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a b s t r a c t

Optimizing sample preparation for the isotopic measurement of 10Be extracted from quartz mineral
separates has a direct positive effect on the accuracy and precision of isotopic analysis. Here, we
demonstrate the value of tracing Be throughout the extraction process (both after dissolution and after
processing), producing pure Be (by optimizing ion exchange chromatography methods and quantifying
quartz mineral separate and final Be fraction purity), and minimizing backgrounds (through reducing
both laboratory process blanks and 10B isobaric interference). These optimization strategies increase the
amount of 10Be available for analysis during accelerator mass spectrometry (AMS), while simultaneously
decreasing interference and contamination, and ensuring that sample performance matches standard
performance during analysis. After optimization of our laboratory's extraction methodology, 9Be3þ ion
beam currents measured during AMS analysis, a metric for sample purity and Be yield through the
extraction process, matched the 9Be3þ beam currents of AMS standards analyzed at the same time
considering nearly 800 samples. Optimization of laboratory procedures leads to purer samples that
perform better, more consistently, and more similarly to standards during AMS analysis, allowing for
improved precision and accuracy of measurements used for dating and quantification of Earth surface
processes.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Measurement of in situ produced cosmogenic 10Be in geologic
samples provides insight about a wide variety of geologic processes
(Bierman and Nichols, 2004; Gosse and Phillips, 2001; Granger
et al., 2013; Nishiizumi et al., 1993; von Blanckenburg and
Willenbring, 2014). For example, quantifying 10Be concentrations
in moraine boulders (Heyman et al., 2011; Phillips et al., 1990) or
previously-glaciated bedrock surfaces (Bierman et al., 1999) pro-
vides information about past glacial behavior, thus yielding valu-
able paleoclimatic insight (Balco, 2011; Fabel and Harbor, 1999).
Cosmogenic 10Be is useful for measuring displacement rates on
fault systems by dating offset landforms (Bierman et al., 1995;
Brown et al., 1998; Matmon et al., 2005; Rood et al., 2010). It can
also be employed to study landscape erosion rates, both on outcrop
scales (Nishiizumi et al., 1991, 1986) and basin scales (Bierman and
Steig, 1996; Brown et al., 1995; Granger et al., 1996; von

Blanckenburg, 2005), thereby providing insight about Earth's
changing surface (Portenga and Bierman, 2011).

Cosmogenic 10Be forms in situ when high-energy cosmic rays
bombard rock in the upper-most few meters of Earth's surface (Lal,
1988). In the mineral quartz, 10Be is produced primarily by spall-
ation of oxygen at low rates, on the order of ~4 atoms g�1 quartz yr�1

at sea level andhigh latitude (Balco et al., 2008; Borchers et al., 2016).
Productionof 10Be in rock and soil is primarily dependenton latitude
andelevation, andeffectivelyceases if the sample surface is buried to
a depth of more than a few meters (for example, by glacial ice,
sediment, or soil). 10Be has a half-life of ~1.4 million years (Chmeleff
et al., 2010; Korschinek et al., 2010; Nishiizumi et al., 2007). There-
fore, while concentrations of 10Be initially increase in exposed rock
over time, theyeventually level off as production, erosion, and decay
reach steady state.

Preparing and analyzing a sample for 10Be measurement re-
quires numerous steps. After a sample is collected, the mineral
quartz is isolated from the other mineral phases through a series of
physical and chemical processes (Kohl and Nishiizumi, 1992). The
quartz is then dissolved in the presence of a 9Be carrier solution,
and Be is chemically isolated. To measure 10Be, atoms of this rare
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isotope are counted in relation to the ion current of stable 9Be via
accelerator mass spectrometry, or AMS (Muzikar et al., 2003; Tuniz
et al., 1998). Because isotopic fractionation can occur in the AMS,
primary standards such as the KNSTD dilution series (Nishiizumi
et al., 2007) are analyzed in association with samples. A correc-
tion factor for the measured versus the assumed 10Be/9Be ratio of
primary standards is determined, then applied to normalize ratio
measurements for samples analyzed at the same time.

The accuracy of samplemeasurement is controlled in part by the
overall closeness of match between standards and samples.
Developing a correction factor from standard 10Be/9Be ratios and
using it to normalize sample 10Be/9Be ratios relies upon the
assumption that standards and samples behave similarly during
measurement. Important characteristics may include matrix effects
(e.g. accessory elements that could interfere with measurement;
Hunt et al. (2008), Merchel et al. (2008)), cathode geometry (e.g.
depth to the sputtering surface and shape of the surface; Hunt et al.
(2007), Rood et al. (2013), Shanks and Freeman (2015)), total mass,
and performance during measurement (the ion source yield, or
“beam current”, which we measure as the 9Be3þ current but which
can alternatively be measured as the 9Be16O� current). The simi-
larity of beam currents between standards and samples across
multiple measurement cycles is particularly important (Rood et al.,
2014). Additionally, contamination of a sample with the isobar 10B,
above the ability of the detector to reject such interference, inhibits
reliable detection of 10Be and has the potential to degrade accuracy
(Merchel et al., 2012).

