comparable. Studies have indi-
cated latitudinal dependency and inhomogeneous seasonal distribution of 
7Be and 10Be, with higher rates occurring in spring or early summer [Heik-
kilä, et al., 2008a; Kulan, et al., 2006]. Studies of 7Be in aerosols at two 
Swedish sites illustrate both qualities (Figure 8). 

 

 
Figure 8: In a comparison of aerosol 7Be collected at two Swedish sites at different 
latitude, it is clear that beryllium deposition is both seasonal and latitude dependent 
[Kulan, et al., 2006]. The 7Be values are averages of weekly aerosol measurements 
over 25 years. 

To further investigate the latitude dependency of beryllium deposition illus-
trated in Figure 7 and Figure 8, results from 10Be measured in ice cores are 
plotted in relation to latitude (Figure 9). 

 

 
Figure 9: The relationship between latitude and 10Be concentration in ice cores. 
From this data, averaged over the time periods indicated in the legend, it appears 
there is a general higher prevalence of 10Be at higher latitudes, except at South Pole 
where not only 10Be concentration but also snow accumulation is very low. The lower 
value from Camp Century is from an older time period compared to the other data. 
The data and references for these sites are presented in Papers I and IV. 
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Clearly, 10Be measured in ice cores in the upper latitudes generally show 
increased levels with latitude, which is not in line with the trends seen in 
aerosol 7Be. However, the two locations where aerosols were collected are 
further south and in a different geographical setting, and patterns may be 
different. In Figure 7, there are no large differences in deposition rates over 
Greenland. The apparent reversed latitude dependency of ice core 10Be could 
be a combination of other geographic factors, such as altitude and continen-
tality, and differences in snow accumulation rates between the coring sites. 
This illustrates the complexity in interpreting 10Be from natural archives, and 
the need to take both local conditions and air circulation patterns into ac-
count. Another factor to consider is the different time periods covered in the 
different datasets, which means that solar activity and geomagnetic field 
strength at the time of deposition may have been different. 

Further, the possible relationship between 10Be concentration and altitude 
is investigated (Figure 10). There is no correlation between coring site alti-
tudes and measured 10Be concentrations. 

 

 
Figure 10: 10Be concentrations in a number of ice cores in relation to coring site 
altitude. As can be seen, there is no clear relationship between altitude and ice core 
10Be. The data and references for these sites are presented in Papers I and IV. 

Snow accumulation comprises a direct pathway of atmospheric 10Be into ice 
archives, although some redistribution by snow drift may take place. In 
sediment archives, the 10Be deposition pathways are more complicated. In 
addition to direct deposition of 10Be, sedimentation and runoff from the 
catchment area constitutes an additional pathway into the archive. The depo-
sition area is larger than the archive itself, and there may be reservoir deten-
tion effects or even complete loss of 10Be during transport towards the ar-
chive. Precipitation rate is another factor which can affect the deposition of 
10Be into natural archives. A higher precipitation rate can lead to a lower 
concentration of 10Be in the fallout since the available atmospheric 10Be be-
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comes diluted or washed out. In Antarctica, lower precipitation rates in sites 
far from the coast leads to a relatively higher proportion of dry deposited 
10Be. In order to relate 10Be levels in specific archives to production and 
solar variability, local and regional conditions must be considered. 

1.3 Some important findings from 10Be studies 
Since the 1960s, when the AMS technique was developed to enable 10Be 
measurements, a number of studies on 10Be in ice cores have been made; 
many of these are reviewed in Paper V. Interpretations based on 10Be from 
natural archives have enabled significant progress in the decoding of paleo-
climate. During the last glaciation, 10Be concentrations were higher than 
during the Holocene. The reason for this is lower snow accumulation rates in 
the glacial climate regime, which affected concentrations since 10Be was 
deposited with smaller snow volumes. Low temperatures are also connected 
with low �18O values, implying a negative correlation between 10Be and �18O 
records. A number of studies of 10Be in ice cores have revealed synchronous 
variations in 10Be and �18O during the last glacial period [Beer, et al., 1988b; 
Finkel and Nishiizumi, 1997; Yiou, et al., 1997]. The general anti-correlation 
between 10Be and �18O during the last glaciation has not been clearly identi-
fied in Holocene records, which is likely an effect of more stable climate 
conditions. 

Further information that has been acquired from studies of 10Be in ice 
cores is how solar activity has varied in the past and its link to climate, e.g. 
[Bard, et al., 2000; Beer, et al., 1990; Beer, et al., 1985; Raisbeck, et al., 
1990; Steig, 1996; Wagner, et al., 2001]. The Maunder minimum, lasting 
1645-1715 AD, was what is called a grand solar minimum, an extended pe-
riod of unusually low solar activity. The low solar activity was reflected in 
higher 10Be production rates; a 32% higher global 10Be production rate during 
the Maunder minimum has been estimated through global circulation model-
ling [Heikkilä, et al., 2008b]. A number of papers related to solar or cosmic 
ray reconstructions or verifications thereof using 10Be data exist, e.g. [Lean, et 
al., 1995; Lockwood, 2001; Usoskin, et al., 2004; Usoskin, et al., 2003; Von-
moos, et al., 2006]. 

Because 10Be production is controlled by cosmic ray intensity, it is 
strongly related not only to solar activity but also geomagnetic field strength.  
Over millennial timescales changes in the Earth dipole field can have an im-
pact on cosmogenic isotope production through cosmic ray modulation, and 
the long half-life of 10Be allows for considerations of extensive time periods. 
Geomagnetic field variations over the last 60 ka (ka = thousand years) were 
reconstructed by means of interpreting variations in 10Be and 36Cl, and 14C 
[Muscheler, et al., 2005; Wagner, et al., 2000]. A good agreement with sedi-
ment core information has verified the method. 10Be measured in deep sea 
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sediment cores has revealed periods of geomagnetic excursions or reversals 
indicated by raised 10Be levels, as well as traces of climate variations [Alda-
han and Possnert, 1998, 2000; Somayajulu, 1977]. Additionally, past varia-
tions in the geomagnetic field have been traced by 10Be peaks in polar ice, 
e.g. [Beer, et al., 1984; Raisbeck, et al., 1987; Raisbeck, et al., 2006; Steig, et 
al., 2000; Yiou, et al., 1997]. Conversely, ice core timescales have been 
pinned down by connecting peaks in 10Be concentration with known geomag-
netic reversals [Beer, et al., 1992; Raisbeck, et al., 2002; Steig, et al., 2000]. 
Sharp 10Be peaks or characteristic variations have also been used to calibrate 
Greenland and Antarctic ice core timescales and study the timing of climate 
events at the two poles [Beer, et al., 1987; Raisbeck, et al., 2007]. 

Production variations of the cosmogenic isotope 14C are similar to that of 
10Be (Figure 11), although deposition and post deposition behaviour differ. 
The main difference is in the uptake of 14C into geological and biological 
cycles, which affects atmospheric 14C abundance. Past differences between 
10Be and 14C can therefore be used to indentify changes in the 14C cycle. One 
example is a change in ocean deep water formation around the end of the last 
glaciation that was detected in this manner [Muscheler, et al., 2004]. 

 

 
Figure 11: 10Be flux in the NGRIP ice core, black line, [Paper I] and relative atmos-
pheric radiocarbon, gray dashed line [Reimer, et al., 2004]. Due to similar produc-
tion variations, general trends are the same for the two cosmogenic isotopes, al-
though the more complex 14C cycle causes some variations in atmospheric abun-
dance. 

Perhaps the topic that has the most immediate interest today is how solar 
activity relates to global warming. The number of sunspots that can be ob-
served on the solar surface is an indication of solar activity, and these num-
bers vary in a cyclic manner with minima every 7-17 years, but more often 
than not every 11 years. Even during minima in this 11-year cycle, called the 
Schwabe cycle, some sunspots can often still be observed. Recently, how-
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ever, sunspot appearance has been scarce. In 2008, the largest number of 
days with no sunspots since 1913 was recorded, and so far, in the spring of 
2009, this year sees an ever higher percentage of spotless days (Figure 12). 
This contrasts the high solar activity during the 20th century compared to the 
values of the existing sunspot record which stretches back to the early 17th 
century. Considering annual values for solar maxima and minima, 3 out of 7 
minima and 7 out of 15 maxima with the highest spot counts have occurred 
since 1937. During high sunspot activity the contribution of ultraviolet radia-
tion emitted from the Sun is much larger, which may have a role in non-
direct impacts on Earth climate. 

 

 
Figure 12: An absolutely spotless Sun, imaged by SOHO/MDI on 6 April 2009. Pic-
ture source http://sohowww.nascom.nasa.gov, http://soi.stanford.edu. 

The possible role of the Sun in recent global warming has been discussed, 
and the high recent solar activity levels along with ice core 10Be data has 
caused a discussion regarding the possibility of an unusually active Sun dur-
ing the 20th century [Beer, et al., 2000; Muscheler, et al., 2007; Solanki and 
Krivova, 2003; Usoskin, et al., 2003]. Extending and increasing the accuracy 
of the global 10Be record will be a means of tracing past solar activity and its 
role in climate with greater certainty. It has been shown that 11-year varia-
tions in 10Be deposition continues even when there are no visible sunspots 
[Paper I, Beer, et al., 1998], implying that solar activity reconstructions from 
10Be are possible even for periods with relatively low solar activity. 
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2. Sample preparation and measurements 

To produce 10Be data from natural archives, extensive laboratory work was 
devoted towards preparation of samples from several media; freshly col-
lected precipitation, ice core and varved lake sediments. The chemically 
extracted product from these samples is of the same composition, although 
different laboratory procedures are required for water and soil samples to 
reach the end product. The extraction of 10Be in these samples allowed for 
accelerator mass spectrometry, AMS, measurements by research engineers at 
the Tandem Laboratory in Uppsala. 

