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H I G H L I G H T S

� We measure the radioisotope 26Al in the Farmville meteorite.
� Coincidence γ-ray spectroscopy has distinct advantages over other techniques.
� Many different modes of detection allow for a more reliable determination of absolute activity.
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a b s t r a c t

Radionuclides are cosmogenically produced in meteorites before they fall to the surface of the Earth.
Measurement of the radioactive decay of such nuclides provides a wealth of information on the
irradiation conditions of the meteorite fragment, the intensity of cosmic rays in the inner solar system,
and the magnetic activity of the Sun. We report here on the detection of 26Al using a sophisticated
spectrometer consisting of a HPGe detector and a NaI(Tl) annulus. It is shown that modern γ-ray
spectrometers represent an interesting alternative to other detection techniques. Data are obtained for a
fragment of the Farmville meteorite and compared to results from Geant4 simulations. In particular, we
report on optimizing the detection sensitivity by using suitable coincidence gates for deposited energy
and event multiplicity. We measured an 26Al activity of 48.573.5 dpm/kg for the Farmville meteorite, in
agreement with previously reported values for other H chondrites.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Most meteorites are fragments of ancient parent bodies that
formed from planetesimals between the orbits of Mars and Jupiter
at about the same time as the planets of the solar system (Herzog,
2007). As soon as a meteoroid is excavated from an asteroid after a
collision, it is exposed to cosmic radiation, consisting mainly of
protons and α-particles of very high energies. The cosmic radiation
has two components: the first originates from the Sun (solar
cosmic rays) and the second arises from outside the solar system
(galactic cosmic rays). Both components are sufficiently energetic
to initiate nuclear reactions in meteoroids. These spallation reac-
tions (and associated secondary reactions, such as neutron-
capture) on meteoroid target elements give rise to the production

of radioactive and stable isotopes, referred to as cosmogenic
nuclides. An important example of a radioactive cosmogenic
nuclide is 26Al (Cameron and Top, 1974; Hampel and Schaeffer,
1979). Since the exposure of most meteoroids to cosmic radiation
is longer than several million years, radionuclides formed by
cosmic radiation with half-lives less than a million years are in
equilibrium with the cosmic ray intensity. After a meteorite falls to
the surface of the Earth, it is shielded by the atmosphere from
further cosmogenic production. Consequently, its abundance
decays exponentially over the residence time on Earth (i.e., its
terrestrial age).

The number and identity of cosmogenic nuclides in a given
meteoroid depends on the time of travel from the asteroid belt to
Earth (exposure time), the initial size of the meteoroid, the depth
beneath the pre-atmospheric surface (shielding depth), the ele-
mental composition of the meteoroid, and the flux of the cosmic
radiation. All of these factors have left a record in the form of
cosmogenic nuclides that are embedded inside the meteorites.
As a result, the detection of radioactive cosmogenic nuclides has
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far-reaching implications for a broad range of key questions,
including the dating of cosmic ray exposure ages (Herzog, 2007),
the constancy of the galactic cosmic ray intensity over the past 10
million years (Wieler et al., 2011), and variations of the solar
magnetic field strength over the past few hundred years (Taricco
et al., 2006).

Accelerator mass spectrometry (AMS) is widely considered to
be the most sensitive technique for radionuclide detection in
meteorite fragments. However, the decay of a number of impor-
tant radionuclides, including 26Al, gives rise to the simultaneous
emission of three γ-rays (a characteristic γ-ray and two 511-keV
photons). Therefore, the detection of these photons using
γγ-coincidence spectrometry will be highly selective and may
offer an interesting alternative to AMS for certain applications.
Other advantages of γ-ray spectrometry compared to AMS are the
non-destructive nature of the detection, a significantly simpler
experimental setup, and the measurement of absolute concentra-
tions rather than abundance ratios. Spectrometers based on
γγ-coincidence techniques have been described in detail before
(see, for example, Cooper and Perkins, 1972; Povinec et al., 2009;
Taricco et al., 2010). However, these works employed spectro-
meters with few segments. In the present work, we employ a 1
8-segment spectrometer and focus on optimizing the coincidence
conditions (i.e., the gating on energy deposition and event multi-
plicity) for detecting small radionuclide concentrations in
meteorites.

