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Abstract

A 650-yr-long sediment sequence from a crater lake on Tristan da Cunha, South Atlantic, was analysed for its 10Be content. Based on
14C dating, and sedimentary, geochemical, magnetic and palynological records, the period between 900 and 1450 AD appears to have

been unusually stable in terms of sedimentation and vegetation and therefore this period was chosen for analysis of the 10Be content.

During this period of highly organic sedimentation and closed vegetation, the pattern of 10Be flux variations follows the 10Be fluctuations

from the GRIP ice core and estimated 14C production rates well. However, before and after this stable period, variable sedimentation

rates have to be accounted for to obtain results that are comparable to the established 10Be/14C records. Our data show not only the

possibility of obtaining detailed enough 10Be flux data from sedimentary sequences to reconstruct past solar forcing but also how

sensitive this type of record is to sedimentary and environmental changes. If suitable archives can be found, they have the potential to

improve reconstructions of solar activity far back in time.

r 2007 Elsevier Ltd. All rights reserved.
1. Introduction

The production rates of cosmogenic radionuclides in the
Earth’s atmosphere are influenced by the geo- and
heliomagnetic shielding of galactic cosmic rays (Lal and
Peters, 1967). Strong solar magnetic fields ejected from the
Sun into the heliosphere and high geomagnetic field
intensities cause a stronger deflection of the galactic cosmic
rays that produce cosmogenic radionuclides such as 10Be
and 14C. The physical mechanisms behind the production
processes are well understood, which make radionuclide
records reliable recorders of the history of the solar
magnetic activity (Lal and Peters, 1967; Masarik and Beer,
1999). The geochemical behaviour of cosmogenic radio-
nuclides after their production introduces uncertainties in
interpreting these records. Radiocarbon, for example,
forms CO2 and enters the complex carbon cycle
(Siegenthaler et al., 1980), while in the case of 10Be the
e front matter r 2007 Elsevier Ltd. All rights reserved.
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climatic influence on atmospheric transport and deposition
introduces uncertainties in obtaining the solar-induced
production signal. So far, only polar ice core records have
provided reliable data that allowed the reconstruction of
past solar activity changes. 10Be measurements in lake
sediments are usually more complicated to interpret since
potential climate influences are more likely to dominate the
signal (Houriuchi et al., 1999). In addition, for solar
activity reconstructions high temporal resolution is re-
quired. Besides the well-known 11-yr cycle, typical solar
variations act on time scales of centuries with, e.g., the
Maunder minimum as one example (e.g., Beer et al., 1990).
Ice core records are generally restricted to high latitudes,
therefore independent 10Be records from lower latitudes
can improve the estimates about past solar forcing, since
polar records might be biased due to the absence of the
geomagnetic shielding of galactic cosmic rays at high
latitudes (Field et al., 2006).
The radiocarbon method (Libby, 1955) is commonly

used to date sediments for obtaining a chronology on, e.g.
climate proxy records, but an even more accurate dating
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can be achieved by high-resolution measurements of both
14C and 10Be. If periods of increased or reduced 14C and
10Be production rates can be identified and matched in
different natural archives, very accurate datings and
correlations between different climate records could be
obtained (Van Geel and Mook, 1989). In addition to study
leads and lags in climate change with respect to the
influence of solar forcing, the apparently best situation is to
identify the solar forcing and the climate response in the
same sediment sequence.
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Fig. 1. The position of the island of Tristan da Cunha in the middle of the

South Atlantic (upper), with its position in relation to the other islands of

the Tristan da Cunha Island Group (down left), and location of the

Hillpiece Bog in relation to other geographic features. The peak of Tristan

da Cunha reaches 2060m above sea level.

Table 1

Radiocarbon dates from Hillpiece Bog

Lab nr. Depth (cm) 14C yr BP Cal yr BP, 1s

LuS-6303 181–182 240750 310BP (24.6%)

230BP (43.6%)

Poz-3422 194.0–194.5 480730 520BP (68.2%)

Poz-3423 222–223 820730 725BP (68.2%)

Poz-3224 253.0–253.5 1085730 965BP (68.2%)

Poz-3425 293–294 1295735 1260BP (32.5%)

1190BP (28.0%)

1110BP (7.7%) 1

Poz-3426 308.0–308.5 1475725 1340BP (68.2%)

Poz-3427 345–344 1790730 1700BP (65.5%)

