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a b s t r a c t
Measurement of cosmogenic 7Be in soils and sediments by gamma spectroscopy has been routine for three
decades. However, the analytical constraints of this method have yet to be adequately described. Natural
abundance of 7Be in bulk soils and sediments is typically low (10 6 to 108 atoms kg− 1), resulting in very
low signal-to-noise ratio in the gamma spectrum. 7Be quantiﬁcation is further complicated by numerous interferences from ubiquitous 238U- and 232Th-series radionuclides. We investigated the environmental gamma
spectrum in the region of 7Be emission using spectra obtained from hundreds of natural stream sediment
samples, one well-characterized sediment naturally-enriched in 7Be, and pure standard materials enriched
in both 238U-series and 232Th-series decay chains. In typical samples no fewer than three discrete photopeaks
directly interfere with 7Be measurement, one of which, the 228Ac 478.3 keV photon, yields signiﬁcant positive
bias. Risks of 7Be false-positives due to this overlapping photopeak approach 50% for typical soils or sediments. Detection limits for 7Be in these materials using conventional high-purity germanium instruments
are as low as 0.1 Bq, but increase by up to a factor of four in the presence of modest activities of 238U- and
232
Th-series nuclides. Here we demonstrate a methodology for the measurement of low 7Be abundances in
soils and sediments that is unbiased and that optimizes precision.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Environmental scientists increasingly recognize beryllium-7 as a
valuable tracer of soil and sediment dynamics. Growing interest in
7
Be derives from its atmospheric origin, global distribution and continuous delivery to Earth's surface; its acute particle reactivity,
which results in rapid, irreversible “tagging” of surface materials; its
half-life (~53.3 d), which captures the timescale of many active sediment and particulate contaminant transport processes; and from the
relative ease of acquiring 7Be measurements by gamma spectroscopy
(see review in Kaste et al., 2002). Recent geomorphological applications of this natural tracer include: quantifying erosion (Wallbrink
and Murray, 1993; Wilson et al., 2003; Blake et al., 2009; Walling
et al., 2009); identifying sediment sources (Walling and Woodward,
1992; Whiting et al., 2005); quantifying sediment deposition (Olsen
et al., 1986) and dating of depositional events (Matisoff et al., 2005;
Fisher et al., 2010), tracking of discrete sediment packages during
mobilization (Salant et al., 2006); sediment mobilization and coupled
contaminant fate (Fitzgerald et al., 2001; Saari et al., 2010); erosional
remediation (Schuller et al., 2010); coupled trace-metal dynamics
during soil organic matter decomposition (Kaste et al., 2011); and
quantifying ﬂoodplain age and river migration rates (Black et al.,
2010). With respect to 7Be analytical methodology, these authors
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typically forego detailed discussion and/or cite Larsen and Cutshall
(1981), who ﬁrst described simple in situ (i.e., without chemical separation) measurement of 7Be in enriched sediments.
But typical 7Be soil steady-state inventories are very low globally,
in the range of 0.02 to 0.1 becquerels (Bq) per cm 2 (Dibb, 1989; Todd
et al., 1989; Wallbrink and Murray, 1994; Zhu and Olsen, 2009),
amounting to just 10 − 18 g 7Be per gram soil disseminated in the uppermost 2 cm of the Earth surface. Equivalent soil abundances are
b30 Bq/kg. In ﬂuvial systems, transport, mixing and decay quickly dilute 7Be to near the detection limits of typical gamma spectrometers,
which are on the order of 1 Bq/kg for conventional high-purity germanium (HPGe) detector and shield systems and 1 to 2 day count
times. Contemporary improvements in HPGe detector characteristics,
while having bettered low-level measurements, also reveal spectral
features that impinge on the direct measure of 7Be at 477.6 keV.
One photopeak in particular, derived from the ubiquitous thorium232 granddaughter actiniun-228, is not resolvable from the 7Be
peak. Here we characterize the environmental 7Be photoregion, demonstrating the complexity of gamma emissions in the 450–500 keV
range, and showing “average” contributions of low-abundance photopeaks to real soil and sediment samples via a composite spectrum. For
the case of singular measurements, we evaluate true risks to 7Be detection and quantitation using well-accepted detection criteria and
Poisson-based numerical models. We then introduce an experimental
design that demonstrates a methodology for the accurate and precise
integration of 7Be in soil and sediment samples with varying degrees
of spectral interference.
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2. Background

3. Low-abundance photopeaks and limits of detection

Beryllium-7 is measurable by gamma spectroscopy via its single
photo-emission at 477.6035 keV (10.44% yield; Chu et al., 1999).
Given the limitations of 7Be measurement by accelerator mass spectrometry (Raisbeck and Yiou, 1988; Nagai et al., 2004), gamma counting remains the only routine method for measuring this natural
radionuclide. Low 7Be abundances in natural soils and sediments
force the adoption of gamma counting procedures that optimize instrument sensitivity, so-called large-volume, close-in geometry. Unfortunately, these conditions simultaneously favor the detection of
numerous interfering photopeaks derived from both 238U- and
232
Th-series nuclides. Despite having very low nuclear yields, these
interferences are detectable, produce background excursions in the
region immediately surrounding the 7Be peak, and preclude the designation of true background regions immediately adjacent to the 7Be
peak. Moreover, 7Be suffers convolution with the 478.3 keV photoemission of 228Ac (0.21% yield; Helmer, 1979; Chu et al., 1999). This
interference is not resolvable with conventional HPGe detectors,
whose peak width (σG) at this energy is typically on the order of
0.5 keV or ~ 1.2 keV full-width at half-maximum (FWHM). Despite
its very low yield, the interfering 228Ac photopeak is readily detected
in soils and sediments using normal HPGe detectors, standard shielding, and common count durations. If unaccounted for, the 228Ac interference signiﬁcantly biases measurement of 7Be abundances.
Actinium-228 (half-life 6.2 h) is a short-lived granddaughter of
ubiquitous 232Th. As a consequence of its very short half-life, 228Ac
activity is supported in natural materials by secular equilibrium
with its immediate parent 228Ra (half-life 5.75 a), which in turn is
supported by primordial 232Th (half-life 10 14 a). Decay of 228Ac
yields gamma photons at more than 200 discrete energy levels
(Helmer, 1979; Dalmasso et al., 1984, 1987), making it one of the foremost single contributors of complexity in the environmental
gamma spectrum. Using any one of its several high-yield photopeaks, especially 911.2 keV (yield 25.8%), abundance of 228Ac in environmental samples is measurable to better than 1% relative.
Predicting the contribution of the 228Ac 478.3 keV photon to a 7Be
photopeak is then possible with good precision (typically b5% relative):

