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Abstract The Radium Delayed Coincidence Counter (RaDeCC) is one of the most extensively used
equipment for measuring 223Ra and 224Ra activities in water and sediment samples. Samples are
placed in a closed He‐circulation system that carries the Rn produced by the decay of Ra to a
scintillation cell. Each alpha decay recorded in the cell is routed to an electronic delayed coincidence
system which enables the discrimination of 223Ra and 224Ra. In this study, the measurement and
quantiﬁcation methods using the RaDeCC system are assessed through analyses of registered data in
different RaDeCC systems worldwide and a set of simulations. Results of this work indicate that the
equations used to correct for 223Ra and 224Ra cross‐talk interferences are only valid for a given range of
activities and ratios between isotopes. Above certain limits that are speciﬁed in this study, these
corrections may signiﬁcantly overestimate the quantiﬁcation of 223Ra and 224Ra activities (up to ~40%
and 30%, respectively), as well as the quantiﬁcation of their parents 227Ac and 228Th. High activities of
226
Ra may also produce an overestimation of 224Ra activities due to the buildup of 222Rn, especially
when long measurements with low activities of 224Ra are performed. An improved method to quantify
226
Ra activities from the buildup of 222Rn with the RaDeCC system is also developed in this study.
Wethus provide a new set of guidelines for the appropriate quantiﬁcation of 223Ra, 224Ra, 227Ac, 228Th,
and 226Ra with the RaDeCC system.
Plain Language Summary In the last decades, there has been a growing interest in using
radioactive isotopes to evaluate environmental processes. Their concentrations in environmental settings
can reveal information about provenance, path, time, and duration. In this scenario, the research in the
techniques to measure isotopes from samples has played a key role. In 1996, the launching of the Radium
Delayed Coincidence Counter (RaDeCC) facilitated the fast and precise measurement of Ra isotopes, which
provide information on land‐ocean interaction processes (e.g., groundwater discharge to the sea and
coastal residence times). Nowadays, this detector has become a fundamental tool for oceanographers,
geochemist, and hydrologist among other scientiﬁc communities. Nevertheless, when the RaDeCC system
was released, its quantiﬁcation limits were not provided, and the recommendations on its use were
mostly qualitative. More than 20 years later, we address these questions in a study that contains a
comprehensive analysis of the RaDeCC counting mechanism and the determination of the limits of
quantiﬁcation. This study should serve as guidance for the measurement and quantiﬁcation of Radium
isotopes for the scientiﬁc community using the RaDeCC system.
1. Introduction
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Short‐lived Ra isotopes (223Ra, T1/2 = 11.4 days; 224Ra, T1/2 = 3.66 days) have been widely applied to estimate
ﬂuxes of submarine groundwater discharge (SGD) (e.g., Burnett et al., 2006; Charette et al., 2013;
Garcia‐Orellana et al., 2014), pore‐water exchange (e.g., Alorda‐Kleinglass et al., 2019; Hong et al., 2018;
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Rodellas et al., 2017), and to determine water residence time and coastal mixing rates (e.g., Knee et al., 2011;
Moore, 2000; Moore & Oliveira, 2008).
The Radium Delayed Coincidence Counter (RaDeCC) has become the most extensively used equipment
to measure short‐lived Ra isotopes due to the simplicity and sensitivity of the detection technique, the
relatively low operational cost, and its portability. The counter is used to measure water samples from
different settings such as seawater, pore‐water, groundwater, rivers, or water from brines (e.g., Moise
et al., 2000; Moore et al., 2011; Moore & Krest, 2004). Recently, there has been a renewed interest in
using the RaDeCC system to analyze sediment samples (Cai et al., 2012, 2014). Moreover, this system
has also been employed to measure other isotopes such as 227Ac and 228Th, in secular equilibrium with
their daughters (223Ra and 224Ra, respectively) and 228Ra and 226Ra through the ingrowth of 228Th and
222
Rn, respectively (Geibert et al., 2013; Le Roy et al., 2019; Moore, 2008; Waska et al., 2008), enlarging
the number of its applications. Although the system was originally designed to measure low activity
223
Ra and 224Ra samples (Gifﬁn et al., 1963; Moore & Arnold, 1996), samples commonly measured with
the RaDeCC system span a wide range of 223Ra and 224Ra concentrations. Ra activities may be especially high in pore water and coastal aquifer samples given the inﬂuence of several parameters on Ra
activities such as salinity, geological context, or water‐sediment ratio (Cerdà‐Domènech et al., 2017;
Gonneea et al., 2013). However, the inﬂuence of different initial 223Ra, 224Ra, and 226Ra activities
(and their activity ratios) in the quantiﬁcation systematics of the RaDeCC system have never been studied in detail. In this work, we examine the behavior of the counting system under different activities
and activity ratios of 223Ra, 224Ra, and 226Ra through a set of simulations that reproduce the RaDeCC
counting mechanism. The input data of the simulations is based on the statistical analysis of data registered by different laboratories worldwide using the RaDeCC system. Simulation results were used to
deﬁne the maximum quantiﬁcation limits of the RaDeCC system, which were validated against real
measurements. According to the results, we provide new guidelines in the determination of the activities of 227Ac, 228Th, and Ra isotopes with the RaDeCC system.