The initial project involved extraction and measurement of 10Be in 288 an-
nual samples from an ice core from the NGRIP site in Greenland. The North 
Greenland Ice Core Project, NGRIP, is a joint venture involving several coun-
tries [Dahl-Jensen, et al., 2002]. A laboratory and research team at Eawag in 
Zurich, Switzerland, was also involved in the project and prepared and meas-
ured 318 samples from the upper part of the same core. To ensure comparable 
results, it has therefore been of great importance to use methods, chemicals 
and procedures as similar as possible in Uppsala and Zurich. 

Precipitation was collected mainly to use as an experimental substitute for 
ice samples. A number of precipitation and blank samples were measured 
with AMS to ensure that levels were measurable and background values on a 
reasonable level. Some precipitation samples were also taken to Zurich for 
preparation and measurements to ensure that both laboratories and AMS 
facilities reached comparable results. 

Subsequently, about one hundred varved lake sediment samples were also 
prepared and measured for 10Be. The sediments were supplied by colleagues at 
University of Turku, and were sub-sampled, prepared and measured in Uppsala. 

The different steps and methods employed to extract 10Be from the di-
verse sample types, and to ensure low background values, are described in 
detail below. 

2.1 Quality assurance and trials 
An important factor in establishing low background values is the purity of 
the water involved in the laboratory procedures. Water is used extensively in 
the laboratory processes, for washing utensils, diluting chemicals and wash-
ing samples. It is therefore vital that the water used is pure and does not 
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cause contamination of neither beryllium nor boron (B), which could affect 
results from AMS measurements. The water used in all aspects of the labora-
tory work at the Department of Earth Sciences in Uppsala is de-ionized wa-
ter from an in-building osmosis plant. This water, which is subsequently 
distilled before use, will from here on simply be referred to as distilled wa-
ter. To ensure the purity grade of the distilled water, a number of blank sam-
ples were prepared using this water. The samples were then measured at the 
Tandem Laboratory. 

Apart from water, other possible contamination sources include chemicals 
and laboratory plastic- and glassware used in sample preparation. To sepa-
rate and investigate the possible impact from these different sources, two 
different types of blanks can be made. A process blank is made with distilled 
water, and is put through all the steps of a precipitation sample which are 
described below. The end product can be looked upon as a regular precipita-
tion sample with a minimal 10Be concentration. The smaller this derived 
sample 10Be concentration, the purer is the laboratory processes and equip-
ment. The average background level can then be subtracted from derived 
sample values. Another type of sample is a carrier blank. By limiting the 
blank preparation to precipitation of carrier directly into a furnace quartz 
tube, the contribution from chemicals and utensils is minimised. A differ-
ence in process and carrier blank levels indicate that there is some contami-
nation from the laboratory equipment or chemicals, and investigative steps 
can be performed to isolate the specific point of weakness. 

Samples are manually pressed into holders, and during this process the 
spatula and pressing pin come into direct contact with the sample material. 
The possibility of cross-contamination was explored by pressing low con-
centration 10Be samples after high concentration samples. Measurements 
indicated no sample cross-contamination. 

Results from process and carrier blanks were thoroughly evaluated before 
preparation of ice core samples was initiated. Because a successful blank is a 
sample containing practically no 10Be, these low levels are challenging to 
measure even with AMS. Therefore, successful blank sample measurements 
ensure AMS capability of measuring actual archive samples, which have 
larger 10Be content. 

2.2 Rain, snow and aerosol collection 
Precipitation was collected as rain or snow in an atrium of the Department of 
Earth Sciences in Uppsala. Rain samples were collected in a glass container 
which was covered by a coarse filter to avoid contamination by airborne 
particles. Snow was scooped from the ground cover and melted at room 
temperature in plastic containers. Before storage, the water was filtered 
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through 0.45 �m cellulose nitrate filters to remove any smaller particles to 
which 10Be may otherwise adsorb. 

Aerosols were collected on fibreglass filters at measurement stations run 
by the Swedish Defence Research Agency, FOI. Beryllium was extracted by 
laboratory technician Inger Påhlsson at the Department of Earth Sciences in 
Uppsala, by means of ion exchange columns as described in [Kulan, 2007]. 
Details of aerosol sampling and analytical techniques are described in the 
auxiliary material for Paper V. 

2.3 Preparation of ice and precipitation samples 
The NGRIP ice core samples involved in this work were shipped to Uppsala 
as 55 cm sections. The sections were cut into annual samples using a band 
saw, following a list provided by the coring team. Each ice sample was rinsed 
with distilled water to remove possible surface contamination from drilling 
and handling. Samples were weighed after rinsing and had a size range of 195-
966 g, to which 0.15 mg 9Be carrier was added. The carrier is needed to enable 
AMS measurements, and addition as early as possible in the process is vital. 
Once the carrier is added loss of sample during the chemical extraction is of 
less importance, since the 10Be/9Be ratio stays constant. After carrier addition 
the ice was melted in a microwave oven in short intervals, so that that the 
samples would not get warm. Once the samples were melted they were poured 
into plastic containers connected to ion exchange columns by silicone tubes 
(Figure 13). Cation columns used were Bio-Rad Poly-Prep® Prefilled Chro-
matography Columns AG 50W-X8 resin 100-200 mesh hydrogen form 0.8×4 
cm. As water passed through the ion exchange column 10Be and 9Be was re-
tained in the resin, and the effluent water was discarded. 

For the NGRIP samples, anion exchange columns were also used to cap-
ture chlorine for future 36Cl measurements. This involved adding 1.0 mg 35Cl 
carrier to each sample before melting. Ice core 36Cl concentrations are lower 
than 10Be concentrations, and larger samples are needed to enable measure-
ments. Therefore, four Be samples should be combined to a single Cl sam-
ple. Instead, only two samples were actually combined into one anion ex-
change column, because only every other NGRIP sample was processed 
initially. This cautionary procedure lowered the risk of several adjacent sam-
ples being lost in case of an unforeseen event or mistake. Once the first half 
of the samples was measured, the rest were prepared. The Cl content in the 
anion columns which are combined from only two ice samples is most likely 
too low for measurements, so when the Cl samples are processed in the fu-
ture, eluate from two Cl columns should be combined. The Cl columns were 
manually filled with Bio-Rad AG® 4-×4 resin (100-200 mesh free base 
form) suspended in distilled water. 
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Figure 13: Samples are poured into soft plastic containers, which are connected to 
silicone tubes through an opening in the container caps. The silicone tubes are at-
tached to silicone stoppers which are pushed into the ion exchange columns to create 
a sealed system. By opening clamps on the tubes, the samples are allowed to pass 
from the containers into the columns, where the resin slows the process to a few 
drops per second. Tubes attached to the bottom of the cation columns combines the 
flow from two samples into one anion column placed further down. The water exiting 
the lower columns is discarded into a drain. 

When all water had passed through the columns, the stoppers and tubes were 
removed and an open quartz pipe was mounted on each cation column 
(Figure 14). Addition of 25 ml diluted HCl extracted beryllium from the 
resin and the eluate was collected in plastic centrifuge tubes. For the first 12 
samples, which were also co-precipitated with silver, 1M HCl was used. It 
was found, however, that this did not extract all beryllium from the column, 
and for the remaining samples 4M HCl was used. The timing of beryllium 
extraction from the columns is not critical; loaded columns can be kept for 
years without any degradation. To increase laboratory time efficiency, col-
umns were most often kept for days or weeks before elution. 
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Figure 14: Quartz pipes are attached to the ion exchange columns and HCl is poured 
in. As the acid passes through the columns, Be2+ ions adsorbed to the resin are re-
placed with H+ ions and the beryllium is collected with the liquid in the centrifuge 
tubes mounted below. 

The eluate containing the extracted beryllium was made basic by addition of 
16 ml NH3 (4 ml when 1M HCl was used). This raised pH to ~10, which is 
within the range of 6-12 which is necessary to allow for formation of 
Be(OH)2. The samples were left covered overnight to ensure maximal for-
mation of hydroxide. In day 2, the samples were first centrifuged to separate 
the beryllium hydroxide from the liquid. This and all other centrifuge steps 
lasted 20 minutes at 5000 rpm, to ensure that the small samples were always 
completely separated out and nothing would get lost in discarding the liquid. 
From this stage on, two alternative methods were used. Initially, beryllium 
was co-precipitated with silver to mirror the methods used for the other 
NGRIP samples in the Eawag laboratory. However, co-precipitated silver 
samples were not optimal for AMS measurements in Uppsala, and a new 
method of co-precipitation with niobium was developed. Reasons and tech-
niques for developing the new method are described in Section 2.5. 

The silver co-precipitation method, adapted from [Stone, et al., 2004], 
was used for only 12 of the NGRIP samples. After the initial centrifugation, 
the beryllium hydroxide was transferred into smaller plastic centrifuge tubes. 
Samples were centrifuged, excess liquid removed, distilled water added and 
samples stirred. They were then centrifuged again, and excess fluid dis-
carded. Then 0.5 ml 0.1M HNO3 and 1 ml AgNO3 solution with a silver 
content of 4 mg/ml was added. Samples were stirred, followed by addition of 
4 ml H2O and 1 ml Na2CO3 1% solution. The pH should lie in the range 
9-10, to allow for both silver and beryllium hydroxide formation. After stir-
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ring, the centrifuge tubes were left in a dark cupboard for 30 minutes. Be-
cause the silver-beryllium precipitate becomes very compact and difficult to 
subsequently remove from the tube, these samples were then centrifuged for 
only 5 minutes at 3000 rpm. After washing with distilled water, the centri-
fuging was repeated. Samples were then transferred into small (~2.5 ml) 
clean quartz tubes and centrifuged again, this time at the standard duration 
and speed. Finally, the excess fluid was discarded and samples ready for the 
furnace. 

The rest of the ice samples were prepared using the niobium co-
precipitation method. After the initial centrifugation, the liquid was dis-
carded and a few drops of distilled water added. Each sample was then trans-
ferred directly into a quartz tube either by a disposable plastic pipette or by 
careful pouring. Additional distilled water was added and the samples centri-
fuged again. After discarding the fluid, NbCl5 in solution was added, at a 
1mg niobium dose. The niobium solution is highly acidic, pH ~1, which 
leads to dissolution of the beryllium hydroxide. Addition of a few drops NH3 
returned the pH to 10 and allowed for both metal hydroxides to form. The 
samples were stirred and placed in a water bath at 50-60°C for 15 minutes to 
allow for all beryllium and niobium to react. The samples were then centri-
fuged and washed with distilled water twice, then centrifuged a final time 
and the surplus liquid discarded. 