Nuclides of the 238U and 232Th decay series are globally ubiquitous
in soils and sediments, locally homogeneous by virtue of their lithologic origin, and generally conservative during chemical weathering
of the Earth near-surface (e.g., Gascoyne, 1992; Chabaux et al.,
2003). Consequently, they make comparable contributions to the
gamma spectrum of geogenic materials in a given locality, and we expect that summing many sample spectra into a single composite will
overcome the statistical limitations of any one sample measurement.
In Fig. 1 we present a weighted composite spectrum of 400 7Be-free
sediments from the upper Connecticut River valley region in central
Vermont (VT) and New Hampshire (NH), USA. Details on spectrum
collection are given later in Section 4, but here we note our use of normal HPGe detectors and shielding without low-background equipment or Compton-suppression. Sample sediments were packed in
84 × 20 mm polyethylene cups and placed directly on the detector
endcap.
Our composite spectrum shows a clear and strong maximum, offset from the 7Be centroid energy and corresponding to the 228Ac
478.3 keV photon. Numerous other low-yield features are attributable to photopeaks of 212Bi at 453 keV; 214Bi at 455, 470 and
474 keV; 214Pb at 462, 480 and 487 keV (Table 1). Conversely, the energies 458–459.5 and 482.5–485 keV appear free from spectral features and we therefore take them to give true estimates of
background. Variation through and between these regions-ofinterest (ROI) is broadly linear, implying that a linear background
model is appropriate for estimating background continuum contributions to the 7Be photopeak. In the discussion and analyses to follow
all 7Be integrations use this background deﬁnition.
Interpretation of features in the composite spectrum is based on
nuclear data compiled by Chu et al. (1999) and summarized in
Table 1. Using these data, the hypothetical photopeak count rate for
a nuclide of activity concentration A within a speciﬁed detector channel i is predictable by

Ac228

Ac228

R478 keV ¼ R911 keV ⋅

Ac228

Ac228

γ 478 keV ε478 keV
⋅ Ac228
γ Ac228
911 keV ε 911 keV

ð1Þ

where R is spectrum count rate [counts per second] of the indicated
photopeak, γ is nuclear decay yield or branching ratio of the speciﬁed photon, and ε is net efﬁciency of the gamma detector at the speciﬁed energy. As in classical arithmetic deconvolution, the 228Ac
contribution may then be subtracted from the combined area of the
7
Be– 228Ac doublet to estimate the true 7Be peak area. The nominal
bias we predict by this approach amounts to ~ 16 mBq false contribution to 7Be for each 1 Bq 228Ac in the sample, or ~ 0.5 Bq/kg bias in 7Be
for a typical sediment sample which contains 30 Bq/kg 228Ac.
But removing the 7Be interference is not so simple in real samples.
Because net count rates of both 7Be and 228Ac 478 keV peaks are often
very low, neither is full-width resolved in a typical sediment sample
HPGe spectrum, meaning that the observed, detectable signal of
each peak will be some fraction of their true full-width area. Furthermore, the actual count rate we observe for the 228Ac interferent varies
from nominal prediction due to Poisson uncertainty (where anticipated peak area is N ± √N counts), which may introduce a large uncertainty during 7Be deconvolution. These circumstances demand
careful assessment of quantitation methods, and ultimately dictate a
reﬁned approach if we wish to fully exploit 7Be as a tracer of soil
and sediment dynamics.

Ri ¼ A⋅γ ⋅ε⋅m⋅pi

ð2Þ

where Ri is count rate [counts per second], A is activity concentration
[Bq/kg], γ is photon emission yield, ε is detector net efﬁciency, and m
is sample mass [kg]. The term pi is the normalized emission probability density of a given photopeak over the speciﬁed channel or range of
channels, i.e., the fraction of total peak area integrated within the
speciﬁed channel(s). Gamma peaks are nearly Gaussian in shape,
with subtle tailing near baseline at the low-energy side and perhaps
at high-energy side, as well. Here these tails are modeled as exponential functions, and the peak shape model for the estimation of pi may
be written as
"
pi ¼ pðxi Þ ¼

L

L⋅ð2x−2μþLÞ
2σ 2

∫ e
−∞

H

þ ∫e
L

2
−ðx−μ Þ
2σ 2

∞

H⋅ð2⋅μ−2xþH Þ
2σ 2

þ ∫e
H

#

þ∞

 ∫ pðxi Þ

ð3Þ

−∞

where xi is channel energy [kev]; σG is Gaussian peak width [keV]; μ is
peak centroid position [keV], L is the distance from centroid at which
tailing begins at the low energy side [keV], and H at the high energy
side [keV]. The count rate Ri in each channel of a photopeak
(Eq. (2)) may be predicted or modeled as the product of peak height,
represented with h, and probability density, pi. Least-squares ﬁtting
between our composite and a model spectrum predicted using
Eqs. (2) and (3) yields U-series and Th-series activities consistent
with values for these samples measured independently via nuclides
214
Pb (median 19.7 Bq/kg) and 228Ac (median 25.4 Bq/kg); these
values are typical for ﬂuvial sediments and approximate the average
crustal U:Th activity ratio.
Measurement of 7Be also suffers a secondary, non-speciﬁc interference that is evident from our preceding analysis: background
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Fig. 1. Beryllium-7 photoregion for ﬂuvial sediments, showing emissions of the 238U and 232Th decay series. Open circles show a variance-weighted composite spectrum of 400 7Be-free
sediments. Nominal position of the 7Be photopeak is shown for comparison, though no 7Be is present. Solid lines are best-ﬁts to each natural decay series based on published nuclear data
(Chu et al., 1999). Observed peaks smaller than prediction (455 keV, 478 keV, 487 keV) reﬂect coincidence-summing losses from cascade-emitting nuclides 214Bi, 228Ac, and 214Pb,
respectively.

height in a sample spectrum increases in proportion to the total amount
of 228Ac in a sample (adj R2 = 0.79, P b 2.2 × 10− 16). Background height
impacts 7Be measurements, since background uncertainty increases as
the square root of background height (σN = √N) and directly determines detection limits (Currie, 1968). The increase in background contributions is attributable to cumulative Compton scattering throughout
the gamma spectrum and not speciﬁcally to 228Ac or any other single
peak or nuclide — we ﬁnd that 228Ac activity is simply a reasonable estimator of gross radionuclide abundance in sediments, a consequence of
common mineral origins and similarly conservative nature of the 238Uand 232Th-series nuclides.
Using well-established detection criteria (Currie, 1968), we evaluate the relevance of background height to individual measurements
of 228Ac and 7Be photopeaks at 478 keV. Fig. 2 presents limits of

detection for our 400 representative spectra, as well as generalized
predictions based on background count rates predicted from in situ
228
Ac activity. For comparison, Fig. 2a also shows typical 228Ac count
rates expected for global soils (UNSCEAR, 2000) via Eq. (2). Details
of these analyses are described in the Appendix A. Fig. 2a shows
that the 228Ac 478 keV photon is detectable, i.e. resolved from background, in typical soil and sediment HPGe spectra with 50% probability in 1.1 days, with 10% probability in 0.6 days, and with 1%
probability in 0.3 days. Higher amounts of 228Ac are detectable in
shorter count times. To be clear, insofar as the 7Be and 228Ac peaks
are poorly resolved, these probabilities are risks of 7Be false positives
in excess of those we expect due to background continuum alone.
Beryllium-7 detection limits are displayed in Fig. 2b as the
minimum-detectable-activity (MDA) or concentration (MDC), the