2. Principles of Measurement and Quantiﬁcation With the RaDeCC System
2.1. Description of the Detection System
Measurements of short‐lived Ra isotopes in water and sediment samples with the RaDeCC system generally
require preconcentration with Mn hydroxides. Water samples are usually ﬁltered through
MnO2‐impregnated acrylic ﬁbers (hereinafter Mn‐ﬁbers) that quantitatively extract Ra isotopes from solution in case of slow ﬁltration (< 1 L min−1) (Moore, 1976). Alternatively, cartridges impregnated with
MnO2 (hereinafter Mn‐cartridges) have also been used for large volume samples (e.g., open sea water samples; Le Roy et al., 2019; Sanial et al., 2018). Sediment samples can be directly measured with the RaDeCC
system (Sun & Torgersen, 1998a; Tamborski et al., 2019) or mixed with Milli‐Q water to form a slurry, which
is ﬁltered after coprecipitation of Ra isotopes in the interstitial water by MnO2 suspension (Cai et al., 2012).
After adjusting the moisture of Mn‐ﬁbers, Mn‐cartridges, or sediments (Cai et al., 2012; Sun &
Torgersen, 1998b), samples are placed in a sample chamber connected to a closed He‐circulation loop.
The He gas carries the decay products of adsorbed 223Ra and 224Ra (219Rn and 220Rn, respectively) from
the sample chamber to a 1.1 L ZnS phosphor scintillation cell (Lucas cell). When an alpha particle resulting
from the decay of Rn (or its daughters) strikes the ZnS, light is emitted. Then, a photomultiplier tube (PMT)
connected to the cell converts the light into an electronic pulse, which is ampliﬁed and directed to a delayed
coincidence circuit (DCC). The DCC, originally pioneered by Gifﬁn et al. (1963) for the assay of 219Rn and
220
Rn from a 5 mL acid solution containing their parents (231Pa and 232Th, respectively), was later adapted
for short‐lived Ra isotopes measurements (after preconcentration onto Mn‐ﬁbers) by Moore and
Arnold (1996). The DCC discriminates between 223Ra and 224Ra, based on the half‐lives of the 219Rn and
220
Rn daughter isotopes (215Po and 216Po, respectively) (Figure 1).
After any alpha decay is detected in the scintillation cell, three electronic circuits are triggered: the 219, the
220, and the Total circuit (Figure 1). The electronics of the 219 and 220 circuit are designed to record a count
only if it occurs within a speciﬁc time interval. After a delay of 0.01 ms (tD‐219) from the triggering event (to
allow the elimination of the triggering pulse; Gifﬁn et al., 1963), the 219 circuit is opened for 5.6 ms (tG‐219)
(~3·T1/2 of 215Po) registering any subsequent event in the so‐called 219 channel. Simultaneously, the 220
DIEGO‐FELIU ET AL.
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circuit is opened for 600 ms (tG‐220) (~4·T1/2 of 216Po) with a previous delay
of 5.61 ms (tD‐220) in order to reduce the probability of a 215Po produced
from 219Rn decaying in this time interval. Any decay event occurring
within this time interval is recorded in the 220 channel. The total channel
records every decay event during the measurement period. Apart from the
Rn‐Po pairs, any other alpha decay products of 223Ra, 224Ra, and 226Ra
(e.g., 222Rn, 218Po, 214Po, 212Bi, and 211Bi) can also trigger or be counted
in the three‐circuit system.
Gifﬁn et al. (1963) developed the chance coincidence equation to determine the number of random events occurring within the opening time
of each gate (Y CC). To do so, the number of triggering events (i.e., events
224
223
Figure 1. Decay systematics of
Ra and
Ra and schematic diagram of
that initiate the opening of the circuits) and the opening time of the gate
the delayed coincidence circuit. Based on Moore and Arnold (1996).
(tG) should be known. While the opening time of the gate can be conﬁgured from the RaDeCC setup, the number of triggering events is calculated after performing a measurement by subtracting the coincident events (219 and 220 channel) from
the total number of events (total channel) (equation 1).
Y CC ¼