After the chemical preparation, samples were heated in a furnace to re-
duce the hydroxides. To ensure that the samples were thoroughly dry and 
would not boil, which would cause a loss of material, the samples were first 
slowly dried at 60-80°C, either in a heating cupboard or in the furnace. The 
samples were then heated to 150°C during 30 minutes, and kept at that tem-
perature for two hours to complete the drying. Over a span of two hours, the 
temperature was then raised to 850°C and kept there for another two hours, 
before the furnace switched off and the samples were allowed to cool. These 
times and temperatures were initially applied to suit samples containing sil-
ver, since the high temperature is needed to reduce silver oxide to metallic 
silver, but was used for Be-Nb samples also. Samples were then put in an 
exsiccator until preparation of AMS sample holders. 

Disposable micro-spatulas and pipettes were never transferred between 
samples, and discarded after use. Used plastic centrifuge tubes were washed 
with ordinary washing up liquid and a brush, rinsed with tap water and 1M 
HCl and finally with distilled water several times and left to air dry. Used 
sample containers and silicone tubes were rinsed with distilled water several 
times. Quartz tubes, most with leftover sample material, and used columns 
are kept in storage at least until the end of the project, possibly longer. The 
chemicals used were of pro analysi, p.a., quality. 

10Be concentration in Uppsala precipitation is similar to that in Greenland 
ice samples, and several samples of rain and snow was therefore processed 
and measured as ice sample surrogates to ensure consistent, reproducible 
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results before the ice samples were processed. Precipitation and process 
blank samples were prepared in the same way as the NGRIP samples. Car-
rier was added to the sample water, which was then poured into the plastic 
containers connected to the ion exchange columns, and so on. 

2.4 Sampling and preparation of lake sediments 
The sediments involved in this study were cored from annually varved bot-
tom sediments of Lake Lehmilampi, situated in eastern Finland at 63°37’N, 
29°06’E, 95.8 m a.s.l. (Figure 15). The core was extracted by colleagues at 
University of Turku, who also measured several physical parameters and 
established an age scale from a combination of this and several adjacent 
cores [Haltia-Hovi, et al., 2009; Haltia-Hovi, et al., 2007; Ojala, et al., 
2000]. 
 

 
Figure 15: Lake Lehmilampi in eastern Finland covers about 0.15 km2, with a catch-
ment area of about 1 km2. Photo: Timo Saarinen. 

Smaller slabs of sediments (Figure 16), from an interval chosen to corre-
spond to roughly the same time period as the NGRIP samples, were ex-
tracted from the 5 cm diameter core from Lake Lehmilampi. The sediment 
sections were divided into annual samples by manual slicing with a razor 
blade. For better precision this was done under a microscope, since varves 
were of millimetre size. About 600 annual varves were sliced in this manner, 
and about 100 of those prepared for 10Be measurements. 
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Figure 16: Slabs extracted from a 5 cm diameter sediment core from Lake Lehmi-
lampi, eastern Finland. These two samples together cover the period 1780-1980 AD, 
approximately. 

Extraction of 10Be from sediment differs from the procedure used for water 
samples, because other compounds must be extracted before beryllium is 
precipitated. After drying and igniting the sediment at 110°C/600°C/900°C 
and recording the weights, samples were totally dissolved with about 5-10 
ml HF and 1-2 ml 2M H2SO4 in platinum crucibles. The crucibles were 
placed in sand on a hotplate and heated at 50-60°C. Once dissolved, the lids 
were removed and the crucibles left overnight in the heated sand bath to 
evaporate the liquid from the samples. Complete drying of the samples was 
accomplished by a stepwise increase in temperature up to 300°C with the 
crucibles placed directly on the hotplate. Dissolution of each sample with 
1 ml 1M HCl enabled transfer into a glass beaker, followed by dilution with 
distilled water to a volume of 100 ml. At this point a 10 ml aliquot was put 
aside for 9Be spectrometry measurements, but unfortunately it later became 
clear that the 9Be concentration was too low to enable such measurements. 
Due to the planned 9Be measurements, 0.25 mg 9Be carrier was not added 
until after the aliquots were taken. Each remaining 90 ml sample was heated 
to 85°C and 2 ml NH3 was added, followed by a further 15 minutes of heat-
ing. This procedure precipitated metal hydroxides, which were collected in a 
cellulose filter which was then washed four times with 5 ml warm 2% 
NH4Cl and once with 5 ml H2O. Beryllium was then leached from the filter 
into a clean beaker using 5 ml warm 6M HCl twice, followed by 5 ml warm 
H2O. Subsequently, 0.25 ml 2M H2SO4 was added to each beaker which was 
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then heated at 80°C until dry. Each sample was then dissolved using 5 ml 
H2O, heated for 10 minutes and filtered. The filter was cleaned with 5 ml 1M 
HCl and 5 ml H2O. The fluid collected under the filter was pH-adjusted to 
2.5 using 1M NaOH. To each sample, 10 ml 0.05 g ml-1 EDTA solution was 
carefully added drop by drop, always keeping pH above 2.5 by adding drops 
of NaOH as required. This procedure allowed for complex formation by any 
other metals present in the sample, while the controlled pH level prevented 
complexing of beryllium. Although absolute efficiency cannot be assured, 
this procedure leaves mainly beryllium free to attach to the column resin. 
Additionally, 0.3 ml 30% H2O2 was added to change the charge state of any 
titanium possibly present in the sample, thereby further reducing the prob-
ability of other metals adsorbing to the resin of the ion exchange column. 

The solution was passed through Bio-Rad AG 50W-X8 pre-filled ion ex-
change columns which had prior to this been washed with 5 ml each of H2O, 
10% NaCl solution, H2O, 0.5% EDTA solution at pH 3.5, and again with 
H2O. The columns are the same type that was used for water samples. The 
beryllium which was retained in the column was then extracted into a clean 
glass beaker by adding 7 ml 4M HCl. Any discoloured appearance of the 
sample at this stage would be an indication that some metals still remained in 
the solution, which may happen if the amount of EDTA is inadequate. Dis-
coloration did occur twice, upon which the EDTA and column procedures 
were repeated and the discolouration eliminated. To a clear sample, 3 ml 
methanol was added and the sample was left overnight to evaporate on an 
80°C hotplate. The methanol was added to reduce any possible boron con-
tent which could otherwise interfere with AMS measurements. 

The dried samples were dissolved with minimal amounts of H2O and 
poured into cleaned quartz tubes. The beakers were then rinsed with 1-2 ml 
1M HCl into the quartz tube to avoid loss of 10Be to the beaker walls, and 
four drops of NH3 were added to each quartz tube to precipitate beryllium 
hydroxide. The quartz tube contents were stirred and heated for 15 minutes 
in a water bath. After 20 minutes centrifugation, the excess fluid was dis-
carded and the samples were washed with warm 2% NH4NO3 and stirred or 
shaken. After one further wash and two centrifugations, the samples were 
placed in a furnace for drying and reduction of beryllium hydroxide to beryl-
lium oxide which can be measured with AMS. The heating procedure in-
volved a 30 minute ramp time to 110°C, 30 minutes at 110°C, 1 hour ramp 
time to 600°C, and 2 hours dwell time at 600°C. Samples were removed 
from the furnace before the temperature decreased to 100°C to avoid possi-
ble moisture absorption, and kept in an exsiccator until samples were pressed 
into targets and measured at the Uppsala Tandem Laboratory AMS facility. 
The complete sediment sample laboratory procedure described here takes six 
days, including sample mixing with Nb powder and pressing of the mix into 
AMS targets. 
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The chemicals used were of pro analysi, p.a., quality, except the NH3 and 
H2O2 which were suprapur. Munktell paper filters of class 1- 00R were used 
for filtering. Washing of utensils were by washing up liquid and a brush, rins-
ing with water and 1M HCl, followed by a final rinsing with distilled water. 

2.5 Development of niobium co-precipitation method 
The appropriate amount of 9Be carrier to add to a sample is controlled by the 
amount of 10Be present, because the ratio of 10Be/9Be should not be too small 
or measurements will be compromised. In small samples from natural ar-
chives with low 10Be concentration, such as the majority of the samples in 
this project, limited 10Be-9Be sample amounts result. In the case of size lim-
ited beryllium samples, AMS measurements are only possible after addition 
of a binder or matrix metal, usually silver or niobium. Silver can be either 
co-precipitated with the beryllium, or added as a powder to the finished 
product BeO. Traditionally, the only way to add niobium has been to mix 
BeO with Nb powder. 

In order to follow the already established method used at Eawag for the 
more recent NGRIP samples in the same project, co-precipitation with 
AgNO3 in solution was initially used as preparation method. While this was 
a suitable method for AMS measurements at the Laboratory for Ion Beam 
Physics at ETH, Zurich, performance of such samples at the Uppsala Tan-
dem Laboratory were less satisfactory. It has already been established that 
niobium is generally a more favourable matrix than silver for AMS meas-
urements of 10Be [Fink, et al., 2000], but the only way to use Nb as matrix 
has been to mix Nb powder with BeO. However, co-precipitation is a pre-
ferred method for the small samples of this project for several reasons. Add-
ing a metal during the chemical preparation increases sample size, and this 
facilitates handling and reduces the disadvantage from any accidental spill-
ing or other sample loss. Another advantage is a more homogenous end 
product. 

