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The 10Be/9Be ratios in marine sediments samples from the Southern Chile Trench have been measured
using accelerator mass spectrometry (AMS). The samples were measured at the TANDAR accelerator,
where the discrimination of the 10Be radionuclides was achieved by means of a passive absorber in front
of an ionization chamber. This setup along with the high voltage available, provided a complete suppres-
sion of the 10B isobar interference. The obtained values for the 10Be concentrations, of the order of 109 -
atoms/g, are the first 10Be measurements from the Southern Chile Trench and offer an excellent tracer to
quantitatively study the recycling of sediments in Andean magmas.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

In the last decades, accelerator mass spectrometry (AMS) has
proven to be the most sensitive technique for detecting several
long-lived radionuclides [1], 10Be among them. This is the
longest-lived beryllium radionuclide with a half-life of
(1.387 ± 0.012) � 106 yr [2], primarily produced in Earth’s atmo-
sphere by cosmic-ray induced nuclear reactions on N and O [3].
Detectable amounts of 10Be are present in rainwater, snow, surface
water, and also in marine sediments [4]. It is an ideal radionuclide
to be used as tracer in various branches of geosciences [5,6], as well
as in astrophysics [7].

Small accelerators exclusively designed for AMS technique offer
high transmission and stability. However, the higher beam ener-
gies achievable with large tandem accelerators allow the use of a
passive absorber to efficiently suppress the interfering isobar
(10B in this case) and also get a better identification of other inter-
fering ions with a telescope detector.
This manuscript reports the measurement at the 20 UD TAN-
DAR (TANDem ARgentino) accelerator of the 10Be concentration
in two marine sediments samples from the Ocean Drilling Program
(ODP) Site 860 [8]. This site is located at the so-called Chile Triple
Junction, where Nazca, Antarctic and South American tectonic
plates meet. The bulk of each sample was processed with the
aim of quantifying the inventory of total 10Be in the sediment. This
is crucial to estimate the amount of sediment involved in the recy-
cling process produced by the subduction of the oceanic plate
underneath the South American Plate [9,10].

In Section 2 we describe the instrumentation used to carry out
the AMS measurements. The chemical procedure performed, as
well as the AMSmeasurement procedure are described in Section 3.
In Section 4 we present the results and discussion and the conclu-
sions in Section 5.
2. Instrumentation

As part of the AMS program at the TANDAR Laboratory [11,12]
several improvements on the machine were carried out during the
last years. A new Source of Negative Ions by Cesium Sputtering
(SNICS II) was emplaced, the alignment of the experimental lines
was carefully checked, the stability of the Generating Volt Meter
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(GVM) system was enhanced and the installation of a Wien filter is
currently underway.

For AMS measurements, the switching between 10Be and 9Be
beams was done changing the terminal voltage while keeping
the magnetic rigidity at the high energy side fixed. In contrast to
most of the facilities used for AMS, the TANDAR accelerator has
two electrostatic quadrupoles and one electrostatic steerer along
its 33-meters long acceleration column. These optical elements
must be also adjusted according to the particle energy during
switching between the radionuclide and its stable isotope. In fact,
the proper tuning of the electrostatic steerer –placed just after the
stripper– was of great importance in order to reduce scattered ions
(see Section 3.3).

The main challenges in identifying 10Be are dealing with molec-
ular (9Be1H) and atomic (10B) interfering isobars. The molecular
ions get dissociated at the foil stripper at the terminal of the accel-
erator. The 10B ions having the same electric charge state as the one
selected for 10Be after the foil stripper (3+) cannot be differentiated
by magnetic or electric deflectors. However, the high particle
energy available by means of the TANDAR accelerator along with
the use of a passive absorber in front of a DE-E telescope detector,
allow discriminating 10Be radionuclides from its stable isotope
(those which manage to pass the analyzing magnet) and from
other reaction products (see discussion below) with the complete
suppression of 10B.