The sample we investigated consists of a single fragment of the
Farmville meteorite, described in more detail in Section 2.1.
Information regarding our coincidence spectrometer is provided
in Section 2.2. Coincidence detection schemes and Monte Carlo
simulations are described in Section 3. Results for 26Al are
discussed in Section 4. A summary and conclusions are given in
Section 5.

2. Experimental procedures

2.1. Farmville meteorite

Our sample consists of a single fragment from the Farmville
meteorite, which fell on December 4, 1934. In total, 56 kg of this
meteorite were collected in Pitt County, North Carolina. It is
classified as an Ordinary Chondrite (H4), a type of stony meteorite
that contains small spherical pellets (chondrules). Most of the
fragments reside in the North Carolina Museum of Natural
Sciences in Raleigh, North Carolina, from where we obtained the
fragment on loan. The meteorite sample had a mass of 0.569 kg
and a density of 3.72 g/cm3. Its shape was irregular, with max-
imum dimensions of 7.90 cm�8.87 cm�4.62 cm. We imaged the
sample using computed tomography (CT) at UNC Hospitals and the
precise shape was used in our Monte Carlo simulations (see
below). The fragment is shown in Fig. 1.

Several studies have been performed regarding the elemental
and isotopic composition of the Farmville meteorite. The main
elemental constituents are SiO2 (37.05%), MgO (23.29%), Fe
(16.53%), FeO (10.11%) and FeS (4.99%), with the abundances
provided in units of atomic % (Kallemeyn et al., 1989; Jarosewich,
1990; Kothari and Goel, 1974). Cosmogenic noble gas concentra-
tions are reported for 3He, 21Ne, and 38Ar, resulting in an average
cosmic-ray exposure age (i.e., the time between excavation of the
meteoroid from its parent body until the time of fall) of 7.370.9
My (Eugster et al., 1993). The gas retention age (i.e., the time since
the parent body cooled to sufficiently low temperatures to retain
radiogenically produced noble gases) has been estimated using the
40K0–40Ar method, yielding a value of 4.0770.10 Gy (Eugster
et al., 1993). Properties of the Farmville meteorite are summarized

in Table 1. To our knowledge, no radioisotope studies have yet
been performed on this meteorite.

2.2. Spectrometer

The coincidence spectrometer employed in the present work is
the main detection device used for nuclear reaction measurements
at the Laboratory for Experimental Nuclear Astrophysics (LENA),
which is part of the Triangle Universities Nuclear Laboratory
(Cesaratto et al., 2010). In most nuclear astrophysics studies,
several γ-rays are emitted simultaneously, with a total energy
near or in excess of 10 MeV. By measuring these γ-rays in
coincidence, and accepting only coincidence events with a total
energy above about 4 MeV, the environmental background is
reduced by several orders of magnitude. The performance of this
spectrometer for total energies above 4 MeV has been described in
detail in Longland et al. (2006). Note that there is no need for any
passive shielding at these higher energies, because the coincidence
requirement is very selective. In the present work, we were
interested in exploring how useful this device can be for radio-
isotope studies in meteorites. While we previously rejected total
γ-ray energies below 4 MeV, this energy region now becomes the

Fig. 1. Fragment of the Farmville meteorite, which fell on December 4, 1934. It is
classified as an Ordinary Chondrite (H4), a type of stony meteorite that contains
small spherical pellets (chondrules). The size of the fragment amounts to about
8 cm�9 cm�5 cm. It was obtained on loan from the North Carolina Museum of
Natural Sciences in Raleigh, North Carolina.

Table 1
Properties of the Farmville meteorite and of the fragment measured in the
present work.

Property Information/value

Classification Ordinary stone chondrite (H4)
Date/place of fall December 4, 1934/Pitt County, NC
Total recovered mass 56 kg
Chemical compositiona SiO2, MgO, Fe, FeO, FeS, …
Cosmic-ray exposure ageb 7:370:9 My
Gas retention agec 4:0770:10 Gy
Fragment massd 0.569 kg
Fragment volumed 152.5 cm3

Fragment densityd 3.73 g/cm3

a Kallemeyn et al. (1989), Jarosewich (1990), and Kothari and Goel (1974).
b Average of 3He, 21Ne and 38Ar exposure ages (Eugster et al., 1993).
c Estimate using 40K–40Ar (Eugster et al., 1993).
d Measured in present work; and used for present Monte Carlo detector

simulations (see later).
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