Co-precipitation of beryllium with niobium would combine the advan-
tages of co-precipitation and using Nb as matrix, if such a method could be 
developed. Tests were therefore initiated to establish whether co-
precipitation with niobium was possible. Experimenting led to a useful 
method involving co-precipitation of beryllium with dissolved NbCl5, which 
proved advantageous for AMS measurements and therefore was incorpo-
rated in ice core sample processing procedures. Matrix metal / beryllium 
mixing ratios were also explored to establish optimal conditions for the Tan-
dem Laboratory AMS measurements of 10Be. 
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2.6 Accelerator mass spectrometry, AMS 
The possibility of using cosmogenic isotopes for dating and interpretation of 
environmental and climate history was greatly improved by advances in 
accelerator mass spectrometry, AMS, in the 1970s. The low detection limits 
of this measurement technique have made possible the use of small sample 
amounts compared to the conventional method of decay counting. While 
before, volumes in the order of cubic meters were necessary to measure 10Be 
in glacial samples, today less than a litre is needed. 

In the AMS system, sample particles are accelerated from a small metal 
holder into which the chemically extracted sample has been pressed (Figure 
17). Typically, ~1 mg of sample is needed for the measurement. During the 
measuring process, the sample is lost and the method is therefore destructive. 
In order to re-measure a sample, larger quantities need to be produced in the 
laboratory. A metal is mixed with the sample to increase and stabilise the 
beam current. 

 

 
Figure 17: Sample holders (cathodes or targets), prepared for AMS measurements. 
The sputter beam hits the small hole in the aluminium or copper holder, where the 
sample powder has been pressed in place. 

The targets or cathodes containing the samples are placed in the ion source 
of the accelerator system, where the sample is ionized by a caesium beam 
and accelerated in vacuum towards the injector magnet (Figure 18). An exact 
amount of 9Be carrier is added to each sample during the laboratory proce-
dure, resulting in a sample specific 10Be/9Be ratio which stays constant 
throughout the chemical preparation procedures. In the accelerator system, 
9Be17O- and 10Be16O- are similarly affected by the injector magnet due to the 
identical mass numbers. In the tandem accelerator, the ions accelerate to-
wards the positive centre called the terminal which is charged to about 
5 MV. At the terminal, gas and foil strips electrons and splits the beryllium 
oxide, resulting in positively charged beryllium and oxygen ions. The charge 
state causes forward acceleration away from the positive terminus and to-
wards the analyzing and switching magnets. 17O is deflected into the Faraday 
cup and 10Be continues to the detector at the end of the system. 
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Figure 18: A schematic outline of an accelerator system (after Figure 9 in [Kulan, 
2007]). The ion source produces BeO- ions which are accelerated by magnets. In the 
tandem accelerator, foil and gas strip off electrons and break apart beryllium and 
oxygen, upon which further acceleration occurs. 10Be is counted in the detector and 
17O, representing 9Be, in the Faraday cup, resulting in a 10Be/9Be ratio which is used 
to calculate the sample 10Be concentration. As a rough guide to the size of the system, 
although the outline is not to scale, the approximate distance between the injector 
and analyzing magnets is 10 m. 

In the detector, individual ions are uniquely identified and counted. The ions 
are slowed down and stopped by gas in the detector, and the energies and 
energy loss are accordingly recorded as an induced charge. The 17O current 
measured with the Faraday cup represents the amount of 9Be, which is then 
compared to the amount of 10Be reaching the detector. A standard with 
known 10Be/9Be ratio is measured in regular intervals between samples, and 
the multiple measurements of standard material are time interpolated and 
used to normalize sample ratios. 

Sample 10Be concentration is calculated from the ratio R/Rst, the radioiso-
tope 10Be counts over the stable isotope 9Be counts, and the known 10Be/9Be 
value of the standard using the equation 
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where NA is the Avogadro constant (6.022×1023 atoms mol-1) and Ar is the 
atomic weight of beryllium (9.01 g mol-1). In Uppsala the NIST SRM-4325 
standard is used, which has a given ratio of 2.68×10-11, although other values 
have also been used for the standard. An evaluation of AMS standards is 
available [Fink and Smith, 2007]. 
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The relative measurement error is inversely related to �n, where n is the 
number of counts, so the more counted ions the smaller the error. AMS 
measurement errors are usually below 5%, but may increase at low 10Be 
levels because less particles are counted. Blanks typically have values 1-3 
magnitudes lower than ice samples. 
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3. Results and interpretations 

This project initially involved extraction and measuring of 10Be in ice cores, 
and was later expanded to include varved lake sediments and touched upon 
aerosols. In order to validate preparation and measuring techniques, a num-
ber of blanks and precipitation samples were treated. Here, the results of 
these measurements are presented, followed by results from ice, sediment 
and aerosol samples. Findings from a new method of co-precipitation of 
beryllium with niobium are also included. During the course of this study, a 
new ion source was installed at the Tandem Laboratory. To visualise any 
possible effect from this on measuring characteristics, the results presented 
here are grouped in relation to the ion source used. 

3.1 Process and carrier blanks 
A number of carrier and process blanks were prepared in order to ensure 
viable preparation and measuring techniques and low background values. As 
was described in Section 2.1, carrier blanks are precipitated directly into 
quartz tubes and handled as little as possible, while process blanks are pre-
pared exactly as precipitation samples, with distilled water of similar vol-
umes to regular samples. Because process blanks involve more chemicals, 
equipment and handling, a slightly lower purity is expected than from carrier 
blanks. 

In Figure 19, results from carrier blanks are plotted in chronological sam-
ple production order. The unit of the measurements is the R/Rst ratio from 
the AMS measurement, as was described in Section 2.6. Most samples con-
sist of 0.15 mg carrier, although a few were made from �1.00 mg carrier, 
meaning that the R/Rst values are not exactly comparable for all samples. 
The impact of increasing the amount of carrier in a sample is that any 10Be 
that comes from constituents other than the carrier itself or handling of the 
sample, should have a smaller impact on the ratio. There is an absence of 
raised R/Rst levels for the samples prepared with more carrier, but this could 
be coincidental, and there is no other systematic difference in results from 
blanks with larger amounts of carrier. 
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Figure 19: Results from carrier (1-2) and process (3-4) blanks, in chronological 
production order within the type. Blanks in group 1 and 3 were measured with the 
original ion source, 2 and 4 with a newer ion source that was installed during spring 
2006. The red box indicates blanks that are part of the NGRIP measuring series. 
Excluded from the graph is the very first sample of each type which had extreme 
values of 0.11 and 0.25 for carrier and process blank respectively. Some samples that 
have been measured several times are represented as several separate data points. 
With the new ion source, some initial tuning was necessary to reach consistent low 
levels. The error bars indicate the weighted Poisson standard error of the measure-
ment, which is partly controlled by the length of measurement time. Sample of carrier 
amount other than 0.15 mg are marked in deviating colours; green indicates 0.30 mg 
carrier, red 0.50 or 0.52 mg, and yellow 1.00 mg. It is apparent that the amount of 
carrier does not have an effect on R/Rst ratios. All different types of sample prepara-
tion techniques were used in the making of these blanks; co-precipitation or mixing 
powder and BeO, with niobium or silver. 

As Figure 19 shows, R/Rst values and error sizes were initially variable, but 
subsequently consistent low levels and errors were accomplished, allowing 
for measurement of 10Be samples from natural archives. The blanks that 
were prepared as part of the NGRIP series are indicated with a red box, high-
lighting the consistently low background levels during the preparation of ice 
samples. The range of R/Rst levels makes detailed interpretation of differ-
ences between carrier and process blanks difficult, although the similar 
ranges suggest that there is no significant amount of 10Be introduced during 
sample preparation. 

When a process blank is measured, the sample volume can be used to cal-
culate a theoretical sample 10Be concentration. This value does not truly 
indicate the amount of 10Be in the ‘sample’ of distilled water, but is a com-
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posite of several factors. The small background amounts that are present 
may derive from chemicals, glass- or plasticware or handling contamination. 
The calculated result is therefore not actual water 10Be concentration, al-
though it may still be dependent of both chemical and water volumes. How-
ever, the derived concentration gives an indication of background values 
expressed in the same unit as samples from natural archives. In Figure 20, 
R/Rst ratios of process blanks have been converted to theoretical concentra-
tions that can later be related to precipitation and sediment values. 

 

 
Figure 20: Results from process blanks, presented as 10Be concentrations derived 
from sample volumes. The samples are the same as in group 3 and 4 in Figure 18, 
plotted in chronological order of production. The red box indicates the blanks of the 
NGRIP series. Samples up to and including number 107 were measured with the 
original ion source (a line indicates the division). A red data point denotes 0.50 mg 
carrier, a yellow 1.00 mg carrier. Samples of number 168 and higher have been 
prepared with the niobium co-precipitation method. Samples 79-86 were not co-
precipitated, but mixed with Nb powder after reduction to BeO, and samples 54-78 
and 87-167 were co-precipitated with silver. The lower and consistent values of the 
last ~45 samples indicate lower background levels and increased precision. 

It is clear that the newest samples have a more consistently low 10Be content 
and better counting statistics. This was attributed to a better performance of 
co-precipitated Be-Nb samples in the new ion source, which enabled meas-
urements of longer duration and higher precision. The low values of the later 
samples verify that the chemical extraction and AMS system were at back-
ground levels acceptable for ice sample measurements. 
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3.2 10Be in precipitation 
To establish routines and measurement procedures a number of precipitation 
samples were treated for 10Be measurements. Unlike blanks which are more 
challenging to measure due to the low concentrations, precipitation samples 
are similar to ice core samples and provided a realistic test at similar 10Be 
levels. Measurements in a number of samples prepared from rain and snow 
collected in Uppsala reveal a narrow range of concentrations (Table 1 and 
Table 2). On the results presented in this section, the official certified value 
of 2.68×10-11 has been used for the NIST SRM-4325 standard material to 
calculate sample concentrations. Some samples have been measured more 
than once; these have the same sample number but with a letter designation. 
The rather large AMS measuring errors are connected with samples co-
precipitated with silver, which often resulted in low and fading beam cur-
rents and thereby fewer counts. 
 
Table 1: Precipitation samples measured in the original ion source. All samples are 
snow except r1 and r2 which are rain. Samples were prepared with 0.15 mg carrier. 