Table 1
Gamma emissions in the 7Be photoregion (450–500 keV) for environmental HPGe spectra.
Nuclide

Source

Centroid
(keV)

s

Yield

s

Detection1
(days)

Reference

228

232

452.47
452.92
452.98
454.77
457.17
461.0
462.00
463.000
466.4
469.76
470.25
471.76
473.0
474.41
474.75
477.604
478.33
480.43
480.94
487.09
487.95
490.33
492.37
494.2

0.01
0.1
0.05
0.12
0.15
0.2
0.07
0.006
0.1
0.07
0.2
0.15
0.7
0.05
0.1
0.002
0.011
0.02
0.2
0.07
0.13
0.15
0.01
0.4

0.015%
0.031%
0.363%
0.30%
0.015%
0.053%
0.221%
4.4%
0.030%
0.13%
0.0133%
0.0336%
0.050%
0.110%
0.023%
10.44%
0.21%
0.32%
0.0230%
0.42%
0.028%
0.012%
0.026%
0.012%

0.0005%
0.004%
0.003%
0.02%
0.002%
0.009%
0.009%
0.2%
0.0003%
0.01%
0.0003%
0.0003%
0.004%
0.009%
0.0003%
0.04%
0.02%
0.01%
0.0005%
0.02%
0.009%
0.003%
0.003%
0.003%

93
13
0.02
0.02
95
4
0.07
0.004
23
0.4
137
17
7
1
44
n/a
0.2
0.02
41
0.004
19
207
41
127

a
a
a
a
a
a
a
a,b,c
a
a
a
a
a
a
a
a
a,b,c
a
a
a
a
b
b
a

Ac
Bi
212
Bi
214
Bi
228
Ac
214
Bi
214
Pb
228
Ac
228
Ac
214
Bi
228
Ac
228
Ac
212
Bi
214
Bi
228
Ac
7
Be
228
Ac
214
Pb
228
Ac
214
Pb
214
Bi
228
Ac
228
Ac
214
Bi
214

Th
U
Th
238
U
232
Th
238
U
238
U
232
Th
232
Th
238
U
232
Th
232
Th
232
Th
238
U
232
Th
cosmogenic
232
Th
238
U
232
Th
238
U
238
U
232
Th
232
Th
238
U
238
232

a, Chu et al. (1999); b, Dalmasso et al. (1987); c, Helmer (1979).
1
Estimated count time, in days, for a peak to exceed the Currie (1968) critical limit, i.e. to be resolved from background (k1 = k2 = 1.645, α = β = 5%; see Appendix A).

178

J.D. Landis et al. / Chemical Geology 291 (2012) 175–185

6E-04

b4

Rc with >37 Bq/kg 228Ac
Rc with 14-37 Bq/kg 228Ac
Rc with <14 Bq/kg 228Ac

5E-04

critical limit RC [cps per keV]

‘high’ 228Ac

4E-04

3E-04
median 228Ac

2E-04

1E-04
‘low’ 228Ac

0E+00

0

1

2

3

4

MDC with >37 Bq/kg 228Ac
MDC with 14-37 Bq/kg 228Ac
MDC with <14 Bq/kg 228Ac

0.6

0.5
3
0.4
2

0.3

MDA 7Be [Bq]

Mimnimum Detectable 7Be [Bq/kg]

a

0.2
1
0.1

0

0.0
0

1

count time [days]

2

3

4

count time [days]
model MDC for 7Be with 0 Bq/kg 228Ac
model MDC for 7Be with 14 Bq/kg 228Ac
model MDC for 7Be with 37 Bq/kg 228Ac
model MDC for 7Be with 79 Bq/kg 228Ac

model 50% detection probability
model 10% detection probability
model 1% detection probability

Fig. 2. a, Data points show Currie (1968) critical limit at 478 keV, i.e. maximum likely background count rate with speciﬁed probability (α = 5%). Points are marked by total 228Ac
measured in each sample. Curved lines show the count time at which the 228Ac 478 keV photon will exceed critical limit with the speciﬁed probability (50%, 10% or 1%) and therefore impinge on 7Be detection and quantitation. Global soil 228Ac count rates (UNSCEAR, 2000) are shown for comparison as horizontal lines, indicating for example that the median
soil 228Ac activity is detectable with 50% probability in 1.1 days (see Appendix A). b, Detection limits as minimum concentration (MDC) and activity (MDA) for 7Be for same spectra,
where detection limit assesses both false-positive (α = 5%) and false-negative (β = 5%). Curved lines show detection limit increasing proportional to in situ 228Ac.

lowest 7Be activity that we can measure reliably with just 5% probability of false-negative. These limits are a function of count time and
also of total 228Ac in the sample: the former due to counting statistics,
the latter a result both of background enhancement and of direct
overlap with the 478 keV photopeak. In soils and sediments the 7Be
MDC is ~1.0 Bq/kg for 1-day counts, increasing by a factor of 2 in
the presence of high 228Ac activities. The minimum 7Be concentrations resolvable from background (i.e., critical limit) are a factor of
two less than this or ~0.5 Bq/kg for a 1-day count.
4. Unbiased 7Be measurement
4.1. Experimental design
Having demonstrated the complexity of the 7Be photoregion, and
that 228Ac interference is likely in typical HPGe measurements of 7Be
in soils and sediments, we now describe an experimental design that
demonstrates the sensitivity of different analytical methods to these
sources of bias. For this experiment, we collected a quantity of silty
overbank stream sediment naturally enriched in 7Be. The sediment
was dried, pulverized, homogenized, divided and then spiked with
environmentally-relevant amounts of 228Ac. In the non-spiked sample, 238U- and 232Th-series radionuclide concentrations are close to
both local and global median values, 28.87 ± 0.38 Bq/kg 226Ra and
29.93 ± 0.12 Bq/kg 228Ac (mean ± 2SE). Thorium-ore OKA-2
(CCMRP, Natural Resource Canada, Ottawa, Ontario) was added as a
spike at levels 1.5×, 2×, 3× and 5× the in situ 228Ac. The resulting
range of 228Ac concentration in our sample suite is 30–150 Bq/kg.
Only modest amounts of 238U and 235U nuclides are present in the
spike, amounting to an additional 8% added in the highest spike level.
All samples were packed into puck-shaped 84 × 20 mm (ca.
110 cm 3) polyethylene cups and measured via HPGe gamma spectroscopy 23–27 times each over a period of 8 months (4.5 halflives). Samples are placed directly on the detector endcap, situating
their lower surface ca. 6.5 mm from the detector crystal. Count time
for each measurement was 4 days, and samples were rotated among
four p-type germanium detectors (Canberra model number
BEGe3830). The BEGe 3830 crystal is an HPGe planar-type cylinder