1580BP (2.7%) 1
2. Background

As a result of an expedition to Tristan da Cunha (Fig. 1),
highly organic, unique lacustrine sediments were found in one
of the cored volcanic crater lakes, the Hillpiece Bog (371 050S,
121 170W) (Ljung et al., 2006). The environmental history of
the site has been studied with a multiproxy approach and is
presented in Ljung et al. (2006). The bog is situated at 62m
above sea level, and is only 220m2 in size, surrounded by
gently sloping crater walls and with a catchment size of ca
4500m2. The chronology of the sediment sequence was
determined by 12 radiocarbon dates on terrestrial macro-
fossils and bulk sediment (Ljung et al., 2006). Six of these
dates are within the section presented here (Table 1). During
the lake phase and before humans opened up the landscape,
the site was a small pond surrounded by very dense
vegetation (Ljung et al., 2006). With the exception of one
thin tephra layer, the sediments formed between 600 and 1600
AD contain 40–50% total organic carbon (TOC), i.e. almost
pure organic matter. Furthermore, the sediments formed
between 950 and 1400 AD are very homogenous and show no
changes in sedimentation rate or lithology (Fig. 2), and
mainly consist of fine-grained organic particles and also some
clay, with the 10Be being attached to both (McHargue and
Damon, 1991). The almost pure organic matter shows that
the lake was highly productive, and that any surface run-off
mainly brought organic material into the lake with constant
deposition rate between 950 and 1400 AD. During this
period, the uniform pollen composition showed very stable
vegetation (Fig. 2). In addition, the surrounding volcanic
bedrock is barren of 10Be (Baker et al., 1964), and the high
precipitation (41500mmyr�1) generates short transport
times from the small catchment to the lake. These conditions
are good prerequisites to avoid potential problems with
variable 10Be fluxes (cf Anderson et al., 1990; Chase et al.,
2002) often related to variable surface run-off conditions,
thereby changing the chemistry and grain size of the
sediments. However, most reports on scavenging and
sedimentary effects on 10Be fluxes come from the marine
environment (Frank et al., 1997; Christl et al., 2003).
Cal yr BP, 2s Material

260BP 440BP (2.5%) 400BP Twigs, seeds, leaves

140BP 330BP (92.9%) �11BP

485BP 535BP (95.4%) 450BP Phylica leaves, twigs

675BP 740BP (95.4%) 665BP Phylica leaves, twigs

925BP 1060BP (4.0%) 1030BP Phylica leaves, twigs

990BP (89.5%) 900BP

870BP (1.9%) 840BP

1200BP 1270BP (95.4%) 1070BP Phylica leaves, twigs

1130BP

090BP

1295BP 1370BP (95.4%) 1285BP Phylica leaves, twigs

1600BP 1720BP (95.4%) 1540BP Phylica leaves, twigs

570BP
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Fig. 2. A composite diagram of the age-depth function with some proxy records. Shown from left to right: sediment depth, lithology, age-depth function

based on Southern Hemisphere calibration (McCormac et al., 2004) of six 14C dates with the 2_ error displayed, the levels of the measured 10Be samples,

magnetic susceptibility (10�6m3 kg�1), weight % of carbon (C) and nitrogen (N), the C/N ratio, and cumulative percentage curves for Polypodiaceae (fern)

spores, Phylica arboreae (island-tree) pollen, and the sum of grass, sedge and herb pollen grains. The dashed lines prior to 950 AD and after 1400 AD (left

panel) show the necessary sedimentation rates for obtaining the expected 10Be fluxes.
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Although it is difficult to completely overcome these
problems, we think that much of the desirable preconditions
are met within our profile between 950 and 1400 AD, and
therefore measurements of 10Be content were limited to this
time period. Furthermore, the 900–1500 AD period is known
for its highly variable solar activity/10Be fluxes (Beer et al.,
1988; Vonmoos et al., 2006). In conclusion, with the constant
sedimentation rate and homogenous lithology (Fig. 2), this
location ought to be a good setting for detecting changes in
10Be fluxes, and could therefore show a potential imprint of
the variable production rate in the atmosphere, although a
slight delay of the surface run-off transported 10Be may have
to be taken into account. Based on these preconditions, we
can expect that 10Be in the sediments analysed was deposited
both directly from the atmosphere, being attached to
aerosols and deposited with precipitation (McHargue and
Damon, 1991), and through a fairly stable surface run-off of
mainly organic particles with attached 10Be. Furthermore, the
high sedimentation rate offers the possibility to obtain
records with a fairly high temporal resolution, which is
necessary to study solar activity changes on decadal to
centennial time scales.