Fig. 1 shows a scheme of the detection system built for 10Be
measurements. The passive absorber is a 150 mm long cylinder
with a 17 mm diameter, 4 lm thick Havar� entrance window,
based on a similar system developed at the Australian National
University (ANU) in Canberra [13,14]. The absorber gas and the
one used in the ionization chamber were kept separated by a
2 lm thick Havar� foil. Thus, choosing the appropriate Ar gas pres-
sure in the passive absorber, the 10B ions lose all their energy in the
absorber, while the more penetrating 10Be ions enter theDE-E tele-
scope detector. This detector comprises an ionization chamber
110 mm long filled with 45 Torr P-10 gas followed by a surface bar-
rier detector.

Absorber gas and window material were chosen in order to
ensure the minimum content of hydrogen in them [14]. Otherwise,
reactions products from the 10B + 1H interaction, namely 7Be and
4He ions, could reach the DE-E telescope detector and contribute
to the background [15].

The optimal pressure within the passive absorber is the mini-
mum necessary to completely stop the 10B ions. This minimizes
the energy loss and energy straggling for the 10Be ions which arrive
at the ionization chamber, and thus optimizing their identification.
Energy loss calculations using the SRIM code [16] show that in a
150 mm long passive absorber with Ar gas, a pressure of
175 Torr–plus the 4-lm-Havar� window– is sufficient to stop 10B
ions having an energy of 27 MeV. Under these conditions the
desired 10Be ions arrive to the ionization chamber with enough
Fig. 1. Scheme of the passive absorber and the DE-E te
energy (about 11 MeV) to pass through the P-10 gas. Finally, these
radionuclides reach the surface barrier detector placed behind the
ionization chamber with an energy of about 8.5 MeV.
3. Experimental procedure

3.1. Production and standardization of 10Be enriched material

The transmission of the system was studied by using commer-
cial BeO powder enriched in 10Be by neutron activation. This was
achieved by irradiating the material with a thermal neutron flux
of U = (6.1 ± 0.3) � 1013 cm�2 s�1 during (60 ± 1) min in the RA-3
reactor at the Ezeiza Atomic Center (Argentina) and producing
10Be through the neutron capture reaction 9Be(n, c)10Be.

Both, enriched in 10Be and non-irradiated powders were dis-
solved. Beryllium concentrations were calculated from the mass
of BeO dissolved in both solutions and confirmed using Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) analysis,
yielding compatible results within its relative error of 5 %.

Isotopically diluted material (nominal 10Be/9Be = (2.2 ± 0.2) �
10�11) from the enriched one was measured at ANU in Canberra
[14], yielding 10Be/9Be = (2.10 ± 0.06) � 10�11. In this way, we stan-
dardize the enriched powder with a ratio of 10Be/9Be =
(1.87 ± 0.13) � 10�9 traceable to the NIST standard material which
was used at ANU.

Mixing in appropriate proportions the solutions of neutron-
activated material and the commercial one (our ‘‘blank” material
henceforth), six different 10Be solutions with isotope ratios
between (9.2 ± 0.8) � 10�15 (blank only, see Section 3.2) and
(1.87 ± 0.13) � 10�9 (pure neutron-activated material) were pre-
pared. Their corresponding isotope ratios were determined with
a relative uncertainty of 6 %. The main contributions to the uncer-
tainty come from the measurements of the concentrations and the
determination of the volumes used in the mixtures.
3.2. Geological samples

The studied samples were taken from the Core 141-860B, Site
860 (ODP), located at the middle continental slope of the South
American plate in the South Pacific Ocean (45�51.9720S,
75�45.1010 W). They correspond to depths of 0.77 mbsf (meter
below sea floor, sample 001H) and 2.12 mbsf (sample 002H). The
total beryllium content in both sediment samples was also deter-
mined by ICP-OES analyses. For chemical processing, 0.67 mg of
beryllium carrier material was added to 300 mg of each sample.
The isotope ratio of this carrier material had been previously mea-
sured at the Vienna Environmental Research Accelerator (VERA)
[17], yielding 10Be/9Be = (9.2 ± 0.8) � 10�15.