ðcpmTot−cpm219−cpm220Þ2 t G ðminÞ
:
1 − ðcpmTot − cpm219 − cpm220Þt G ðminÞ

(1)

Additionally, Moore and Arnold (1996) developed a detailed quantiﬁcation protocol not only to correct the
count rate recorded in each channel for chance coincidence but also for 219–220 cross‐talk interferences, i.e.,
the number of counts relative to Rn‐Po events that are registered in the nonrespective channel. For high
activity measurements (>10 cpm in the total channel), Moore and Arnold (1996) recommended the use of
the count rate in the Total channel corrected for background in order to determine the 224Ra activities.
The associated uncertainties derived from the counting were developed in Garcia‐Solsona et al. (2008).
The common procedure to quantify both 223Ra and 224Ra activities from water samples using the RaDeCC
system usually involves multiple measurements (Moore, 2008). The ﬁrst run is conducted shortly after sample collection (1–5 days) in order to determine 223Ra and 224Ra activities. In case of high activities of 224Ra
(>7 cpm in the 220 channel; Scholten et al., 2010), a second measurement is performed a week later to quantify 223Ra, when the 224Ra has decreased by ~75%, thereby reducing the 220Rn‐216Po chance coincidence
events in the 219 channel. In order to determine the activities of 227Ac and 228Th, another measurement
is performed after 21 days for 228Th and 3 months for 227Ac when their daughters (223Ra and 224Ra, respectively) are in secular equilibrium, allowing the concurrent quantiﬁcation of 223Ra and 224Ra excess activities
(i.e., activity not supported by the parent; 223Raex and 224Raex). An additional measurement can be performed after a certain period of time (usually more than 6 months; Moore, 2008) to determine the activity
of 228Ra by comparing the activity of 228Th produced by the decay of 228Ra with the initial activity of
228
Th (21–30 days after sample collection). Simultaneously, activities of 226Ra can be quantiﬁed via the rate
of ingrowth of 222Rn during the measurement (Geibert et al., 2013). Alternatively, 226Ra can be also determined following the method described by Waska et al. (2008), which consists of hermetically sealing the
Mn‐ﬁbers in a column for a few days and subsequently measuring the ingrown of 222Rn with the RaDeCC
system. In the case of bulk sediments, a single measurement 1 month after sample collection is sufﬁcient
to determine surface‐bound 223Ra and 224Ra using the RaDeCC system (Sun & Torgersen, 1998a;
Tamborski et al., 2019). When measuring sediments for 224Ra:228Th disequilibrium determination via
RaDeCC, three different measurements are performed. A ﬁrst run is performed within ~12 hours of sediment collection to determine the initial 224Ra, while second (8–10 days after collection) and third (~25 days
after collection) measurements are performed to quantify the surface‐bound 228Th (only one measurement
to determine 228Th is mandatory) (Cai et al., 2012, 2014, 2015).
2.2. Efﬁciency of the RaDeCC System
The efﬁciency of the RaDeCC counter for 223Ra and 224Ra measurements is usually calculated using
single‐tracer standards with known activities of 227Ac (in radioactive equilibrium with 223Ra) and 232Th
DIEGO‐FELIU ET AL.
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Table 1
Deﬁnition of the Terms and Values Used in the Simulations. The Data From
Background Measurements is Based on the Registered Data Analyses From
Section 4.1. The Model Constants and the Values for the RaDeCC Counter
Efﬁciencies are Based on Gifﬁn et al. (1963), Moore and Arnold (1996),
and Moore and Cai (2013)
Term

Deﬁnition

tD‐219
tD‐220
tG‐219
tG − 220
BKGaverage
BKGSTD

E 219 channel
E 220 channel
ERa‐226
fS‐219
fS‐220
fC
fE
fG‐219
fG‐220
223

Initial
Ra
224
Initial
Ra
226
Initial
Ra
CT
219 channel
220 channel
Total channel
Final219
Final220

CR220/219
CRTOT/220
CR(219
TOT

*

+ 220)/

Model constants
Delay time of 219 channel
Delay time of 220 channel
Gate time of 219 channel
Gate time of 220 channel
Average background of the Total
channel
Standard deviation background of the
Total channel
Efﬁciencies
Total efﬁciency of the 219 channel
Total efﬁciency of the 220 channel
226
Total efﬁciency for
Ra
determination
Apparent system efﬁciency of the 219
channel
Apparent system efﬁciency of the 220
channel
Apparent cell efﬁciency
Emanation efﬁciency
Gate efﬁciency of the 219 channel
Gate efﬁciency of the 220 channel
Simulation inputs
223
Simulated initial
Ra
224
Simulated initial
Ra
226
Simulated initial
Ra
Counting time
Simulation outputs
Count rate of the 219 channel
Count rate of the 220 channel
Count rate of the Total channel
Corrected 219 channel according
Moore and Arnold (1996)
Corrected 220 channel according
Moore and Arnold (1996)
Channel ratios
Ratio between the channels 220 and
219
Ratio between the Total channel and
the ﬁrst cycles of the 220 channel
Ratio between the sum of the 219 and
220 channels and the Total channel