3. Methods

Methods for the proxy records displayed in Fig. 2 are
described in Ljung et al. (2006). Radiocarbon dating was
carried out by the AMS 14C laboratories in Poznan and
Lund, and 14C ages were converted to calibrated ages using
the program OxCal v3.10 (Bronk Ramsey, 1995, 2001) and
the SHCal04 calibration data-set (McCormac et al., 2004).
Construction of the age-depth function is described in
Ljung et al. (2006).
The 10Be concentration in the sediment samples was

measured in Zurich by the accelerator mass spectrometer
(AMS) of ETH/PSI, which allows measurements of very
small amounts of 10Be (107 atoms). In the following, we
describe the steps that were necessary to remove unwanted
sediment material, which is necessary to get a clean sample
for AMS measurements. In such measurements, 10Be/9Be
ratios rather than absolute 10Be concentrations are
determined. Therefore, a known quantity of stable 9Be is
added to the sample (in our case: 0.6mg 9Be is added to
approximately 3 g of sediment). We added 1ml H2O2

(30%), 5ml H2O and 4ml HCl to the sample/carrier
mixture and let the sediments dissolve over the night. This
procedure dissolves the sediment almost completely and we
can assume that also the 10Be is completely dissolved and
retained for further analysis. Insoluble parts are removed
by centrifugation and the fluids are removed by evapora-
tion. Since the dried sample could still contain metals, we
added 2ml HCl (32%) and 2ml H2O and put the sample
for 4 h into the centrifuge. After another drying step, we
dissolved the sample by adding 1ml HCl (32%) and 1ml
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(HNO3). Any insoluble part was removed by another
centrifugation step and by filtering the sample (0.4 mm pore
size). Adding NH4OH allows us to precipitate the
beryllium hydroxide. The beryllium hydroxide is then
dissolved again by adding 5ml NaOH (pH 14, which
ensures that other metal hydroxides are not dissolved).
After waiting for another night, we retained the solution
and precipitate Be by adding HCl (pH 7–10). Another
centrifugation step allowed us to concentrate the Be. After
that we added 2–3ml HCl (1M) and treated the sample as
described in Yiou et al. (1997).

The results are expressed in concentrations, atoms per
dry gram of sediment. To estimate the annual flux of 10Be
(atoms/(cm2 yr)) to the Hillpiece Bog basin, dry bulk
densities and sedimentation rate were calculated on all
levels analysed for 10Be (Table 2).

4. Results and discussion

We performed 15 measurements of 10Be concentrations
(atoms g�1 dry weight) between 280 and 195 cm (Table 2,
Fig. 2), corresponding to 800–1450 AD. Through the bulk
Table 2

Table showing sample depths, their calculated age (Fig. 2) with a constant

concentrations of 10Be atoms per dry g sediment, measurement error, calculat

catchment considering the fact that the bog basin constitutes 5% of total catc

Sample depth

range (cm)

Age range (years

AD)

Dry weight (g) Dry density

(g cm�3)

191–198.2 1477–1424 0.4316 0.1207

198.2–204 1424–1378 0.3496 0.1216

205.9–209.4 1363–1337 0.2986 0.132

209.4–210.5 1337–1328 0.3133 0.1759

210.5–215 1328–1294 0.9817 0.1913

215–223.1 1294–1233 0.3641 0.1501

223.1–230 1233–1179 0.4003 0.1376

230–236.9 1179–1127 0.3806 0.1303

236.9–242.4 1127–1085 0.4691 0.1301

242.4–249.3 1085–1032 0.393 0.1379

249.1–254.1 1032–996 0.3261 0.1361

254.1–260.9 996–944 0.293 0.1372

260.9–267.8 944–891 0.311 0.1362

267.8–276.2 891–829 0.2911 0.1422

276.2–283.4 829–775 0.351 0.1407
density values and the sedimentation rate, the concentra-
tion values could be converted into annual flux values
(Fig. 3). The mean flux value for the 15 samples is 19.7
(76.7)� 106 atoms cm�2 yr�1. If we consider that the bog
is ca 5% of the whole catchment, and if we assume that
most (or all) of the 10Be deposited (with precipitation) in
the catchment ended up in the lake sediments, the total flux
to the bog, or former pond, should be approximately 20
times larger than the average flux to the catchment area.
This would imply a mean 10Be deposition rate of ca 1.0
(70.35)� 106 atoms cm�2 yr�1, which is in the same order
of magnitude as what Monaghan et al. (1986) and Masarik
and Beer (1999) have calculated as the mean global-average
10Be production rate: 1.21 and 0.58� 106 atoms cm�2 yr�1,
respectively. However, due to local-regional and temporal
differences, the production rate varies between latitudes
and environmental/climatic settings, as well as between
periods of variable solar activity and magnetic field
strength. For example, with today0s magnetic field strength
and a solar activity of 550MeV, Tristan da Cunha’s
latitude has an average 10Be production rate of
0.7� 106 atoms cm�2 yr�1 (Masarik and Beer, 1999). In
sedimentation rate of 0.13 cmyr�1, dry weight, dry density, measured