The precision of low 10Be/9Be samples is primarily controlled by
Poisson counting statistics, with greater numbers of 10Be counts
yielding more precise analyses. The total number of attainable
counts is a product of the 10Be concentration of the material being
analyzed, the total mass of the sample, and the AMS total system
efficiency (including ionization, transmission, transport, and
detection efficiencies), all ofwhichdictate thenumberof 10Be counts
that can be obtained before the sample material is ablated away
during sputtering (Rood et al., 2013, 2010). For higher 10Be/9Be
samples, precision is primarily controlled by the reproducibility (i.e.,
scatter) of ratio measurements, which is often poorer than that
predicted by counting statistics alone (Rood et al., 2013). For these
higher 10Be/9Be samples that are limited by reproducibility rather
than counting statistics, closeness of match to standards can dictate
precision in addition to accuracy (Rood et al., 2014). Background
levels of 10Be introduced during sample processing also control the
precision of measured isotopic ratios, with relatively higher process
blanks increasing the uncertainty of sample 10Be/9Be ratios espe-
cially in samples with little 10Be, because background uncertainties
are typically added in quadrature.

There are several reasons why it is advantageous to optimize the
preparation of samples for 10Be isotopic analysis. Ensuring that
sample performance matches standard performance during AMS
analysis likely increases the accuracy of sample measurements, a
prerequisite for accurate determination of dates and rates across a
variety of applications. Increasing the precision of analyses en-
hances not only the interpretations that can be made from dates
and rates, but also enables approaches involving multiple isotopic
systems such as burial dating (Granger and Muzikar, 2001) and
isochron burial dating (Balco and Rovey, 2008), and allows for
improved calibration of cosmogenic nuclide production rates (Balco
et al., 2009; Borchers et al., 2016; Briner et al., 2012; Putnam et al.,
2010). Very low concentration samples, such as those from young
exposures (Licciardi et al., 2009), rapidly eroding landscapes
(Portenga et al., 2015), or long-buried sediments (Erlanger et al.,
2012; Gibbon et al., 2014), require low detection limits to be
measurable above background levels. High 9Be3þ beam currents
reduce the counting times required to achieve desired precisions,

thereby speeding AMS throughput and better utilizing the limited
beam time available for analysis.

This paper discusses optimization of the Be extraction proce-
dure (Fig. 1) used at the University of Vermont, with the aim of
increasing data accuracy and precision as well as the efficiency of
sample preparation and AMS analysis. Our goal is to produce pure
samples of Be that match the performance of standards, with
particular focus on obtaining high Be yield, consistent 9Be3þ beam
currents, low and consistent 10Be/9Be background levels, and
minimal isobaric interference. The optimization strategies dis-
cussed here are generalizable to other laboratories as well as to
other AMS facilities.

2. Brief history of 10Be extraction and measurement

Over time, different methods have been used to measure
terrestrial cosmogenic 10Be. Initially, abundances of cosmogenic
10Be were quantified by radioactive decay counting after Be was
isolated from silicate minerals by dissolution in acid (Fairhall,
1960). However, only samples with the highest 10Be concentra-
tions, for example those exposed at high elevations for long du-
rations, could be measured. Later, it became possible to measure
10Be/9Be ratios via AMS (Lanford et al., 1980; Raisbeck et al., 1978;
Southon et al., 1983; Thomas et al., 1981; Turekian et al., 1979),
including on lower-energy AMS systems (Raisbeck et al., 1987). Be
yields from chemical preparation were typically high (85e90%),
but samples frequently retained impurities, especially Al (Lanford
et al., 1980). At that time, precisions were generally 5e10%, and
detection was limited to 10Be/9Be ratios greater than ~10�13

(Southon et al., 1983).
Although measurements of 10Be became more common into the

1980's, average AMS beam currents remained relatively low (Klein
andMiddleton,1984). By 1990, the quality of AMSmeasurements of
10Be increased, and precisions of several percent were attainable
(Suter, 1990). At around the same time, in situ 10Be became a more
widely used dating technique as AMS analysis improved and after it
was confirmed that meteoric 10Be produced in the atmosphere and
adhered to the surface of grains could be removed from the grain
coatings of a sample with repeated acid etches (Brown et al., 1991;
Kohl and Nishiizumi, 1992; Nishiizumi et al., 1991, 1986, 1989).
Adding column chromatography to the extraction protocol ensured
that Be could be cleanly separated from other elements (Ditchburn
and Whitehead, 1994; Tera et al., 1986).

Recent methodological advances have further increased the
quality of AMS 10Be measurements by improving beam currents.
BeO had traditionally beenmixedwith Ag before being packing into
cathodes for AMS analysis; however, using Nb instead of Ag
increased 9Be3þ beam currents (Hunt et al., 2006; Merchel et al.,
2008). It is uncertain whether impurities in the final Be fraction
decrease AMS 9Be3þ beam currents beyond dilution effects.
Merchel et al. (2008) suggested that additions of Ti did not directly
decrease 9Be3þ beam currents, although the resulting dilution of Be
did. However, Hunt et al. (2008) found that Al and Ti both
depressed 9Be3þ beam currents beyond the effects of dilution
(although Ca, Fe, Mg, and Mn did not).

Detection limits have also improved over the past several de-
cades. The discovery that commercial aluminum often contains
non-negligible amounts of 10Be occasioned the use of stainless steel
and copper cathodes for sample analysis (Middleton et al., 1994),
lowering backgrounds. Although commercially-available 9Be car-
rier is commonly used, its 10Be/9Be ratio is ~10�14, which hinders
the analysis of low-level samples. In contrast, 9Be carriers made
from deeply-mined phenakite (Be2SiO4) and beryl (Be3Al2Si6O18)
often yield 10Be/9Be ratios two orders of magnitude lower (Merchel
et al., 2008), which are better suited for the analysis of low-level
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