of 70 mm diameter and 30 mm thickness. Each detector is housed in
conventional shielding, consisting of 4 in. of low-background lead
with graded tin and copper lining and a 10 mm steel jacket. Data acquisition is performed via a commercial system consisting of an analog preampliﬁer (Canberra model 2002CSL) incorporated in the
detector cryostat and coupled to a digital multi-channel analyzer
(Canberra model DSA1000). For these detectors resolution at
478 keV is σG = 0.5 keV or 1.2 FWHM; net efﬁciency at this energy
is ca. 3.2%; peak-to-Compton ratios are approximately 57:1; and
background count rates at 478 keV are ca. 54 counts per day per
keV. As demonstrated shortly, we determined 7Be concentration of
the test material to be 12.25 ± 0.30 Bq/kg (variance-weighted average ± 2SE; n = 120). In the absence of an affordable 7Be standard material, we used the natural decay of 7Be at a known rate (0.0130 d − 1)
to standardize subsequent re-measurement at extended half-lives.
This approach provides us with numerous “virtual” standards of identical composition but variable 7Be concentration and 7Be: 228Ac peakarea ratios.
4.2. Detector calibration
4.2.1. Net efﬁciency calibration
Net detector efﬁciency is a simple ratio, the number of counts per
second observed for a given photon versus the number of decays per
second (activity) known to exist in the emitting material:
ε¼

R
A ⋅m ⋅γ ⋅p


ð4Þ

where ε is net efﬁciency, R* is measured count rate in the spectrum of
the given photon emitted by the calibration material, A* is certiﬁed activity concentration of the reference ore, m* is mass of the ore spike,
and p is the normalized probability density of the photopeak as described in Eqs. (2) and (3). The term p is included here as a provision
for cases where low-yield photons and/or low activity standards are
used for calibration, because their photopeaks may not be full-width resolved from background over common count durations. We calibrate
our gamma detectors using test and other representative materials
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4.2.2. In situ attenuation corrections
Gamma photon attenuation is dependent on the cumulative absorption cross-section of the matrix material, which is a function both of its
elemental composition and bulk density. A typical radionuclide calibration solution in 2% HCl (including elemental carrier content and dilute
acid matrix) has an absorption cross-section essentially that of liquid
water; at 480 keV this is ca. 0.100 cm2/g or 11.0 cm2 for 110 g in our
adopted 110 cm3 geometry. By comparison, absorption cross-section
for a typical ﬁne-grained sediment is ca. 0.090 cm2/g, or13.3 cm2 for
150 g in the same volumetric geometry; this is 17% greater than that
of the synthetic standard solution (mass attenuation coefﬁcients
drawn from Hubbell and Seltzer, 1996). For a suite of soils and sediments in the same geometry, net efﬁciency increases from 3.1% to
3.6% as bulk density increases from 0.7 to 1.8 g/cm 3 — a range of 16% relative, far in excess of error expected from any calibration scheme
(Fig. 3). Efﬁciency calibration based on sample bulk density (efﬁciency
vs. density) removes much of these compositional effects (Murray
et al., 1987), but use of a direct attenuation measurement collapses internal efﬁciency uncertainties by an additional factor of 2 or more, to
b2% relative, or to the limit either of counting uncertainties or the preparation of homogenous powder standards.
For attenuation corrections we use point-source transmission and a
multi-nuclide planar source in a method adapted from Cutshall et al.
(1983), by which an in situ attenuation correction, f, is estimated from
an external transmission measurement at each energy of interest:

spiked with either uranium or thorium reference ore (U-ore BL5,
Th-ore OKA2, both CCRMP). Ore additions are made at ≤ 1 wt.%, a
tradeoff between improving counting statistics (shortening count
times) and degrading photon attenuation due to the high heavyelement content of the ores. Both materials are reported to be in
secular equilibrium (Faye et al., 1979; Smith et al., 1986; Oddone
et al., 2008). We derive efﬁciency for the 7Be line at 477.6 keV by
extrapolating from 214Pb peaks at 242, 295, 352, and 480 keV, the
226
Ra peak at 186 keV, and the 235U peak at 205 keV. Nuclear yields
for these photons are weighted-averages compiled from Delgado
et al. (2002) and Morel et al. (2004) for 214Pb and 226Ra, and
from Xiaolong and Baosong (2009) for 235U.
Large-volume, close-in counting geometry required for low-level
7
Be measurement favors sensitivity at the expense of considerations
that complicate efﬁciency estimates, including (1) increased likelihood of coincidence-summing effects (peak area anomalies caused
by failure of the detector to discriminate between independent photon interactions, summing them erroneously) and (2) exacerbated
self-absorption of in situ photon emissions, even at relatively high energies such as that of the 7Be photo-emission. Consistent with previous reports (García-Talavera et al., 2001; Yücel et al., 2010), we do not
ﬁnd signiﬁcant coincident-summing losses from these 214Pb peaks,
within the context of our experimental conditions, the precision constraints of standard sources, uncertainties on photon yields, and considering self-attenuation differences between different standard
materials. Efﬁciencies derived from these 214Pb photons are statistically indistinguishable from those derived from a synthetic mixednuclide solution (Eckert & Ziegler Isotope Products Laboratories, Valencia, California, USA) in identical geometry and using photopeaks
of 113Sn peak at 392 keV, 85Sr at 514 keV, and 137Cs at 662 keV
(Fig. 3). Because 228Ac emits photons at many energy levels in rapid
cascades, the rate of which exceeds the time-resolution of the detector system, coincidence-summing effects for this nuclide are large
and variable from photon to photon (García-Talavera et al., 2001). Efﬁciencies we observe for the 228Ac 478.3 keV and 911.2 keV photons
are up to 10% lower than would be extrapolated from other noncascading photopeaks, such as those listed above for U-ore standards,
and instead must be measured directly using the 228Ac photopeaks
themselves in Th-ore standards.

a

f ¼

I=I0 −1
:
ln I=I 0

ð5Þ

Here I is the count rate of an emitting source through a sample or
standard and I0 is the count rate through the sample geometry in
the absence of any sample, i.e. an empty container. The ratio I/I0 is
conventionally deﬁned as transmission. Net efﬁciency is measured
directly from calibration standards, from which we calculate a “geometric” efﬁciency term, i.e. efﬁciency in the absence of attenuation