ed 10Be flux in the Hillpiece Bog sediments and calculated 10Be flux to the

hment area

10Be conc.

(atoms g�1)

10Be flux in the

Hillpiece Bog

(atoms cm�2 yr�1)

Mean 10Be flux to

the drainage area

(atoms cm�2 yr�1)

8.98e+8 14.187e+6 0.7093e+6

78.35e+7 71.32e+6 76.60e+4

8.53e+8 13.56e+6 0.6778e+6

74.44e+7 77.05e+5 73.2e+4

7.83e+8 13.52e+6 0.6761e+6

73.29e+7 75.68e+5 72.84e+4

9.22e+8 21.20e+6 1.0600e+6

77.01e+7 71.61e+6 78.06e+4

11.97e+8 29.94e+6 1.4971e+6

76.22e+7 71.56e+6 77.78e+4

9.45e+8 18.55e+6 0.9275e+6

75.29e+7 71.04e+6 75.19e+4

7.02e+8 12.63e+6 0.6315e+6

73.79e+7 76.82e+5 73.41e+4

8.2e+8 13.99e+6 0.6994e+6

73.53e+7 76.02e+5 73.01e+4

9.44e+8 16.07e+6 0.8036e+6

72.83e+7 74.82e+5 72.41e+4

12.1e+8 21.84e+6 1.0918e+6

74.24+7 77.64e+5 73.82e+4

13.54e+8 24.11e+6 1.2059e+6

74.06e+7 77.23e+5 73.62e+4

9.96e+8 17.88e+6 0.8940e+6

76.67e+7 71.20e+6 75.99e+4

10.91e+8 19.43e+6 0.9717e+6

77.53e7 71.34e+6 76.70+4

17.52e+8 32.61e+6 1.6303e+6

79.81e+7 71.83e+6 79.13e+4

14.34e+8 26.41e+6 1.3204e+6

75.59e+7 71.03e+6 75.15e+4
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Fig. 3. (a) Comparison of normalised values of 10Be measured in the sediments from Tristan da Cunha with independent estimates of the 10Be and 14C

production rates. The 15 levels of 10Be fluxes in Hillpiece Bog (black) are compared with a 50-yr running average of the 14C production rate (grey) based on

the tree-ring 14C record (Reimer et al., 2004) and 50-yr smoothed 10Be fluxes in the GRIP ice core (Muscheler et al., 2004; Vonmoos et al., 2006) (dashed)

at Summit in Central Greenland. (b) The absolute 10Be flux rates from the Hillpiece Bog catchment are compared with absolute flux rates from the GRIP

ice core (Muscheler et al., 2004; Vonmoos et al., 2006). Measurement errors from the Hillpiece Bog samples are shown as vertical black lines. Note that the

section with homogenous sediments is marked with vertical dashed lines, and the tephra-influenced sediment is shown as a grey bar. For calculations of the
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this context it should also be noted that topographic/
orographic effects of, for example, an island significantly
increases the precipitation, and thus also the 10Be flux
(Field et al., 2006). We therefore think that the Hillpiece
Bog 10Be flux record can be explained in terms of relatively
direct 10Be deposition from the atmosphere to the
sediments. Therefore, during periods of stable environ-
mental and sedimentary conditions, we think that the
variations in 10Be fluxes can be expected to reflect changes
in the 10Be production rate in the atmosphere.