The chemical separation of Be was performed according to the
technique reported by Merchel and Herpers [18]. Hydroxides are
lescope detector used for the identification of 10Be.
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precipitated by addition of NH3aq and then Be is separated from the
other elements by using anion and cation exchange columns. At
the end of this process, NH3aq was added to the concentrated frac-
tion eluted from the column and the beryllium hydroxide was
obtained by precipitation. Finally, the hydroxide was washed and
converted to beryllium oxide at 900 �C. This material was mixed
with Ag powder (1:2 by weight) and pressed into Al sample hold-
ers of the ion source.
3.3. AMS measurements

9Be and 10Be were extracted from the ion source as negative
molecular ions (BeO�) and subsequently selected by the 90�
double-focusing injection magnet (radius = 30 cm, ME/Z2 -
= 12 amu�MeV). The tuning of the accelerator parameters for mass
A = 10 was done optimizing the current of a macroscopic 10B beam
extracted from a natural boron sample. The tandem accelerator,
operating at a terminal voltage of 8 MV, dissociates beryllium
oxide molecules in a carbon foil stripper and accelerates 10Be3+ ions
to 27 MeV particle energy. A second 90� double-focusing analyzing
magnet (radius = 200 cm, ME/Z2 = 500 amu�MeV) selects these
ions, eliminating most of the 9Be background.

One of the 10Be enriched samples (with 10Be/9Be = (6.2 ± 0.4) �
10�11) was used as standard material to define the region of inter-
est (RoI) for 10Be in the two-dimensional spectra (residual energy
vs. partial energy loss taken from the Si detector and the ionization
chamber, respectively) as it is shown in Fig. 2. This standard was
used to determine the beam transmission, measuring it for 5 min
before and after each unknown sample. Typical measuring time
for the samples was 30 min.

Although the passive absorber prevents 10B ions from entering
into the DE-E telescope detector, there is another source of back-
ground due to charge exchange collisions with the residual gas
(pressure around 10�8 Torr) within the high-energy side of the
accelerator. In this way, 9Be ions (changing from charge state 4+

to 3+) may acquire the same magnetic rigidity than 10Be3+ and be
accepted by the analyzing magnet [19]. These ions have higher
energy than 10Be ions and hence are clearly distinguishable from
the 10Be through their higher residual energy in the surface barrier
detector as well as through their lower partial energy loss into the
ionization chamber. However, when 9Be ions lose energy by scat-
tering in the beam line after the analyzing magnet, they may pro-
duce background events in the two-dimensional spectrum close to
the RoI defined for 10Be. This effect was studied by increasing the
9Be beam intensity favoring the entrance of 9Be particles by fixing
the injection magnet to mass 25, which corresponds to the 9Be16O�
Fig. 2. Two-dimensional spectra recorded with the DE-E telescope detector. Panel a: s
sample 002H with 10Be/9Be = (1.0 ± 0.3) � 10�11. In the latter, the products of the reacti
molecular ions, but keeping the high energy side optimized for
10Be. Then, the fraction of scattered 9Be ions with respect to the
total 9Be ions was minimized adjusting optic elements inside the
acceleration column, being the electrostatic steerer at the terminal
the most relevant. The subsequent tuning of the injector magnet
and of the terminal voltage using the 10B beam did not affect this
adjustment.
4. Experimental results

Fig. 2a shows the two-dimensional spectrum obtained by mea-
suring standardized material with 10Be/9Be = (6.2 ± 0.4) � 10�11. As
can be seen, 10Be ions can be unambiguously identified and dis-
criminated from 9Be ions that underwent charge-exchange colli-
sions with the residual gas. As expected, there is no events of 10B
nor of scattered 9Be ions in the spectrum.

Using our blank material (10Be/9Be = (9.2 ± 0.8) � 10�15), and
having a transmission of about 20%, two runs of one hour each with
a mean current of 15 (electrical) nA of 9Be, were performedwithout
any events in the region of interest (RoI) for 10Be. Considering the
uncertainties in the transmission and the current instability a con-
servative upper limit for the sensitivity of 5 � 10�13 can be set.

This limit is two orders of magnitude lower than the typical
10Be/9Be ratios in environmental samples [4], even after isotope
dilution with carrier material.

The 10Be/9Be ratio in the two 001H and 002H marine samples
was measured with this setup. The recorded spectrum for sample
002H is shown in Fig. 2b. A few events appear below the RoI for
10Be. By means of SRIM code simulations, they have been identified
as 7Be originating from the 10B(1H, 4He)7Be reaction. In fact, 4He
also appears on the left side of the spectrum.