Values

Units

0.01
5.61
5.60
600
2.24

ms
ms
ms
ms
cpm

1.38

cpm

0.49
0.54
0.51

(in radioactive equilibrium with 228Th and 224Ra) to calibrate the 219
channel (for 223Ra) and 220 channel (for 224Ra), respectively (Moore &
Cai, 2013; Scholten et al., 2010). The total efﬁciency for determining
223
Ra and 224Ra activities is a function of (1) the fraction of the total decay
events occurring within the scintillation cell (apparent system efﬁciency,
fS); (2) the fraction of alpha particles generated in the scintillation cell producing pulses that can be recorded by the photomultiplier tube (apparent
cell efﬁciency, fC); (3) the fraction of Rn that emanates from the sample
(Mn‐ﬁber, cartridge or sediment) (emanation efﬁciency, fE); and (4) the
fraction of Po events decaying between tD and tD + tG, where tD is the delay
time and tG is the opening time of the electronic circuits (gate efﬁciency,
fG‐219 and fG‐220 for 219 and 220 circuits, respectively).
The Total efﬁciency of the 219 and 220 circuits (E 219 and E 220, respectively) can be theoretically calculated using equations 2 and 3, respectively
(Gifﬁn et al., 1963).

0.80
0.85

10.1029/2019JC015544

E 219 ¼ f S−219 f C 2 f E f G−219 :

(2)

E 220 ¼ f S−220 f C 2 f E f G−220 :

(3)

Notice that for an Rn‐Po coincident event the detector should record two
alpha decays, and therefore, the cell efﬁciency is squared. Approximate
values for these efﬁciencies are shown in Table 1 based on Gifﬁn
et al. (1963), Moore and Arnold (1996), and Moore and Cai (2013).

0.86
0.95
0.88
0.91
cpm
cpm
cpm
min

3. Methods
3.1. Analysis of Registered Data

RaDeCC measurements conducted in eight different laboratories worldwide (Table 2) from 2004 to 2018 have been gathered together (~17,000
cpm
measurements) to obtain statistical information on the count rates and
cpm
counting times commonly measured with the RaDeCC system. The
cpm
RaDeCC output ﬁles (RaDeCC.SUM) were parsed using Python programcpm
ming language and ﬁltered in order to remove unreliable measurements
(i.e., measurements with spurious counts induced by electrical surges,
cpm
Moore, 2008) and background measurements. The applied data ﬁlters
thus include only those measurements between counting times of 30
and 4,000 min and with activities higher than 0.01 and 0.1 cpm for the
219 and 220 channels, respectively, and lower than 100 cpm in the Total
channel. The ﬁltered data include measurements performed with the
RaDeCC systems from different kind of samples (Mn‐cartridges,
Mn‐ﬁbers, sediments), including measurements of single‐ or
mixed‐tracer standards and collected in different environments (e.g., open
ocean, coastal waters, and groundwaters). Notice that the applied data ﬁlters (CT < 30 min) exclude not only most of the background measurements but also some potentially high
224
Ra activities measurements. The results from this analysis are used as reference values for the simulations
presented in the following section (section 3.2).
3.2. RaDeCC Simulations

A set of simulations have been developed using Python programming language to reproduce the RaDeCC
counting systematics in order to evaluate the effect of different 219, 220, and Total channel count rates in
the quantiﬁcation of 223Ra, 224Ra, 226Ra, 228Ra, 228Th, and 227Ac activities using the RaDeCC system. The
simulations consist of two stages, which are detailed below: (1) the generation of a data set with the decay
events that are registered by the RaDeCC depending on different initial activities of 223Ra, 224Ra, and
DIEGO‐FELIU ET AL.
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Table 2
Number of RaDeCC Measurements Performed by Different Laboratories
Used for the Statistical Analysis