To test this hypothesis, we present in Fig. 3 the
calculated catchment flux rates, including measurement
errors, compared with the 10Be measurements in the GRIP
ice core (Muscheler et al., 2004; Vonmoos et al., 2006). We
also show the normalised values of these two rates
compared to the normalised values of theoretical estimates
of the 14C production rate inferred from the tree-ring 14C
record (Muscheler et al., 2005) based on the INTCAL04
record (Reimer et al., 2004). Although the absolute values
for the flux rates are lower in the GRIP ice core than our
calculated values, the agreement in the general trends
between 900 and 1400 AD is good (r ¼ 0.8, po0.05). Our
10Be record also harmonises well with the variations in the
14C production rate regarding both timing and amplitude
between 900 and 1400 AD (r ¼ 0.6, po0.05). The radio-
nuclide production peaks around 1000 and 1300 AD (Wolf
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solar minimum) and the relative production rate changes
concur between the two independent records, and the
agreement between the records is hardly a matter of
chance. This implies a common production-related cause
for the observed variation, at least during the period of
homogenous sedimentation (Fig. 3). Since high-resolution
geomagnetic field records cannot explain such short-term
10Be and 14C production rate changes (Muscheler et al.,
2007), these observed changes are most likely due to the
variable solar shielding of galactic cosmic rays. We
therefore think that we have detected solar-induced
production rate changes in the sediments of the Hillpiece
Bog.

The 10Be fluxes of the 2–3 oldest samples (Fig. 3) are
much higher than expected. This we relate to a different
depositional and catchment environment before 950 AD,
shown by the different lithology, magnetic susceptibility
values and vegetation composition (Fig. 2). Lake catch-
ment before this change was more open, shown by higher
grass and herb pollen values, and the sediments have higher
magnetic susceptibility values in spite of maximum values
of organic C. These anomalously high flux values can have
different causes, e.g. that sedimentation rates were lower
before 950 AD than assumed by the age model in Fig. 2.
Sedimentation rates necessary to explain the anomalous
values are shown by the dashed line (Fig. 2) and are not
unrealistic. With these rates, the time resolution would be
low and details of 10Be flux changes would be hard to
detect. Another or additional reason for these anomalies
could be that the more open landscape led to increased
erosion of exposed organic soils. The latter explanation is
supported by the several small susceptibility peaks at
280–260 cm (Fig. 2) possibly documenting the presence of
fine-grained detrital magnetite, rich in ultra-fine grained
superparamagnetic particles (Oldfield, 1994), formed
through pedogenesis (Maher, 1998), to which 10Be could
attach. Increased erosion of more exposed organic soils
may thus have been responsible for both the susceptibility
peaks (Björck et al., 2000) and the high 10Be fluxes.

Although our record displays the 10Be peak at 1000 AD
and the Wolf solar minimum at 1300 AD (Fig. 3), the effect
of the Spoerer solar minimum at 1450 AD is not seen in
our topmost sample. However, it is noteworthy that
susceptibility increases and vegetation changes (Fig. 2) at
1400 AD, implying different sedimentary and environ-
mental conditions compared to before. This anomaly with
the lack of a 10Be peak at 1450 AD can be explained by the
inability to date the core in detail. The necessary increase in
accumulation rate to account for the higher fluxes—see
dashed line in Fig. 2—would also mean that the peak is
situated further up in the sediment record, and that we
would only see the rising values before the peak (Fig. 3). In
the context of the discussion on solar activity and climate
connections, one could, for example, also speculate if the
low solar activity during the Spoerer minimum caused an
increased precipitation at Tristan and thereby also
increased accumulation rates.
The environmental and sedimentary changes at 900–950
AD and at 1450 AD demonstrate that a stable environment
with homogenous sedimentation is required to obtain 10Be
records that can be interpreted in terms of production rate
changes. In this context, it is interesting to note the
susceptibility peak at 212–217 cm (Fig. 2). It is related to a
0.5 cm thin and distinct volcanic ash layer, and its broader
response in susceptibility is possibly a result of heavier ash
particles having sunk into the organic-rich sediment–water
interface at the deposition. Its distinct character implies
immediate atmospheric deposition at the eruption, but the
marked 10Be peak at that level (Fig. 3) may indicate
additional particles—tephra—to which 10Be was attached.
However, as this peak coincides with distinct peaks in
GRIP 10Be fluxes and 14C production rate (Fig. 3), it
indicates that tephra fall-outs only seem to have a restricted
influence on the 10Be deposition.
We think that our study demonstrates the fact that solar

variations can be reconstructed from sedimentary se-
quences by the use of 10Be. With its half-life of 1.5 million
years, this implies that solar activity and geomagnetic field
changes can be reconstructed throughout at least the
Quaternary period if suitable sediments are found.
Combined with tree-ring 14C data and ice core 10Be
measurements, such measurements have also the potential
to improve the solar activity reconstructions during this
period extending the range of 14C data and ice core records.
Finally, such measurements can give clues for the mechan-
isms and timing of the solar influence on climate, especially
if 10Be data and other climate proxies can be obtained from
the same sediments.
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