ε ¼

b

4.5
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Fig. 3. Efﬁciency calibration scheme, a: density–efﬁciency function. In open symbols, net efﬁciencies at 352, 480, and 665 keV for a range of soil and sediment materials, each spiked
~ 1% w/w with Uranium ore BL-5 (CCRMP). Density-dependence reﬂects signiﬁcant sample self-absorption, even for relatively high-energy gamma photons. Closed circles show
geometric efﬁciency at 480 keV, in which a point-source transmission measurement is used to correct self-absorption effects. b: Energy-efﬁciency curve in log-scale. Open circles
depict U-ore spiked materials, shown with polynomial ﬁt. Squares depict synthetic radionuclide solution, whose absorption cross-section is most similar to organic-rich forest soil.
Only by correcting for self-absorption do the two materials provide convergent calibrations in large-volume geometry.
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where ε* is geometric efﬁciency, ε is net efﬁciency, R* is measured
count rate of the given photon in the calibration material, A* is certiﬁed activity concentration of the reference ore, m* is mass of the ore
spike, and f* is measured attenuation correction for the calibration
standard. Activity concentration of a nuclide in an unknown sample
is then calculated using the geometric efﬁciency determined from
calibration standards as
A¼

R
f ⋅ε  ⋅γ⋅p⋅m

ð7Þ

where f is attenuation correction measured for each sample. By way
of caution, we note that natural ore materials are exceptionally
enriched in heavy elements, and increase attenuation of a spiked matrix material at all energies of interest. At 480 keV in Th-ore standards, this amounts to as much as 2% even at conservative spike
concentrations. That Larsen and Cutshall (1981) reported no differences between solid and aqueous standard media in their original
7
Be methodology is perhaps due to their use of (presumably pure
quartz) sand as a representative solid, whereas our sediments typically are enriched in minerals containing heavy elements such as
iron and manganese.

When correcting for signiﬁcant spectral overlap, the simplest
deconvolution method estimates area of the interferent by reference
to a large singlet of the same nuclide elsewhere in the spectrum via
the ratio of their respective emission yields and measurement efﬁciencies, i.e. Eq. (1). This of course requires speciﬁc knowledge of
the interfering nuclide and that the nuclide has multiple emissions
lines. The interferent contribution is removed arithmetically by subtraction from the total count rate of the integrated multiplet, e.g. the
7
Be + 228Ac duplet, as would be done in the classical total-peak-area
(TPA) integration (e.g., Baedecker, 1971). Whereas TPA integration
implicitly assumes integration of the entire full-energy singlet, and
of each convoluted peak in multiplets, partial-peak-area (PPA) integration has long been recognized as a means of reducing counting
uncertainties of small peaks (Sterlinski, 1970; Baedecker, 1971;
Kennedy, 1990; Luedeke and Tripard, 1996) by avoiding low
signal-to-noise (S/N) peak tails. These gains come at a practical
cost, in that PPA requires correction for the integrated partial fraction p, which is calculated as ∑ pi via Eq. (3), of the full-energy
peak.
Complete calculation for 7Be activity concentration using digital
integration, including the 228Ac correction, may thus be written as
RAc228 ⋅γAc228 ⋅εAc228

4.2.3. Peak shape calibration
Calibration of peak shape parameters (Eq. (3)) requires care. Energy calibration (i.e., energy vs. detector channel number) determines
the location of a particular photon centroid, μ, in the gamma spectrum. Accurate centering is particularly important where deconvolution of overlapping peaks is concerned. Most detectors demonstrate a
characteristic ﬁne non-linearity in their energy calibration (e.g.,
Gehrke et al., 1971; Helmer et al., 1971), which also modulates slightly during data collection due to detector gain drift. For this latter reason we characterize the energy calibration in each sample spectrum
using large interference-free peaks such as the Pb X-rays at 74 and
78 keV, and gammas of 210Pb at 46 keV, 228Ac at 209 keV, 212Pb at
238 keV, 214Pb at 295 keV, 228Ac at 338 keV, 214Pb at 352 keV, 208Tl
at 583 keV, 214Bi at 609 keV, and 228Ac at 911 keV. The centroids of
minor peaks such as 7Be may be extrapolated from the function(s)
described by centering of these larger peaks. Note that X-ray photopeaks have different shape parameters than those of gamma photons,
being both narrower and Lorentzian in shape rather than strictly
Gaussian.
Measurement of gamma peak width, σG, and especially tailing parameters, requires large peaks that are full-width resolved from baseline (e.g., Valentine et al., 1992; Valentine and Rana, 1996). This is a
central challenge to spectra from environmental samples, where nuclide activities are typically low, and count rates and peak areas are
consequently small. For this reason we describe σG and tailing parameters a priori with calibration materials, and use in situ measure only
to conﬁrm our estimates and to screen for cases of gross gain drift or
malfunction.
4.3. Methods of analysis
A discussion of analytical methods is crucial, since their selection
has consequences for the accuracy and precision of low-level results.
The many widely available commercial and freeware gamma software packages all include reﬁned tools for calibration, peak integration and deconvolution. But in our experience software designs
necessarily favor universal applicability at the expense of ﬂexibility,
and given the various parameters required for deconvolution this
can be a liability for the most challenging environmental problems.
We follow guidelines given by ANSI N42.14 (1999); the simplest
method is preferable, and should allow for careful, visual evaluation
of the data reduction process. For the following discussion we adopt
generic terminology in describing our experimental methods.

A

Be7

¼

Ac228
911 keV
478 keV 478 keV
Rmultiplet
478 keV −p478 keV ⋅ pAc228 ⋅γAc228 ⋅εAc228
911 keV