Sample 
ID 

Collection 
date 

Measuring 
date 

Sample 
volume 

(ml) 

10Be 
concentration 

(×104 atoms g-1) 

Weighted 
standard 
error (%) 

r1 041015-18 050113 235.4 2.66 9.6 
r2 040825-27 050113 268.0 1.51 13.5 
n4 Feb 2005 050303 541.1 0.94 26.7 
n5a Feb 2005 050303 498.9 0.80 30.7 
n6a Feb 2005 050303 505.7 0.75 26.2 
n7 Feb 2005 050526 1006.5 0.66 10.6 
n8 Feb 2005 050526 1002.2 0.76 34.0 
n9 Feb 2005 050526 1003.5 0.91 15.9 
n10 Feb 2005 050526 499.8 0.83 20.8 
n11 Feb 2005 050526 500.4 0.64 22.9 
n12 Feb 2005 050526 501.7 1.28 26.8 
n13 Feb 2005 050526 500.7 0.91 14.4 
n14 Feb 2005 050526 500.8 0.72 20.2 

 
During March-April 2006, the Uppsala Tandem Laboratory installed a new 
MC-SNICS (NEC) ion source which enabled more precise measurements of 
low concentration 10Be samples (Table 2). The larger errors in the earlier 
measurements are from two specific runs when the new ion source was still 
being tuned and optimized. 



 37 

Table 2: Results from AMS measurements of 10Be in precipitation, with a new type of 
ion source. The first four samples were also measured in the previous ion source. The 
last 6 samples were pressed in copper cathodes rather than the previously used alu-
minium. All samples have 0.15 mg carrier, except for n23 which has 0.30 mg, G1 and 
G2 0.50 mg, and G3 0.20 mg. Samples n5b-n30a were co-precipitated with silver, the 
rest with niobium. 

Sample 
ID 

Collection 
date 

Measuring 
date 

Sample 
volume 

(ml) 

10Be 
concentration 

(×104 atoms g-1) 

Weighted 
standard 
error (%) 

n5b Feb 2005 061011 610.6 0.31 19.6 
n5c Feb 2005 061011 610.6 0.38 23.7 
n6b Feb 2005 061011 615.8 0.65 22.7 
n6c Feb 2005 061011 615.8 0.66 20.9 

n15a Feb 2005g 061006 532.1 0.69 35.6 
n15b Feb 2005g 061006 532.1 0.91 31.9 
n16a Feb 2005g 061006 532.5 0.77 30.4 
n16b Feb 2005g 061006 532.5 0.91 29.2 
n17a Feb 2005g 061006 538.0 0.71 33.6 
n17b Feb 2005g 061006 538.0 0.22 71.0 
n18a Feb 2005g 061006 550.6 1.56 26.1 
n18b Feb 2005g 061006 550.6 0.96 30.4 
n23 Oct 2006-4 061124 1002.2 1.10 11.5 
n29 Nov 2006-1 061124 950.3 1.15 7.5 
n30 Nov 2006-1 061124 949.1 1.13 7.8 
n31 Nov 2006-1 061124 949.7 1.05 9.4 
n32 Nov 2006-1 061124 950.5 1.10 13.5 
n33 Oct 2006-2 070112 506.8 1.29 3.8 
n34 Oct 2006-2 070112 509.0 1.39 3.3 
n35 Oct 2006-2 070112 508.0 1.25 3.3 
n36 Oct 2006-2 070112 504.1 1.29 3.3 
n37 Oct 2006-2 070112 508.8 1.16 3.6 
n38 Oct 2006-2 070112 507.9 1.18 3.3 
n39 Oct 2006-2 070112 505.8 1.18 3.8 
n40 Oct 2006-2 070112 503.4 1.18 3.8 

nG1a Oct 2006-1 081108 1000.4 0.87 7.2 
nG1b Oct 2006-1 081108 1000.4 1.02 8.1 
nG2a Oct 2006-1 081108 1001.4 1.00 7.0 
nG2b Oct 2006-1 081108 1001.4 0.89 6.5 
nG3a Oct 2006-1 081108 501.9 0.88 4.6 
nG3b Oct 2006-1 081108 501.9 0.80 4.2 

 
In the samples of precipitation collected in Uppsala, the 10Be concentration 
range is 0.22-2.66×104 atoms g-1. These values can be corrected for back 
background levels by subtracting the average value of process blanks. In 
Figure 21, samples are grouped by collection date. 
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Figure 21: Results from precipitation measurements. Lines divide different batches of 
precipitation, collected on separate dates. Samples are plotted in order of appear-
ance in Table 1 and Table 2. Black data points denote 0.15 mg carrier, blue 0.20 mg, 
green 0.30 mg and red 0.50 mg. 

The object of obtaining these results were mainly to achieve an indication of 
laboratory and measuring competence, and to get an idea of the general 10Be 
concentration levels in precipitation at Uppsala. As with the blanks, it is 
clear that precision increased over time. 

3.3 Comparisons with data from Zurich 
NGRIP ice core samples were measured either in Zurich or Uppsala, and 
calibration between facilities was necessary to ensure comparable results for 
the two parts of the sample series. In Zurich, an internal standard S555 with 
a nominal value of 95.5×10-12 was used, and in Uppsala the NIST standard 
reference material SRM-4325 was used, with a value of 3.02×10-11. The 
value used for the NIST standard in Uppsala is based on results from previ-
ous inter-laboratory comparisons [Ala Aldahan, pers. comm.]. To further test 
that results from the two laboratories are comparable, precipitation samples 
and carrier blanks were measured in both AMS facilities. 

Three carrier blanks that were prepared at the Zurich laboratory were 
measured at both AMS facilities. Median R/Rst values at both facilities were 
0.0006×10-11. Further, aliquots of precipitation water was processed and 
measured at both chemical laboratories and AMS facilities (Figure 22). 
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Figure 22: 10Be concentrations in precipitation measured in Zurich (round) and Upp-
sala (triangular). The samples are aliquots of a large volume of homogenized water, 
so that all sample material should be identical. Uppsala concentrations are calcu-
lated from NIST values of 3.02×10-11 (black) and 2.68×10-11 (gray). Linear trends for 
all series are indicated. Both Uppsala ion sources were involved in these measure-
ments, and samples are identical to number 3-25 in Figure 21. After these measure-
ments were made, precision was greatly improved by calibration and adjustment of 
the new ion source and the development of a new laboratory co-precipitation method 
(Figure 21). These samples were co-precipitated with silver, apart from two that were 
mixed as BeO with Nb powder. 

From Figure 22, it appears that 2.68×10-11 would be the appropriate value to 
use to achieve similar results from both laboratories. However, these samples 
were prepared early on in the project, when background levels in Uppsala were 
still rather high (carrier blanks 1-34 and process blanks 54-166 in Figure 19), 
and the high background values could have a larger effect on concentrations 
than a small change in the standard value. Later in the project, when the NGRIP 
samples were processed, the background values were consistently lower (sam-
ples 176-214 in Figure 19). Although the previously established figure of 
3.02×10-11 as a normalizing value between Zurich and Uppsala was not con-
firmed by this test, it was decided that the established value would be used. 

Normalisation between laboratories and measuring facilities is an ongoing 
challenge for the AMS community, and 100% accuracy can never be assured. 
Our results indicate inter-laboratory agreement and justify to a reasonable 
level direct comparison of 10Be results from NGRIP samples prepared and 
measured at the different laboratories and AMS facilities. However, an abso-
lute agreement cannot be guaranteed, and a slight difference in concentration 
levels of the NGRIP samples measured in Zurich and Uppsala may exist. This 
may cause misinterpretation of differences in absolute levels between the two 
halves of the series, but since the samples measured at both sites were con-
secutive, the trends within each half of the series would not be affected. 
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3.4 10Be in NGRIP ice 
The results of the 600-year annual ice core 10Be record were a 10Be concen-
tration range for the Uppsala samples representing the period 1389-1676 AD 
of 0.76-3.88×104 atoms g-1, and for the Zurich samples covering 1677-1994 
AD a range of 0.85-3.80×104 atoms g-1. The averages are 1.77×104 atoms g-1 
and 1.80×104 atoms g-1 at Uppsala and Zurich, respectively. Assuming actual 
similar 10Be levels in the ice during the two halves of the 600-year period, 
this is an indication that the inter-laboratory levels are indeed calibrated. The 
lack of a jump in 10Be levels between 1676 and 1677 AD, the connection 
point of the two series halves, is further indication of comparable levels from 
Uppsala and Zurich. AMS measurement weighted standard errors average 
6.6% and 4.1% in Uppsala and Zurich, respectively. 

The new 10Be dataset can be compared to data from Dye-3, Greenland 
(Figure 23). This dataset has annual resolution of 10Be for the period 1780-
1985 AD and slightly lower resolution for 1428-1776 AD [Beer, et al., 1990; 
Beer, et al., 1988a]. To calibrate the chronologies of the two records, the 
Dye-3 time/depth scale was recalibrated to the Greenland GICC05 timescale 
[Vinther, et al., 2006]. The details of the synchronisation procedure are de-
scribed in Paper I. 

It is clear that comparable trends are present at both coring sites, although 
the expressions differ on an annual scale and amplitude differences exist at the 
two sites. To remove short-term noise from the datasets, a low pass filter that 
removes high frequencies can be applied. With increasing filtering, the two 
records become increasingly similar. Distinct annual values often differ be-
tween sites, indicating local disturbances of the production signal. However, 
some co-occurring peaks such as in 1460 AD indicate a regional agreement 
which could possibly even be a reflection of global conditions. Sustained 10Be 
variability during the Maunder (1645-1715 AD) and Spörer (1415-1535 AD) 
minima in both cores indicates a continued cyclic activity in the Sun through-
out grand solar minima when solar activity is relatively low. The general long-
term similarities between the two sites confirm a consistency of glacier ar-
chives in terms of 10Be deposition, despite the presence of short-term local 
noise. The remaining differences illuminate the fact that a combination of 10Be 
records is necessary to eliminate local variations which are not related to pro-
duction, in order to achieve a highly accurate production signal. 