Lab name

Country

1

France
Monaco
Germany
Germany
France
US
Spain
US

CEREGE
IAEA‐EL
3
ICBM
4
UK
5
LEGOS
6
SUNY
7
UAB
8
WHOI
Total
2

Number of
measurements

Relative abundance

574
725
1,479
2,967
714
2,050
8,096
301
16,906

%
3
4
9
18
4
12
48
2

1

European Centre for Research and Teaching in Environmental
Geosciences, Aix‐Marseille University 2International Atomic Energy
Agency ‐ Environmental Laboratories of Monaco 3Grup of
Microbiogeochemistry, School of Mathematics and Science, Institute for
Chemistry and Biology of the Marine Environment 4Department of
Sedimentology, Coastal and Shelf Research, Institute of Geosciences,
University of Kiel 5Observatoire Midi Pyrénées, Laboratoire d'Études
en Géophysique et Océanographie Spatiales 6School of Marine and
Atmospheric Sciences, Stony Brook University 7Laboratori de
Radioactivitat
Ambiental,
Universitat
Autònoma
de Barcelona 8Department of Marine Chemistry and Geochemistry,
Woods Hole Oceanographic Institution

10.1029/2019JC015544

226

Ra and (2) the evaluation of the delayed coincidence system response to
these activities. The deﬁnition of the terms and values used in the
simulations is shown in Table 1, and all the simulation codes are
available in supplementary material.
(1) A dataset consisting of a temporal vector with the decay events that
occur during a single RaDeCC measurement is generated. This vector is
used as an input ﬁle for the following simulation. From an initial arbitrary
count rate of 223Ra, 224Ra, and 226Ra (see Table 3), the subsequent decay
products of each decay chain (e.g., Rn, Po, Pb, and Bi) are randomly generated, following an exponential distribution according to their
half‐lives, and stored in individual lists. A speciﬁc vector is generated for
each isotope and each selected initial count rate (based on the range of
count rates obtained from the measurements described in section 3.1).
The resulting lists are temporal single isotope vectors with a length equal
to a certain counting time (also arbitrary; see Table 3) in which each decay
event is located at a certain position within the vector. An additional list
with background counts is created following a uniform distribution based
on the average background measurements (and associated standard deviation) performed with the RaDeCC systems at the Universitat Autònoma de
Barcelona (UAB) (Table 1). All the individual lists are added together into
a ﬁnal list, which contains the temporal position (within a certain counting time) of each alpha decay event produced in the simulated system.

(2) The delayed coincidence system is simulated in order to reproduce the
count rates that would be produced within each channel of the RaDeCC system when speciﬁc initial count
rates of 223Ra, 224Ra, and 226Ra are used as input data (input ﬁle obtained from the dataset described above).
These simulations reproduce the counting mechanisms of the delayed coincidence system of the RaDeCC
system, as presented by Moore and Arnold (1996). Analogous to the real RaDeCC system (section 2), after
an initial simulated decay event at t0, the subsequent events occurring between [t0 + tD] and
[t0 + tD + tG] are counted in the respective circuits (219 or 220), as shown in Figure 1, where t0 is the triggering event time, tD is the delay time, and tG is the gate time (Table 1). The outputs of these simulations include
the count rates in the 219, 220, and Total channel (analogous to outputs from the RaDeCC system).
3.3. Radium Sampling and Laboratory Experiments
A set of measurements have been performed with the RaDeCC system to validate the detection limits
derived from simulations. The samples used for this purpose were collected from an experimental site constructed in the lowest part of an alluvial aquifer at the Argentona ephemeral stream (NE of Barcelona, Spain)
(Cerdà‐Domènech et al., 2017) and in the Peníscola marshland (Castelló, Spain) (Rodellas et al., 2012). The
collected water volumes (~120 L) were ﬁltered through Mn‐ﬁbers (25 g) at a controlled ﬂow rate lower than
1 L min−1 to quantitatively extract Ra isotopes (Moore, 1976). After ﬁltration, the ﬁbers were rinsed with
Ra‐free deionized water in order to wash out any particles and sea salt. Before measurements, ﬁbers were
partially dried to a water‐ﬁber ratio of 1:1 (Sun and Torgersen, 1998; Moore, 2008). Two experiments were

Table 3
Simulations Inputs for Sections 4.3, 4.4, 4.5, and 4.7
Section
223

4.3. Effect of high activity measurements ( Ra)
224
4.3. Effect of high activity measurements ( Ra)
4.4. Effect of 219–220 cross‐talk
222
223
4.5. Effect of
Rn buildup ( Ra)
222
224
4.5. Effect of
Rn buildup ( Ra)
226
222
224
Ra via
Rn buildup ( Ra)
4.7. Quantiﬁcation of

DIEGO‐FELIU ET AL.