911 keV

Be7
f ⋅ε478 keV ⋅γ Be7
⋅m
478 keV ⋅p

911 keV

⋅

1
e−dλ

ð8Þ

where d is time [days] elapsed between reference (sampling) time
and mean measurement time, and λ is decay constant (nominally
0.0130 d − 1), which together account for analyte decay during the
sampling, processing and measurement processes. The nominal cumulative peak integration fraction, p, is properly determined by optimization of statistical uncertainty of the integration; for relatively
small peaks this occurs at ±1.4σG (Pauly et al., 1966; DeGeer, 2004;
Garcia and Puimedon, 2004). At 478 keV, for 0.5 keV detector channel
width, optimal integration width is 2–3 channels, depending on binning effects; for 0.25 keV channel width the optimal number of channels is 6. Expanded uncertainty is readily propagated from Eq. (8)
using standard methods (JCGM, 2008).
Least-squares peak ﬁtting (LSQ) is the common alternative to digital integration. There is little consensus regarding universal superiority of one over the other (e.g., Kennedy, 1990). Peak ﬁtting entails
optimization of a peak shape model, i.e. Eq. (3), to ﬁt the observed
spectrum by routine non-linear least-squares minimization (ANSI,
1999). Peak deconvolution by this method ﬁts multiple peaks simultaneously to describe the observed spectrum, with increasing algorithm complexity required in cases of multiple unknowns and/or
uncharacterized background (e.g., Christensen and Heydorn, 1987;
Kennedy, 1990; Keyser, 1990; Morháč et al., 1997; Blaauw et al.,
1999; Garcia-Talavera and Ulicny, 2003; Morháč and Matoušek,
2009). However, for the present case we have a well-characterized
spectrum composed of just two known peaks superimposed on a
well-known background; we thus avoid the principal complications
of deconvolution (Luo, 2006) and our problem reduces to a simpliﬁed
effort of parameterizing peak shape models. As our peak shape parameters are predetermined (Section 4.2), the only LSQ solved parameters are peak heights for each peak included in the model.
Furthermore, because we have good information on the size of the
228
Ac interferent peak, we can constrain the height/area of this peak
and solve only for the height of our true unknown: 7Be. Both our
PPA and LSQ methods in the 7Be case thus amount to reﬁned “library-oriented” deconvolution methods (Blaauw et al., 1999), truly a
best-case scenario in which we bring maximum information to bear
on a recalcitrant problem.
To explore the efﬁcacy of the different methods for removing the
228
Ac interference from 7Be photopeaks in our experimental samples,
below we compare the results from these three deconvolution

5. Experimental results and discussion
5.1. Interferences corrected and bias removed
The effect of environmentally-relevant 228Ac additions on the 7Be
photopeak is clear (Fig. 4): with increasing 228Ac activity (note growth
in the 228Ac 463 keV peak) the 7Be peak broadens to the high-energy
side, reﬂecting the in-growth of the 228Ac 478.3 keV peak. At the start
of our experiment the 7Be peak signal-to-noise (S/N) is ~ 2.8 and the
7
Be: 228Ac peak area ratio ranges from 60 to 5 for increasing spike
levels. We conclude our experiment when 7Be has decayed to a critical
limit of ~ 0.5 Bq/kg, when S/N is b0.2 and the 7Be: 228Ac peak area ratio
ranges 1.0 to 0.2 for the different spike levels. In the ﬁfth half-life of
measurement we ﬁnd 2 out of 30 measurements (7%) to be instances
of false-negative, a rate consistent with our assessment of detection
criteria (see Appendix A). Results for 7Be integration are summarized
in Fig. 5, where measurements are presented with decay-correction to
a reference time to simplify inter-comparison. But note that with
elapsing experimental time the decay correction magniﬁes absolute
uncertainties and exaggerates inaccuracy due to the 228Ac interference (in the case where no correction is applied) or due to bias in
the interference correction itself. The sum effect of the decay correction is to sensitize our results to methodological inadequacy, helping
to expose any bias that may be present.
Both PPA and LSQ methods give identical variance-weighted average 7Be activities of 12.25 ± 0.30 Bq/kg (mean ± 2SE), which we
adopt as our reference 7Be activity concentration. In the unadulterated, natural test material with ample 7Be and typical 228Ac activities,
and omitting correction for the 228Ac interference, we measure 11%
more 7Be than predicted from our adopted value. This bias exceeds
1σ counting uncertainty, even in these ideal analytical conditions.
The absolute error we see is in fact consistent for all ‘raw’ uncorrected
integrations across all spike levels: 13.6 ± 1.2 mBq 7Be per Bq 228Ac
(average ± 2SE), near to the nominal 16 mBq we expect (Section 2).
Consequently, our ‘raw’ results among different spike levels demonstrate strong bias — pairwise comparison by Tukey HSD
(F4,115 = 45.3) gives P b 2.2e−16 for the greatest difference, between
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Fig. 5. Comparison of methods for 7Be integration and deconvolution, a: effect of 228Ac
spike: variance-weighted 7Be activity (error bars = 2σ SE) for 5 increasing 228Ac spike
levels integrated using 4 different methods. TPA method errors are underestimated
(see text). Spike levels with PPA and LSQ methods are indistinguishable by Tukey
HSD at P > 0.95. b: Effect of decay time and S/N ratio, note y-scale change: arithmetic
mean with standard deviation for pooled samples (all spike levels) at intervals of
0–1, 2–3 and 4–5 half-lives for each of 4 integration methods. Decay normalization exaggerates bias, as evident in ‘raw’ integrations. TPA uncertainty is 2 × greater than PPA
or LSQ.

0.008

the non-spiked and most-highly spiked samples. TPA integration
removes much of the bias, but there still are measurable differences
among different spike levels (F4,115,2.16, P = 0.049). Both PPA and
LSQ methods eliminate 228Ac bias, within the statistical limits of our
data (F4,115,0.71, P = 0.68; F4,115,0.44, P = 0.72, respectively). For these
latter methods, trending differences in average 7Be activityconcentrations among spike levels are visually suggestive of overcorrection, but not statistically signiﬁcant (F1,3,7.93, P = 0.067). This
may be an artifact of a relatively low number of total measures, especially at early half-lives.
If real, overcorrection of the 228Ac interference would most likely
reﬂect error in either 228Ac nuclear data, or bias in net efﬁciency for
this photon determined for each of our four detectors. Published uncertainties on yield (7.2% relative) and energy (4% of FWHM) of the
228
Ac 478 keV photon are both relatively large, and would propagate
errors sensitive to the 7Be: 228Ac peak area ratio. Attributing overcorrection to calibration error would require equivalent bias for each of
our detectors, as we see no signiﬁcant differences in 7Be measurement among them (F3,116,0.38, P = 0.77). Relative error on the 228Ac efﬁciency term is ~7%, derived primarily from counting uncertainty on
the efﬁciency calibration, but also uncertainty of the reference Th-ore
standard. Direct measure of the 228Ac 478 keV photon efﬁciency requires cumulative measurements of many days or even weeks to
achieve reasonable counting uncertainties. Summing coincidence
models (e.g., Yücel et al., 2010) may yield lower uncertainty on this
parameter.