Specific differences between the two records are a higher variability in 
Dye-3 data before the 17th century and in NGRIP in the early 19th century. An-
other interesting period is the 20th century. Before the NGRIP record existed, 
the steady decrease of 10Be in Dye-3 to unprecedented low levels could be 
taken to indicate that the solar activity in the latter part of the 20th century was 
higher than at any time covered by the Dye-3 10Be data. In the NGRIP data, 
however, there is a clear indication of a levelling out of 10Be values, and even a 
slight increase in the latter half of the 20th century. Although NGRIP 10Be levels 
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in the 20th century are low, they are not unprecedented. This highlights the im-
portance of expanding on available datasets, so that local variations can be 
identified. 

 

 
Figure 23: 10Be concentrations in the Greenlandic NGRIP and Dye-3 ice cores. 
Annual raw data (upper part) is presented along with low-pass filtered data with a 
cut-off of 1/6 year-1 (lower part). Note the axes breaks that allow for a large peak at 
1460 AD in the Dye-3 data. 

A Fourier transform reveals any frequencies present in the NGRIP 10Be con-
centration data (Figure 24). The technique transforms data from the time do-
main into a frequency domain and reveals frequency components in the time 
data. The higher the power of the peak, the more significant is the frequency. 
The general size of the many small peaks can be considered the noise level. 
The inverse frequency value corresponds to the period of a cycle. 

Clearly, the lowest frequency peak, corresponding to a period of 202 
years, indicates a reflection of the de Vries cycle of solar activity. The 9.9-
year period is closely related to the Schwabe solar cycle, which has a period 
of 10.9 years during the period 1700-1995 AD (there are no sunspot data 
available to cover the whole period of the 10Be record). The 67-year period is 
unidentified but may possibly be a variation of the Gleissberg cycle of about 
80 years. The two year period is close to the 28 month average period of the 
quasi-biennial oscillation [Baldwin, et al., 2001], but is also of the same or-
der as the atmospheric residence time of 10Be. 
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Figure 24: Results from spectral analysis of NGRIP 10Be concentration data. The 
cluster of peaks between the 9.9 and 67 year peaks range between 15 and 26 years. 

To consider effects from variations in snow accumulation, the 10Be concen-
trations can be turned into flux. This is accomplished by multiplying the 10Be 
concentration with the local snow accumulation. Flux conversion visualises 
differences in 10Be levels between the sites. The 10Be concentration in Dye-3 
is substantially lower than in NGRIP, but when the flux is calculated it is 
higher in Dye-3. This is a result of the higher snow accumulation rate in 
Dye-3 compared to NGRIP. Indications from concentration and flux at 
NGRIP and Dye-3 are explored in Paper I. 
 

 
Figure 25: Results from spectral analysis of NGRIP 10Be flux data. The periods indi-
cated by the three largest peaks between the 16.8 and 202 year peaks are 43, 67 and 
121 years flanking the largest peak. The 67 year peak is also present, with higher 
power, in the concentration analysis. 
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The transformation of concentration into flux changes some characteristics 
of the data so that some frequencies are lost while other frequencies are re-
vealed (Figure 25). The most prominent frequencies revealed with a Fourier 
transform of the 10Be flux in NGRIP are 1/16.8 and 1/202 years. Clearly, the 
de Vries cycle is present in the 10Be flux, while the other frequencies ob-
served in 10Be concentration are lost or close to the noise level. The flux 
spectrum contains a peak corresponding to 16.8 years, which also appears in 
the cluster of peaks in the concentration (Figure 24), although the peak 
power is much higher in the flux. 16.8 years is a rather long period to repre-
sent the Schwabe cycle. As an alternative explanation, parallels may be 
drawn to previous indications in ice core 10Be of periods similar to the 18-
year lunar Saros cycle, at 18.6 years in Milcent [Beer, et al., 1985] and ~19 
years in GRIP [Yiou, et al., 1997]. 18.9 years is also a period indicated by 
one of the peaks of the cluster in the concentration analysis, although again, 
the power of that peak is low. Besides the fact that the 16.8-year period iden-
tified in NGRIP flux is somewhat too short for the Saros cycle, it seems 
unlikely that any lunar cycle would be of greater impact on 10Be deposition 
than the solar cycle. The Sun exerts control on 10Be production, while the 
influence by the Moon is through possible climate effects driven by tidal 
variation. The lack of any substantial peak near the Schwabe cycle frequency 
is puzzling. Perhaps the 18.6-year period is a composite signal caused by 
interference between the solar cycle and climate variations such as variations 
in the North Atlantic Oscillation, NAO, although this is rather speculative. 
Another tentative explanation is that the conversion into flux could result in 
a range of frequencies around the Schwabe cycle length, which are individu-
ally too small to be separated from noise. 

3.5 10Be in Finnish varved lake sediments 
Ice archives suitable for 10Be studies exist only in the frigid polar areas, since 
any surface melting would cause redistribution of deposited 10Be. To investi-
gate the possibility of expanding the regional distribution of high resolution 
archives outside the polar regions, varved lake sediments from 63.6°N, 20.1°E 
were included in this work. Although the prevalence of varved lake sediments 
is also limited, any results from this new medium would greatly expand on the 
regional spread of possible archive sites into other climate zones. 

Based on existing literature, this is the first study where annual resolution 
10Be measurements have been attempted for a sediment archive. It was there-
fore unclear whether a solar signal would be expressed by the sediment 10Be, 
or whether local weather variations and catchment characteristics would 
overprint the production signal. In order to test the possibility of tracing 10Be 
production variations through varved lake sediment 10Be concentrations, 
samples representing the entire 20th century were prepared. The results were 
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positive, indicating a clear reflection of the 11-year Schwabe solar cycle 
(Figure 26). The data series is too short to hold information on longer solar 
cycles such as the Gleissberg and de Vries cycles, which will be further in-
vestigated as the remaining 500 sediment samples are measured. 

 

 
Figure 26: 10Be flux in the lake catchment area, along with sunspot numbers on re-
versed axis and neutron counts. The neutron flux (dashed line) in the atmosphere 
varies oppositely to solar activity. Older neutron data is from ionization chambers 
(black), while the newer data is from neutron monitors (gray), both with annual reso-
lution [McCracken and Beer, 2007]. Sunspot data from ftp.ngdc.noaa.gov/STP-
/SOLAR_DATA/SUNSPOT_NUM-BERS/YEARLY. The 10Be data has been low pass 
filtered with a cut-off frequency of 1/6 year-1. After Figure 5 in Paper II. 

It is clear that sediment 10Be reflects variations in the Schwabe solar cycle. 
However, it cannot be ruled out that the variations observed in sediment 10Be 
are expressions of environmental effects rather than atmospheric 10Be pro-
duction. Solar variability may have an effect on lake parameters such as 
temporal extent of ice cover, organic production and decomposition, and 
lake overturning and stratification, and changes in these conditions could in 
turn have an impact on 10Be pathways and distribution in lake sediments. 
Another important factor is sedimentation rates. The 10Be flux in Figure 26 
was calculated from sample 10Be concentration, dry weight and horizontal 
sample area size, so it is possible that the 10Be signal is partly a result of 
sedimentation rate variations, which in turn could be controlled by solar 
activity through weather. 
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Clearly, there are some ambiguities left to resolve, indicated by the unsyn-
chronised response in the sediment 10Be signal and the possible indirect link 
to solar activity through environmental parameters. Further studies and ex-
ploration of such links would enable disambiguation of the 10Be data. No 
matter what the deposition mechanism, however, the link between solar 
variability and the sediment 10Be signal exists and should be further investi-
gated. The Schwabe cycle expression in the catchment area flux is further 
indicated by spectral analysis (Figure 27). 

 

 
Figure 27: A spectral analysis of the 10Be catchment flux for the period 1900-1978 
AD, after a low pass filter with a cut-off frequency of 1/5 year-1 has been applied. An 
11.3-year period is revealed, which can be compared to a 9.9-year period in the solar 
activity during the same period. The smaller peak flanking the 11.3-year peak has its 
maximum at 1/15.8 years, and the first trailing small peak represent a period of 6.6 
years. The data span is too short to identify any solar cycles other than the Schwabe. 

The results show that although 10Be pathways into lake sediments are com-
plex, 10Be flux derived from sediment varves can be used as a solar activity 
proxy. Information from 10Be also provides a new core parameter that may be 
of help for investigations of varved lake sediments. The possibility of identi-
fying a solar signal in 10Be from lake sediments greatly expands the quantity 
and regional distribution of potential annual 10Be archives. Although it is 
possible that some lakes may be more controlled by local conditions and 
therefore not as useful for 10Be measurements, the Lake Lehmilampi study 
shows that at least in some cases the production signal is present. 

3.6 Beryllium-niobium co-precipitation 
Multiple AMS measurements of 9Be samples co-precipitated or after-mixed 
with niobium or silver were performed in order to establish whether the new 
co-precipitation method developed in this study was an improvement on 
existing techniques. The aim is for relatively high beam currents compared 
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to the input ion source energy. This is desirable since it increases the count 
rate in the detector, which in turn increases reliability of the AMS measure-
ments and allows for measurement of smaller amounts of beryllium. 

It was found that mixed samples always resulted in relatively higher beam 
currents in the AMS measurements compared to co-precipitated samples, i.e. 
BeO samples mixed with Nb powder give higher beam currents than samples 
co-precipitated with niobium, and similarly for silver matrix samples. How-
ever, in some circumstances co-precipitation is preferred or even necessary, 
and the results show that co-precipitation of beryllium with niobium always 
results in better performance than beryllium-silver co-precipitation (Figure 
28). Another characteristic is that higher maximum currents occur at lower 
metal/Be mixing ratios (Figure 29). 

Based on the results from this investigation of a new sample preparation 
method, the new niobium method is suggested as an improvement to the 
silver co-precipitation method. Although the samples discussed here were 
only measured for beam currents, not beryllium content, the application of 
the method on numerous ice and blank samples have proved the technique 
viable for 10Be measurements. 