Simulations

CT

#
1,000
1,400
18,250
2,600
1,400
360

min
100
100
400
200–1,000
200–1,000
10–1,400

Initial

223

cpm
1–100
0–10
0–5
0.1–1.0
0.1–1.0
0.1

Ra

Initial

224

cpm
0–200
0–100
0–25
0.1–2.0
0.1–2.0
0–8

Ra

Initial

226

cpm
0–25
0–25
0–25
0–50
0–50
0–470

Ra

CR220/219
0–2
10–20
0–250
0–4
10–20
8
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(a)

(b)

(c)

(d)

Figure 2. Histogram (a, b, and c) and kernel density estimate (KDE) (c and d) of 16,906 measurements performed by
eight different laboratories between 2004 and 2018. (a) Count rate in the 219 channel (30 < CT < 800 min). (b) Count
rate in the 220 channel (30 < CT < 300 min and CR220/219 > 1). (c) Counting times. (d) CR220/219. Blue, yellow, and
green colors indicate counting times of CT < 300, 300 < CT < 700, and 700 < CT < 1200 min, respectively.

performed: The ﬁrst experiment consisted on the reiterative measurement of a high activity 223Ra and 224Ra
sample (~20 and 1,600 dpm 100 L−1, respectively) over 39 days for the evaluation of the DCC under different
count rates (due to the radioactive decay of 223Ra and 224Ra). Then, the excess activities of 223Ra (223Raex)
and 224Ra (224Raex) were quantiﬁed from each measurement; the second experiment consisted of measuring
four high activity 226Ra samples to evaluate the effect of 222Rn buildup on the quantiﬁcation of 224Ra activities. For each measurement, the count rate registered in the 220 channel after each cycle (2 min) was corrected following Moore and Arnold (1996).

4. Results and Discussion
4.1. Analyses of Registered Data
A statistical analysis of ~17,000 measurements performed with the RaDeCC system in different labs is represented in Figure 2. The distributions of the count rates registered in the 219 and 220 channels are shown in
Figures 2a and 2b, respectively. Both distributions exhibit a maximum in the lowest range of count rates,
between 0.0 and 0.2 cpm for the 219 channel and between 0 and 2 cpm
for the 220 channel. The median values for the 219, 220, and Total channels are 0.2, 1.9, and 7.2 cpm, respectively (Table 4).

Table 4
Median Values of the 219, 220, Total Channel, and CR220/219 for the
Characteristic Counting Times of the Histogram from Figure 2c
Counting
time

219
channel

220
channel

Total
channel

min
30–300
300–700
700–1,200
30–4,000

cpm
0.4
0.2
0.1
0.2

cpm
4.3
1.1
0.8
1.9

cpm
12.0
4.7
4.1
7.2

DIEGO‐FELIU ET AL.

CR220/
219

12.7
8.9
13.0
11.5

The distribution of the counting times (Figure 2c) is characterized by three
peaks that are consistent with the standard measurement procedure of the
RaDeCC system described by Moore (2008). According to this procedure,
to determine 223Ra and 224Ra activities, a ﬁrst run is conducted shortly
after sample collection (1–5 days). These measurements frequently present higher 223Ra and 224Ra activities and lower counting times relative
to the measurements commonly used to determine 227Ac, 228Th, or
226
Ra. The ﬁrst peak (between 30 and 300 min) is consistent with these
6 of 18
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Figure 3. Relationship between the ratio CR220/219 and the count rate in the Total channel. (a) Data from 16,906
measurements performed by eight different laboratories between 2004 and 2018. Red dots represent a set of high
226
223
224
226
activity
Ra measurements (Rodellas et al., 2012). (b) Simulations (n = 18,250) with initial
Ra,
Ra, and
Ra
226
Ra count
count rates ranging 0–5, 0–25, and 0–25 cpm, respectively. The color scale represents the simulated initial
223
224
−1
rate. (c) Data from the reiterative measurement of a high
Ra and
Ra sample (20 and 1,600 dpm 100 L ,
223
224
226
Ra,
Ra, and
Ra count rates ranging 0–250, 0–1,500, and
respectively). (d) Simulations (n = 51) with initial
200 cpm, respectively.