The total 10Be concentrations were determined from the corre-
sponding measured 10Be/9Be ratios (which include carrier mate-
rial), considering the measured beryllium concentrations, the
mass processed, and the added carrier for each sample. Table 1
summarizes the results of this work, where total intrinsic 10Be/9Be
ratio correspond to the sediment (without carrier material).
The 10Be concentration of the samples 001H and 002H
resulted (2.7 ± 0.8) � 109 atoms/g and (1.4 ± 0.4) � 109 atoms/g,
respectively.

Since the difference in depth for these samples is 1.35 m and the
sedimentation rate for this core was determined to be 50 m/Ma [8],
its ages should differ by less than 27 kyr, a negligible time interval
in comparison with the 10Be half-life. Therefore, the 10Be concen-
trations are not expected to have significant differences due to
their difference in depth. However, in sediments close to a conver-
tandardized material with 10Be/9Be = (6.2 ± 0.4) � 10�11. Panel b: marine sediment
on between 10B and 1H, i.e. 4He and 7Be, can also be identified.



Table 1
It shows the Be concentrations, the measured ratios of 10Be/9Be and the correspond-
ing intrinsic ratio, and the total 10Be concentrations (in the bulk) of marine sediment
samples at ODP site 860.

Sample 001H 002H

Depth (mbsf) 0.77 ± 0.04 2.12 ± 0.04
Total beryllium concentration (ppm) 1.51 ± 0.08 1.48 ± 0.07
Total 10Be/9Be measured (1.8 ± 0.5) � 10�11 (1.0 ± 0.3) � 10�11

Total 10Be/9Be intrinsic (2.6 ± 0.7) � 10�9 (1.5 ± 0.4) � 10�9

Total 10Be concentration (atoms/g) (2.7 ± 0.8) � 109 (1.4 ± 0.4) � 109
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gent plate boundary there are other mechanisms, as turbidite-
induced sediment reworking and deformation by thrust faulting,
able to produce strong modifications in the 10Be concentration
depth profile [20]. The difference in 10Be concentrations of both
samples observed here is not large enough to demonstrate the
occurrence of these phenomena.

10Be concentrationvaluesdetermined in thiswork for theChilean
Trench are slightly below the ones reported in the works from Rais-
beck et al. [21] and Brown [22], where the concentration value for
pelagic marine sediment samples was between 3 and 7 � 109

atoms/g. Thosevalues correspondto sediments fromtheopenocean,
where thesedimentationrate is lower thantheones fromconverging
margin close to the continent. Correspondingly, the 10Be concentra-
tions in pelagic marine sediment are expected to be higher.

The 10Be concentrations from Chile margin studied in this work
are in agreement with the ones found in marine sediments from
Kurile Convergent Margin in Russia [9] where the total 10Be
concentrations are around of 3 � 109 atoms/g. In addition, they
are also comparable with the reported by Bourles et al. [23] for
17 surface sediment samples from different ocean basins (between
0.3 and 6 � 109 atoms/g).

5. Summary and conclusions

Measurements of the isotope ratios 10Be/9Be at the TANDAR lab-
oratory have demonstrated the feasibility of this facility for AMS
measurements of 10Be. To facilitate this goal, we implemented a
detection system consisting of a passive absorber to completely
suppress the presence of the isobaric interference of 10B and a
DE-E telescope detector for the 10Be identification. Blank material
having an isotope ratio of 10Be/9Be = 9 � 10�15 has enabled the
determination of the current sensitivity level of this accelerator
as better than 10Be/9Be = 5 � 10�13. With the improvements of
the beam transmission that are currently being implemented and
the commissioning of a Wien velocity filter which will efficiently
suppress charge-exchange and scattered 9Be ions it is expected
to achieve much lower isotope ratios.

The isotope ratios measured in the marine sediments samples
from ODP site 860 represent the first determination of a 10Be
inventory at the Southern Chile Trench. This is relevant for the
use of 10Be tracer in studying the sediment recycling in arc mag-
mas of the Southern Andes. In most cases, even considering the iso-
tope dilution due to addition of carrier, 10Be/9Be ratios in surface
marine sediments and others environmental samples are found
two orders of magnitude above the achieved sensitivity at TANDAR
accelerator. This opens the possibility to conduct such kind of
research at this facility.
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