 
Figure 28: Beam current development over time in co-precipitated samples. At the 
same mixing ratio and identical accelerator conditions, Be-Nb samples always 
reaches higher beam current maxima than Be-Ag samples. Figure 3 in Paper III. 
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Figure 29: Maximum beam currents reached at various metal/Be mixing ratios. The 
four panels represent separate runs which have not been normalized and therefore 
cannot be quantitatively compared; comparisons should only be made between sam-
ples within each panel. Note that the horizontal axis is logarithmic. Niobium is al-
ways a better, or at least an equally good, matrix material compared to silver in 
similar sample types 

3.7 Outcome of aerosol beryllium study 
In order to investigate the effect of atmospheric circulation on beryllium 
distribution, the abundance of 7Be and 10Be in aerosols was studied. The 
half-lives of 7Be and 10Be are widely different at 53 days and 1.5 Ma, respec-
tively. This, in combination with the fact that about 2/3 of beryllium is pro-
duced in the stratosphere, the rest in the troposphere, infers that the 10Be/7Be 
ratio in an air mass is related to its age and origin. 
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At the two locations where aerosols were collected, at 56.08°N and 67.84°N, 
10Be concentrations were generally twice that of 7Be. At the lower latitude, 
7Be and 10Be concentrations were 30% and 20% higher, respectively, com-
pared to levels at the higher latitude site. Both sites revealed up to 70% lar-
ger beryllium concentrations in spring compared to winter. Results also 
show occasional peaks with levels 2-3 times higher than average in both 
isotopes, which are most clearly seen in 7Be. Seasonal and Schwabe cycle 
variations are clearly seen in the 7Be data (Figure 31). It appears that more 
peaks occur during periods of already higher 7Be concentrations. This is in 
part a result of applying a constant ceiling level over the whole time series, 
meaning that a peak extending past the ceiling is not necessarily unusually 
deviant from the already elevated level at that specific time. However, even 
when this is taken into account, it is still clear that most peaks occur during 
the spring-summer periods of high concentrations. 

Results from intermittent 10Be measurements from the two sites exhibit a 
range of concentrations (Figure 30). The 10Be measurements represent only 6 
weeks of each year, and therefore seasonal and solar cycle variations are less 
distinct than in the 7Be record. Apart from one winter sample of high con-
centration, the general pattern is of higher concentrations in spring-summer. 

 

 
Figure 30: 10Be in aerosols trapped on filters at two Swedish sites. Note the break on 
the southern site axis to accommodate for one extreme value. The cross symbols 
indicate winter samples, the dots spring-summer samples. 
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Figure 31: 7Be in aerosols trapped on filters at two different latitudes on a weekly 
basis. Note the difference in abundance between the two latitudes. The blue section 
indicates levels which are considered intrusions, as further described in Paper V. The 
intrusion level is placed at 2� deviation from the mean of the whole series. Therefore, 
periods of generally high concentrations involve relatively many intrusions. The red 
line is the result of low pass filtering with a 52 point (1/2 year-1 frequency) cut-off of 
the data including the intrusions, and the yellow line is the analogue for data with 
intrusions removed as indicated by the black line. The low pass filtering highlights the 
seasonal variability, and the longer term variations correspond to Schwabe cycles. 
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4. Discussion 

In this thesis focus has been given to recent archives which allow for com-
parison of 10Be data to observed solar activity variations. On this relatively 
short timescale, changes in the Earth’s magnetic field become less signifi-
cant, and can be excluded from the discussion. Another advantage is that no 
major climatic shifts occurred during the last millennium, only minor tem-
perature variations which were connected with different solar activity levels. 
Therefore, 10Be deposition has not been greatly altered by climate conditions 
during the investigated period, as it could be during periods of less stable 
climate. 

Some interpretations regarding specific studies were made in the previous 
section, and are further discussed in Papers I-V. Here, the more large scale 
implications will be discussed. The ultimate question is to what extent 10Be 
records from diverse types of natural archives display common signals or if 
and how they are affected by the local and regional environment. 

Only with high resolution data can the Schwabe cycle be adequately 
traced. Because the length of the cycle varies between 7 and 17 years, it is 
not enough to achieve two 10Be samples per 11 years. To sample two values 
per cycle is commonly accepted as adequate to describe a cyclic signal, but 
with a cycle that has a period which varies greatly, sampling must be denser. 
To resolve the solar cycle variability, at least two or three samples per dec-
ade are needed, and that is the value of attaining annual resolution 10Be re-
cords. From the NGRIP data put forward in this thesis, it is clear that infor-
mation from both flux and concentration should be combined. For example, 
frequencies which are obvious in one of the parameters are in several cases 
only vaguely indicated in the other, and would be hard to separate from 
noise if only one of the parameters were analyzed. Further, band pass filter-
ing revealed that during a few limited periods, concentration describes the 
solar variability pattern more closely, while during other periods the flux is 
more accurate [Paper I]. 

The most detailed information on short-term beryllium variability in the 
atmosphere comes from 7Be and 10Be measured in aerosols. The extreme 
difference in half-life of the two isotopes provides a possible means of trac-
ing the age and origin of air masses. From measurements on aerosol beryl-
lium, it was discovered that 10Be/7Be ratios varied over time. Over 90% of 
the 10Be/7Be values fall in the range 1-3, but ratios up to 16 were detected. 
The theoretical production ratio of 10Be/7Be is 0.5, and higher ratios based on 
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measured beryllium values may be related to the faster decay of 7Be. This 
could indicate intrusions of stratospheric air masses into the troposphere. In 
the stratosphere, the residence time for beryllium is longer which implies 
that some amount of 7Be has decayed before it reaches the troposphere. An-
other explanation for elevated 10Be/7Be ratios is the possible presence of re-
suspended particles that are higher in 10Be than in 7Be, which could be in-
corporated in the samples since aerosols were collected near ground level. 
Ratios as low as 0.2 were also detected, which is lower than the theoretical 
10Be/7Be production ratio. At the 56.08°N site a ratio below 0.5 appeared in 
only one measurement out of ~100, while at the higher latitude of 67.84°N 
there were six ratios below 0.5 out of ~100 data points. These lower ratios 
are more difficult to explain. Possibly, the few low ratios could indicate in-
homogeneous production, mixing or scavenging of isotopes. However, be-
cause these ratios are rare they may not be significant, and additional meas-
urements my shed light on the issue. In the aerosol data, there are also events 
of 2-3 times higher concentration of both beryllium isotopes. This is consid-
ered another effect of air mass intrusion events from the stratosphere, where 
beryllium production is higher. 

The aerosol data shows that the abundance of beryllium isotopes varies 
not only with season and latitude, but also week by week. These variations 
could cancel out over a year, but there may be some remaining inter-annual 
variation in abundance which is not related to production but rather to at-
mospheric variability. Further, the process of scavenging of aerosols from 
the atmosphere, which transports beryllium into natural archives, may be 
inhomogeneous and depend on the magnitude and frequency of precipitation 
events. Such variability could create ‘noise’ in 10Be archives, masking the 
production variations and thereby the link to solar activity. The findings 
from the aerosol study describe variations in atmospheric 10Be abundance 
that after variable scavenging efficiency may create even greater deposition 
variability. Scavenging rates may differ regionally and explain some of the 
variability in 10Be records from different archive sites. 

Aerosol abundance from the 56.08°N and 67.84°N sites differ, and simi-
lar local variability can be expected from different latitude ice cores. Com-
parisons of the NGRIP and Dye-3 ice cores indicate that there are indeed 
differences between sites even on an annual scale. Further studies of freshly 
fallen and wind-blown snow would give information on pre- versus post-
depositional variability, and a greater number of study sites would reveal 
more about regional variability in 10Be deposition. Still lacking are tempo-
rally extensive annual 10Be records and snow accumulation rates from Ant-
arctica, to supplement the Greenland records. 

Regarding 10Be in lake sediments, only some 10Be is deposited directly 
into the lake, while a larger part of 10Be is deposited in the catchment area. 
This makes 10Be pathways into lake sediments complex, in that some 10Be 
may be detained in the catchment area and later be washed out during spring 



 52 

floods or heavy precipitation events. Temporal extension of snow and ice 
cover affects not only the spring flood, but also organic production and in 
some cases lake water overturning or stratification, which in turn may affect 
10Be transport into lake sediments. Now that the possibility of retrieving 
reliable 10Be records from lake sediments has been ascertained, these aspects 
should be further investigated. An added advantage of a new 10Be archive 
media is the possibility that diverse archives involving a range of climate 
parameters may be linked through shared variations in 10Be. 

 

 
Figure 32: A comparison of beryllium signals from lake sediments, aerosols and ice, 
smoothed to partly suppress local short term variations. Sunspot numbers and neu-
tron counts are included as representations of solar activity, with solar cycle minima 
marked with gray bands; the sunspot number record is plotted in reverse. It is clear 
that although beryllium does not always peak exactly at solar minima, the overall 
agreement between archives and solar activity is fair. Low pass filter cut-off frequen-
cies are 1/6 year-1 for lake sediment, ice core and aerosol 10Be, and 1/3 year-1 for 
aerosol 7Be. Because of intermittent sampling, annual averages were used for aerosol 
10Be and 7Be was time-interpolated before filtering. Neutron and solar data is an-
nual; for references see Figure 26. Because only variations are interesting in this 
comparison, vertical scales are not included. 
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Although several factors have been identified that may cause deviations 
from isotope production rates in seasonal or annual 10Be deposition, it is 
clear that 10Be signals in natural archives agree over longer time scales, as 
short term variations are often averaged out. In all archives, imprints of the 
11-year Schwabe cycle are present in 10Be levels (Figure 32). Neutron counts 
can be compared to archive 10Be data as a proxy for solar activity; a more 
active Sun reduces the atmospheric neutron flux. 