initial measurements presenting the highest median count rates in all the channels (0.4, 4.3, and 12.0 cpm
for 219, 220, and Total channels, respectively). The second peak, between 300 and 700 min, presents lower
count rates in the 219, 220, and Total channels (0.2, 1.1, and, 4.7 cpm, respectively) and a lower median value
of the ratio between channels 220 and 219 (CR220/219) relative to the ﬁrst peak as shown in Figure 2d. This
could be attributed to those measurements performed in order to determine 223Ra activities when ﬁrst runs
presented high count rates in the 220 channel. In such cases, samples are measured again to allow 224Ra to
partially decay thereby reducing the channel ratio CR220/219. Finally, due to the combination of high counting times (between 700 to 1,200) and low count rates (0.1, 0.8, and, 4.1 cpm for 219, 220, and Total channels,
respectively), the third peak is associated with measurements of samples with low activities of 223Ra and
224
Ra, generally used to determine 227Ac, 228Th, or 226Ra (Table 4). According to the data registered in the
eight laboratories, the range of initial 223Ra and 224Ra count rates used for the simulations in sections 4.4
and 4.5 (0–5 and 0–25 cpm for 223Ra and 224Ra, respectively)covers approximately 95% of the RaDeCC
measurements.
4.2. Systematics of the Delayed Coincidence Circuit
The delayed coincidence circuit (DCC) of the RaDeCC system is designed to differentiate between the
decay products of 223Ra and 224Ra. As explained in section 2, when a ﬁrst signal is registered, the
219 and 220 gates are opened after a certain delay time. Any event occurring within the opening time
of both gates will be recorded in the corresponding channel according to the time elapsed between the
triggering and subsequent events (Figure 1). The functioning of the DCC can be explored using the ratio
between the sum of the 219 and 220 channels and the Total channel (CR(219 + 220)/TOT). In the optimal
case, an initial decay of Rn triggers the circuit and is registered in the Total channel, and the second
decay (Po) is registered in the 219 or 220 channels, as well as in the Total channel, producing a ratio
CR(219 + 220)/TOT = 0.5. Figure 3 shows the behavior of this ratio for real data (Figures 3a and 3c)
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and simulations (Figures 3b and 3d). Both real and simulated data likely present the same behavior,
showing an increase of the ratio CR(219 + 220)/TOT as the Total channel count rate increases, which is
linked to an increase of short‐lived Ra isotopes activities. Higher activities of 223Ra and 224Ra cause
the 219 and 220 circuits to be triggered more frequently, thereby increasing the fraction of “on” time
(i.e., the fraction of time in which the gates are open). This increase of Ra activities produces
CR(219 + 220)/TOT higher than 0.5 as a consequence of (1) channel multiregistration and/or (2) concurrent registration of a single event in both channels. The channel multiregistration occurs when, after
a triggering event, two (or more) subsequent events take place within the opening time of a speciﬁc circuit. Multiregistration leads to an asymptotic increase of the channel ratio CR(219 + 220)/TOT to the value
of 1. For high counting rates in the Total channel (>1,000 cpm), ratios above 1 are produced due to the
effect of concurrent registration (Figures 3c and d). The concurrent registration is the result of the independent behavior of the circuits from the DCC (Moore & Arnold, 1996). Both circuits can be triggered
by different events, and therefore, they can be open at the same time. Hence, if a decay event is produced when both circuits are open, the same event is registered in the Total channel and in both the
219 and 220 channels concurrently. In contrast with the multiregistration effect, which can be corrected
by using the equations developed by Gifﬁn et al. (1963), there is no protocol to correct the effect of the
concurrent registration. Therefore, 223Ra and 224Ra activities cannot be appropriately quantiﬁed using
the RaDeCC system when the inﬂuence of concurrent registration may signiﬁcantly affect the results
(i.e., in high activity samples). In section 4.3, we explore the limits of the applicability of the
RaDeCC system and the appropriateness of the equations used to quantify 223Ra and 224Ra activities
for high activity samples.
High activities of 226Ra can also signiﬁcantly inﬂuence the channel ratio CR(219 + 220)/TOT (Figure 3b) due to
the ingrowth of 222Rn (daughter of 226Ra) during the counting time. When a decay event of 222Rn occurs, the
delayed coincidence circuit is triggered, but its daughter (218Po) will probably not decay within the opening
times of the 219 and 220 gates due to its “longer” half‐life (3.04 min). It will decay instead most likely after
the gates are closed and therefore trigger the circuit again. Thus, CR(219 + 220)/TOT decreases as the
224
Ra/226Ra activity ratio decreases (Figure 3b). An example of this process is shown in Figure 3a, where a
set of samples collected in Peníscola marshland (Castelló, Spain) (Rodellas et al., 2012) characterized by
extremely low 224Ra/226Ra activity ratios (<0.1) are highlighted in red.
4.3. Effect of High Activity Measurements
In this section, we evaluate the reliability of using the count rate of the 219 and 220 channels and the correction equations proposed by Moore and Arnold (1996) to quantify the activities of 223Ra and 224Ra when measuring high activity samples with the RaDeCC system. To do so, a set of simulations was performed to assess
the 223Ra and 224Ra quantiﬁcation limits. For both 223Ra and 224Ra, the ratio between Initial223Ra/
Initial224Ra was adjusted to avoid possible 219–220 cross‐talk following the limits provided in section
4.4 (Table 3).
In order to evaluate the quantiﬁcation systematics, the ratio between the corrected channel count rate
(Final219 or Final220) and the initial simulated count rate (Initial223Ra or Initial224Ra, respectively) is a useful tool. Since the system (fS), cell (fC), and emanation efﬁciencies (fE) are not inﬂuencing the simulations,
this ratio should equal the gate efﬁciency of the speciﬁc channel (0.88 for fG‐219 and 0.91 for fG‐220).
Deviations of the simulated ratio (Final219/Initial223Ra or Final220/Initial224Ra) from the expected gate efﬁciency are thus indicative of the appropriateness of the quantiﬁcation systematics and the corrections
applied to account for chance coincidence and interferences between channels. Simulated ratios
(Final219/Initial223Ra or Final220/Initial224Ra) that deviate >5% from the gate efﬁciency are indicative of
erroneous quantiﬁcation of Ra isotopes. We used 5% as a limit because this value corresponds to the minimum relative uncertainties that can be obtained for 223Ra and 224Ra measurements with the RaDeCC system
(Garcia‐Solsona et al., 2008).
The results of the simulations indicate that signiﬁcant deviations (>5%) of the ratios Final219/
Initial223Ra and Final220/Initial224Ra relative to the gate efﬁciency (fG‐219 = 0.88 and fG‐220 = 0.91,
respectively) may occur for measurements with count rates in the Total channel above 200 cpm for
223
Ra and 100 cpm for 224Ra (Figure 4). Above these count rates, the determination of triggering events
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224