0.004

5.2. Uncertainty budget and detection limits

0.024

count rate, R
[counts per second per keV]

181

measured Be-7 activity, decay-corrected [Bq/kg]

methods, TPA, PPA and LSQ, in addition to a TPA method without interference correction (‘raw’).

measured Be-7 activity, decay-corrected [Bq/kg]

J.D. Landis et al. / Chemical Geology 291 (2012) 175–185

0.030

0.016

0.012

0.000
455

Even with our unbiased methods (PPA and LSQ), uncertainties in
Be measurement are unavoidably high (Table 2). This is simply a reﬂection of the nuclide's low abundance, the limitation of counting statistics, and the convolution of multiple small peaks. Uncertainties for
digital integrations are expanded according to Eq. (8), conforming to
counting statistics and peak model parameter uncertainties. Uncertainty estimates for peak areas via least-squares routines are obtained
via a linear perturbation method. Evaluation of our uncertainties by
the method of Heydorn and Madsen (2005) shows PPA and LSQ
methods to be robust yet somewhat conservative (T114,87 P = 0.0052
7
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150 Bq/kg Ac228
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Fig. 4. Additions of 232Th ore to a natural sediment yield visible changes to the 7Be
photoregion, notably growth of the 232Th-granddaughter 228Ac 463 keV photopeak
and broadening of the 7Be photopeak due to interference via the 228Ac 478.3 keV
photopeak.
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Table 2
Expanded uncertainty for 7Be integration using four experimental conditions a, b, c,
and d.

Experimental condition
7
Be (Bq/kg)
228
Ac (Bq/kg)
Peak:peak ration
Signal-to-noise
Expanded 7Be uncertainty
σ (Bq/kg)
RSD
Integration uncertainty1
Parameter
RBe7
RAc228
pBe7
Y477keV
m
ε477keV
Sum contribution
Correction uncertainty2
Parameter
p478keV
RAc228,91keV
Y478keV
ε478keV
p911keV
Y911keV
ε911keV
Sum contribution

a

b

c

d

12
30
30
3.0

12
150
6
1.4

1
30
2.5
0.3

1
150
0.5
0.1

0.6
5.2%

0.8
6.6%

0.4
39%

0.6
64%

Normalized contribution to total
19.5%
17.7%
45.9%
4.3%
8.8%
40.9%
14.1%
9.8%
0.6%
1.1%
0.7%
0.0%
0.0%
0.0%
0.0%
59.9%
41.7%
2.7%
98.8%
78.8%
90.1%

21.1%
22.9%
0.1%
0.0%
0.0%
0.6%
44.8%

Normalized contribution to total
0.1%
1.9%
2.5%
0.0%
0.0%
0.2%
0.4%
6.5%
2.4%
0.7%
11.4%
4.2%
0.0%
0.0%
0.0%
0.0%
0.3%
0.1%
0.1%
1.1%
0.4%
1.2%
21.2%
9.9%

14.4%
0.0%
13.7%
24.1%
0.0%
0.6%
2.4%
55.2%

Contributions to total uncertainty are categorized by their source, either 1gross peak
integration or 2interference correction for 228Ac, and within each category are
attributed to individual calculation parameters as deﬁned in the main text and Eq. (8).

and P = 0.028, respectively). These are a factor of 2 improved over
theoretical deconvolution precision limits (Terracol et al., 2004) because we are able to provide a priori constraint on the 228Ac peak.
Conversely, similarly propagated TPA uncertainties grossly underestimate observed variance (T114,158 P = 0.994). This is likely a result of
including additional, untreated interferences, e.g., from peaks at
474 keV and 480 keV (Fig. 1), in the TPA integration of 7Be.
Through analysis of our error budget (Table 2) we conﬁrm that at
high 7Be activity and high 7Be: 228Ac peak area ratio, uncertainty of
the 7Be measure is dominated by Poisson statistics of the duplet integration itself. Background uncertainty is predominant, with a lesser
contribution from the 7Be peak itself. Degradation in the measurement due to 228Ac interference is minimal. Nominal external uncertainty is ~6% relative. As 7Be decay proceeds and 7Be: 228Ac ratio
decreases, uncertainty in the 228Ac correction becomes the dominant
source of error. Near detection limits and with signiﬁcant 228Ac interference, we expect that 7Be uncertainty approaches 70% with even
the best integration methods.
6. Conclusions
Given the value of the 7Be tracer and the analytical challenges of lowlevel work, our principal concern is to reduce 7Be uncertainties to a bare
and accurate minimum, since it is the relative abundances of 7Be in samples that informs us of sediment transport pathways, age, source, etc.
Total-peak-area (TPA) digital integration can remove much of the
228
Ac bias, assuming analysts realize the presence of the 228Ac interferent
and background selection limitations. But the TPA method is inherently
subject to large, unconstrained uncertainties when integrating small
peaks and to bias from multiple spectral features speciﬁc to the 7Be
photoregion. Both partial-peak area (PPA) digital integrations and
least-squares ﬁtting (LSQ) methods improve 7Be precision by up to
50% over conventional TPA integration, if they are carefully calibrated.
The PPA method achieves this by trimming channels subject to both

the highest degree of interference and highest Poisson uncertainty.
Least-squares methods weight constituent peak channels proportionally
to their signiﬁcance, diminishing the inﬂuence of peak shoulders and deviations in peak shape as Poisson ﬂuctuations in background and interference increase in inﬂuence. Both methods absolutely rely on a priori
constraint of the interfering peak to achieve good precision. Allowing
the 228Ac peak area to vary as a free parameter in simple least-squares
ﬁtting, for example (while retaining its centroid, i.e., its identity) degrades 7Be precision ~40% compared to that of either PPA or constrained
LSQ methods, nearly as deﬁcient as the TPA digital method.
All unbiased methods of 7Be quantitation rely on accurate gamma
peak models. The effort required to properly calibrate peak shape parameters and both energy- and efﬁciency-calibration terms is by no
means trivial. But this effort need only be expended once in setting up
of the low-level gamma spectroscopy laboratory. With widely available
means and close evaluation of the environmental gamma spectrum we
are able to address risks of false positives, and to produce unbiased and
precise 7Be measurements in a variety of natural soils and sediments.
The gains in precision we describe here permit the application of the
7
Be tracer to new applications (e.g., Hartman, 2010; Hamm, 2011),
and should provide better resolving power to those already in use. Example detection limits for 7Be presented here are ~10× improved
over those reported 30 years ago by Larsen and Cutshall (1981) for
comparable count times and samples sizes, but are by no means the
lowest achievable. Because 7Be detection is limited by Compton scattering of gamma emissions derived from the sample itself, Ge crystals and/
or ancillary devices that maximize Peak-to-Compton performance
(Heusser, 1995; Povinec, 2008) can be used to improve the 7Be MDC.
Dual detector Compton-suppression systems, while not without drawbacks, should allow both lower detection limits and improved precision
at low 7Be and high 228Ac activities. That previous authors have not
reported interfering photopeaks in 7Be measurements is likely attributable to the relative enrichment of their sediment samples in 7Be, their
higher instrument background, or perhaps to relatively poor counting
efﬁciency of older gamma detectors.
The known 7Be decay-rate provides a ﬁnal, well-accepted context
for evaluating radionuclide analytical results (Fig. 6), ﬁrst exploited
‘raw’ no correction
TPA integration
PPA/LSQ average