It is clear that despite the existence of possible channels for non-
production related 10Be archive variability, a number of diverse archives still 
exhibit similar signals. There are differences in the expressions between sites 
and archive types, a sign of the complexity of interpreting 10Be data from 
natural archives, although there are also many similarities in the 10Be re-
cords. Despite the local deviations in 10Be deposition and the uncertainties 
connected with the interpretation of 10Be production from local concentra-
tions, 10Be is an important key element that aids in unlocking paleoclimate. 
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5. Conclusions 

This thesis concerns measurements of the cosmogenic isotope 10Be in natural 
archives, and deals with how 10Be deposition into these archives is influ-
enced by local and regional weather and environment. The main findings 
presented in this thesis can be summarised as follows: 

• A new annual resolution ice core 10Be record covering six centuries has 
been achieved in collaboration with colleagues in Copenhagen and Zu-
rich. 

• Comparison of the new NGRIP 10Be record with existing 10Be data 
from a Dye-3 ice core reveals many similarities between the two 
Greenland sites, although there are also differences on various time-
scales. 

• The agreement between the NGRIP and Dye-3 records confirm the re-
gional signal in 10Be deposition, although the differences indicate that a 
combination of datasets is needed to limit the noise of local 10Be varia-
tions that distorts the production signal. 

• Conversion of ice core 10Be concentration into flux, by means of snow 
accumulation rates, sheds light on the spatial and temporal deposition 
trends through compensation for environmental conditions. 

• Continued cyclicity of ice core 10Be during grand solar minima shows 
that solar activity deflection of cosmic rays varies in a cyclic manner 
even during extended periods of low solar activity, when such varia-
tions are not expressed in the records of observed sunspot. 

• The NGRIP 10Be data indicates that the high solar activity during much 
of the 20th century is not unprecedented in the last 600 years. 

• A new method of co-precipitation of 10Be with niobium improves 
AMS measurement conditions for small 10Be samples. 

• An annual 10Be record covering the 20th century was derived from 
varved lake sediments, with samples of as little as ~20 mg dry sedi-
ment. 
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• The lake sediment 10Be record shows that despite the complex deposi-
tion pathways of 10Be into lake sediments, it is possible to extract a 
production signal related to the 11-year solar cycle. 

• Combined 10Be and 7Be measurements on aerosols indicate short-
lasting incidents of air mass intrusions from the stratosphere into the 
troposphere, expressed as high peaks in concentrations superposed on 
seasonal variations and fluctuations induced by the 11-year solar cycle. 

• Future investigations concerning 10Be in recent ice and sediment ar-
chives should focus on regional and temporal expansion with emphasis 
on seasonal to annual coverage. 
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7. Summary in Swedish 

Påverkan av solaktivitet och omgivning på 10Be  
i recenta naturliga arkiv 
10Be i naturliga arkiv tillhandahåller en länk mellan Solens aktivitet och Jor-
dens klimat. Denna länk består i att produktionen av 10Be moduleras av vari-
ationer i styrkan av solens aktivitet, samtidigt som de naturliga arkiven där 
10Be deponeras även innehåller andra parametrar som kan ge information om 
klimatförhållandena då 10Be bildades. 10Be bildas genom interaktion mellan 
kosmisk strålning och syre och kväve i atmosfären, och benämns därför kos-
mogen isotop. 10Be deponeras i naturliga arkiv genom nedfall mot jordytan, 
oftast i samband med nederbörd, av de aerosoler som 10Be adsorberat till. 
Nedfallet sker inom något år efter produktionen, vilket innebär att reservoar-
effekter är minimala och signalen är förhållandevis direkt. Inte heller ingår 
10Be i biologiska eller geologiska system såsom organisk tillväxt eller havs-
cirkulation och därmed speglar den atmosfäriska 10Be-halten produktionen 
på ett mer direkt sätt än till exempel den kosmogena isotopen 14C. Däremot 
finns det en viss skillnad mellan produktionstakten och depositionen av 10Be 
i arkiv, då nedfallet till viss del är beroende av nederbördsmängd och cirku-
lation av luftmassor. Därför är produktionssignalen delvis maskerad i de 
10Be-dataserier som utvinns från arkiven. 

Den långa halveringstiden på 1.5 miljoner år medför att 10Be kan utvinnas 
ur arkiv som sträcker sig mycket långt tillbaka i tiden. Samtidigt finns ingen 
störande antropogen källa för 10Be, vilket innebär att det inte finns några 
hinder för att utvinna information även ur nutida arkiv, något som inte är 
möjligt för till exempel 14C. Dessa faktorer gör att 10Be är lämplig för studier 
av samband mellan solaktivitet och klimat på olika tidsintervall. 

Ett antal studier av 10Be-fördelning i miljön har utförts, mestadels i iskär-
nor och djuphavssediment, men där antingen tidsupplösningen eller den 
temporala omfattningen har varit begränsad. Därför har det varit av stor vikt 
att generera 10Be-data som täcker ett antal hundra år med årlig upplösning. 
Denna temporala utbredning och upplösning medför att solens variationer kan 
studeras över både den ca 11-åriga Schwabe-cykeln, den ca 80-90 år långa 
Gleissberg-cykeln, och den drygt 200 år långa de Vries- eller Suess-cykeln. 
Det är också av intresse att utöka typen, och därmed den geografiska sprid-
ningen, av naturliga 10Be-arkiv som studeras. Resultat från den här studien 
expanderar på flera sätt möjligheterna för att mäta 10Be från naturliga arkiv. 
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10Be i små volymer som extraherats kemiskt från is- eller sedimentprover 
kan mätas med acceleratormasspektrometri, AMS. Som en del av avhand-
lingsarbetet utvecklades en ny metod för preparering av prover i form av 
samfällning av beryllium och niob, vilket ledde till ökade möjligheter och 
tillförlitlighet i AMS-mätningar av 10Be. Därmed kan nu prover från naturli-
ga arkiv mätas vid mindre volymer och lägre 10Be-koncentrationer, vilket 
kan möjliggöra en framtida utökning av mängden och typen av arkiv som 
undersöks. 

Berylliummätningar på aerosoler som insamlats veckovis avslöjade kort-
variga kraftigt höjda nivåer på isotopförekomst och varierande 10Be/7Be-
kvoter. Detta tolkades som resultat av förändrade atmosfäriska förhållanden, 
snarare än orsakat av produktionsvariationer. Dessa atmosfäriska föränd-
ringar tar sig uttryck i att berylliumrika luftmassor tränger in i troposfären 
från stratosfären som specifika incidenter. De stratosfäriska luftmassorna 
innehåller en större mängd beryllium eftersom ca 2/3 av produktionen sker 
där, medan den också innehåller en relativt mindre andel 7Be på grund av 
dess avsevärt kortare halveringstid. Frekvensen och antalet av dessa specifi-
ka incidenter kan variera och därmed möjligen påverka fördelningen av 10Be 
i naturliga arkiv även på årlig nivå. 

Mätningar av 10Be med årlig upplösning i en grönländsk iskärna från 
NGRIP, som kunde jämföras med en existerande kortare dataserie av årliga 
10Be-variationer, tillhandahöll värdefull information gällande effekten av den 
lokala omgivningen på deposition av 10Be vid en specifik provtagningslokal. 
Skillnader mellan dessa två parallella dataserier existerar vid en jämförelse 
år för år, medan likheterna oftast överväger vid jämförelse av mer långvariga 
trender. Vissa skillnader i 10Be-förekomst mellan de två grönländska loka-
lerna visar att minst två dataserier är nödvändiga för att kunna eliminera 
tillfälliga och oregelbundna lokala variationer av 10Be i arkiven, och därmed 
kunna återskapa solaktivitet med större säkerhet och noggrannhet. 

Den uppmätta 10Be-koncentrationen i NGRIP-iskärnan omräknades också 
till lokal depositionshastighet genom multiplikation med den lokala ackumu-
lationshastigheten av snö. Eftersom detta kompenserar för klimatförändring-
ar som orsakar förändrad nederbördsmängd, kan ytterligare information ut-
vinnas. I det här fallet kunde det konstateras att depositionshastigheten under 
kortare perioder stämde bättre överens med solens variationer, medan under 
andra perioder fanns mer likheter mellan koncentration och solaktivitet. Det-
ta visar att båda parametrar innehåller unik information att de därför bör 
beaktas tillsammans. Dessutom visade variationer i 10Be-datat att solen varit 
fortsatt cykliskt aktiv under större solminima såsom Maunder-minimat (år 
1645-1715) då få solfläckar och därmed ingen cyklicitet observerats, och 
Spörer-minimat (år 1415-1535). 

För första gången mättes också 10Be med årlig upplösning i sjösediment, i 
prover från en borrkärna av varviga bottensediment från Lehmilampi-sjön i 
östra Finland. Det visade sig möjligt att framgångsrikt mäta 10Be i prover 
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begränsade till 20 mg torrvikt. Trots en mer komplicerad deponering av 10Be 
i sjösediment, jämfört med i glaciärer, framgick en tydlig variation som 
överensstämmer med variationer i solaktivitet under 1900-talet. Därmed har 
det påvisats att 10Be i sjösediment inte har påverkats mer av transportvägen 
från atmosfären till sjöns botten än att variationer i 10Be-produktionen fortfa-
rande kan spåras. Framgången med denna metod möjliggör en framtida geo-
grafisk expansion av 10Be-arkiv med hög upplösning, vilka tidigare varit 
begränsade till isfält i polartrakterna och nutida nederbörd och aerosoler. 
Detta kommer att ytterligare belysa den globala distributionen och variatio-
nen av 10Be och därmed sambandet mellan sol och globalt klimat. En ytterli-
gare fördel med att undersöka 10Be i varviga sjösediment är att dessa sedi-
ment innehåller information som kompletterar data från iskärnor, och som 
kan vara till hjälp att belysa nya aspekter och samband. 

10Be-data med årlig upplösning från recenta naturliga arkiv utgör en opti-
mal källa för detaljerade studier av effekten av förändringar i solens aktivitet 
på 10Be-produktion. Tillgänglig tillförlitlig data över kosmisk strålning och 
historiskt registrerade förändringar i solens aktivitet kan kombineras med 
10Be-data i hög upplösning för att finjustera modeller för rekonstruktion av 
solaktivitet. Data som framkommit genom detta arbete är därför en viktig 
pusselbit för rekonstruktioner av solens variationer under gångna klimatför-
ändringar. 
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