13

PPA/LSQ best fit

11

(12.12±0.16)·exp(-0.01269±0.00015)·d
adj R2 = 0.986
exponent P < 2x10-16
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Fig. 6. 7Be decay rate measured by different integration methods yields very different
half-lives. For clarity, only the PPA/LSQ averaged data include 1σ error bars. These
methods are most precise, unbiased, and yield a decay rate consistent with the accepted value (0.0130− d).
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for 7Be gamma spectroscopy by Arnold and Ali Al-Salih (1955) and
later by Larsen and Cutshall (1981). Our modern detection efﬁciencies, numerous measurements, and statistical control allow us to describe the rate of 7Be decay accurately in the most rigorous
circumstances, at very low environmental abundances and with signiﬁcant spectral corrections. Since both PPA and LSQ methods appear
to give unbiased results, we average them to reduce integration imprecision — this yields a half-life of 54.62 ± 1.28 d (mean ± 2SE),
just within error of the accepted value of 53.3 d (F1,99,4.53,
P = 0.046). The TPA measure gives 60.8 ± 2.6 d, reﬂecting pronounced bias in this method, especially at low activities and extended half-lives. The ‘raw’ uncorrected 7Be decay yields a nonsensical
half-life of 88.7 ± 6.4 d. Our best estimate of 7Be decay is somewhat
higher than the accepted 53.3 d, the latter being a weighted average
derived from a variety of synthetic and metallic beryllium materials
(e.g., Norman et al., 2001). Certainly our experimental conditions
were not designed to address the 7Be half-life, yet we consider the
comparison intriguing in light of variable and longer half-lives
reported for 7Be decay related to atomic coordination environment:
for Be-oxide, for example, the proposed 7Be half-life is 54.23 ± 0.01
(mean ± 2SE; Huh, 1999). Indeed, to date, no robust measure has
been reported of 7Be decay in an environmentally-derived form.
Appendix A
A.1. Limits of detection, with extension to probabilities of interference
The counting time t required for a given photopeak to emerge
above the background continuum is a function of both background
count rate and the photopeak count rate, and can be derived from
Currie's (1968) empirical critical limit RC
ðA1Þ

where k1 is the Gaussian fractile for background distribution, n is
number of channels in peak, R0 is background count rate [cps per
channel], and t is count time [seconds]. For the samples in our composite spectrum we derive the background count rate, R0, at
478 keV by linear regression through quiescent background energies.
The appropriate criterion for choosing n minimizes the critical limit,
and corresponds to ±1.4σG for both detection and integration purposes (Pauly et al., 1966; DeGeer, 2004; Garcia and Puimedon,
2004). A Gaussian fractile k is related to probability of occurrence pk
as

 
1
k
1−erf pﬃﬃﬃ :
2
2

ðA2Þ

For example, in the analysis below we set k1 = 1.645, which encompasses the 2σ (95%) distribution of background observations, and corresponds to a probability of false-positive α = 5% (ISO, 2000).
Corresponding values of the critical count rate RC for our samples
are shown in Fig. 2a — the critical limit declines exponentially with
increasing count time with the familiar (−1/2) exponent that deﬁnes
Poisson phenomena. Longer count times yield better resolving power
of peaks from background. Observed peak count rates that exceed RC
are judged to be true photopeaks and not random background
ﬂuctuation.
Using Eq. (2), RC also can be expressed as the activity of 228Ac in a
sample that will produce a “detectable” signal at 478.3 keV. In so
doing we account for Poisson uncertainty in the photopeak count
rate by deﬁning the predicted rate Rpredict as
Rpredict ¼ R þ k2

where k2 is Gaussian fractile for photopeak distribution and R is nominal peak count rate obtained via Eq. (2). Here we take k2 = 0, and
thus, for a given 228Ac activity, plot the time required for a detectable
peak to emerge in 50% of our measurements. If we then assume that
232
Th and 228Ac are in secular equilibrium, we can compare the
228
Ac activity in our samples with United Nations (UNSCEAR, 2000)
surveys of global 232Th activities. Anticipated count rates at
478.3 keV for global median, low- and high-typical 228Ac activities
are plotted as horizontal dashed lines in Fig. 2a.
Finally, by equating the predicted count rate (Eq. (A3)) to the critical threshold count rate (Eq. (A1)), we solve for the counting time required for an interfering peak to emerge above the background
continuum with a probability deﬁned by the Gaussian fractile for
the photopeak distribution k2
t¼

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
2
nk1 R0 −2k1 k2 nRR0 þ k2 R
:
2
R

ðA4Þ

Eq. (A4) may thus be used to predict the time required for the
emergence of the 228Ac 478.3 keV or other peaks with stated probabilities, e.g. 10% (k2 = 1.282) or 1% (k2 = 2.326), as a function of
the 228Ac activity. These relations appear in Fig. 2a as solid (50%)
or dashed (1% and 10%) curves. Consistent with our composite
spectrum, we predict that 228Ac makes signiﬁcant contributions
to routine sample spectra over common count durations. Median
global 228Ac activity in soils is detectable at 478 keV with 50%
probability in 1.1 days, with 10% probability in 0.6 days, and with
1% probability in 0.3 days. These probabilities represent risks of
Be-7 false positives, in excess of those we expect due to background
phenomena alone.
A.2. Implications for beryllium-7 measurement

rﬃﬃﬃﬃﬃﬃﬃﬃ
nR0
RC ¼ k 1 ⋅
t

pk ¼

183

rﬃﬃﬃ
R
t

ðA3Þ

The minimum-detectable-activity (MDA) is the lowest a priori activity that we can resolve with stated conﬁdence (ISO, 2000).
Expressed per unit mass of sample is MDC, minimum-detectableactivity-concentration. MDC includes uncertainty in the background
count rate (Eq. (A1)), which assesses the risk of false-positive via k1,
as well as uncertainty in the photopeak count rate (Eq. (A3)), which
assesses the risk of false-negative via k2. In the case of interference
from another photopeak, MDC must include an evaluation of the
interferent contribution to background. In this case gross background
(R0) is the sum of continuum and photopeak contributions (Currie,
1968). MDC is calculated similarly as in Eq. (A1) with the addition
of the term k2 to assess uncertainty of the photopeak distribution
(Currie, 1968), and transformed into activity concentration (Bq/kg)
of the nuclide following Eq. (6):
MDC ¼ ðk1 ⋅k2 Þ⋅

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
−1
nR0  
:
f ε γ pm
t ⋅ ⋅ ⋅ ⋅ ⋅

ðA5Þ

Our results (Fig. 2b) show the anticipated decrease in 7Be MDC with
longer count times, but also increasing height of curve with increasing amounts of 228Ac. Because our peaks are small, and our background is high, augmentation of the continuum rather than
convolution from the 228Ac 478.3 keV photopeak is primarily responsible for increasing 7Be detection limits — 100% or more in the presence of higher amounts of 228Ac.
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