226

Figure 4. Results from simulations (n = 2,290) with initial
Ra,
Ra, and
Ra count rates ranging 0–100, 0–100,
223
and 0–25 cpm, respectively. (a) Ratio between corrected 219 channel and initial
Ra simulated count rates
223
224
(Final219/Initial Ra) against Total channel count rate. (b) Ratio Final220/Initial Ra against Total channel count
rate. The dashed line represents the gate efﬁciency (fG) and the gray band an uncertainty of 5%. The color scale represents
the count rate in the Total channel.

(cpmTot – (cpm219 + cpm220)), which is necessary to apply the chance coincidence equations (see
section 2), is underestimated due to the concurrent registration effect. This effect occurs when a single
decay event is registered in both the 219 and 220 channels concurrently, as explained in section 4.2.
Thus, the maximum quantiﬁcation limits for 223Ra and 224Ra are 200 and 100 cpm in the Total channel,
respectively. Above these conservative limits, the equations proposed by Moore and Arnold (1996) to
correct the chance coincidence events and the interactions between channels might produce erroneous
quantiﬁcations of the 223Ra (i.e., Final219) and 224Ra (i.e., Final220) activities. Notice that the limit for
the quantiﬁcation of 223Ra activities is higher than the limit for 224Ra quantiﬁcation. This is due to the
lower relative importance of the chance coincidence on the count rate correction for the 219 channel
relative to the 220 channel, since the opening time of the 219 circuit is two orders of magnitude lower
relative to the 220 circuit (5.6 and 600 ms, respectively). The median count rates in the Total channel
for the data registered in different labs (7.2 cpm) is two orders of magnitude lower than the calculated
limits. Nevertheless, the maximum detection limits of the RaDeCC system must be taken into account,
especially when measuring samples highly enriched in 223Ra and 224Ra (e.g., groundwater, pore waters,
and water from brines). If the quantiﬁcation limits are overpassed, an additional measurement should
be performed after a certain time allowing the short‐lived Ra isotopes to decrease in their activities.
4.4. Effect of 219–220 Cross‐Talk
In this section, we evaluate the inﬂuence of different activities of Ra isotopes on the quantiﬁcation of 223Ra
and 224Ra and the accuracy of the corrections proposed by Moore and Arnold (1996) to correct 219–220
cross‐talk interferences. In order to perform this analysis, a set of simulations was conducted with initial
223
Ra, 224Ra, and 226Ra count rates of 0–5, 0–25, and 0–25 cpm, respectively, reproducing count rates from
samples commonly measured with the RaDeCC system (see section 4.1).
Simulation results for the 219 channel (Figure 5a) show deviations of the ratio Final219/Initial223Ra from
the gate efﬁciency (fG‐219 = 0.88) that are mainly attributed to the inﬂuence of 224Ra on the 219 channel
(i.e., channel cross‐talk). The effect of 224Ra in the 219 channel is more evident in the lower range of
Initial223Ra count rates (0–0.5 cpm). Nevertheless, these deviations in relation to the 219 gate efﬁciency
(fG‐219) result from the combination of low Initial223Ra and high Initial224Ra (>20 cpm), which would exhibit extremely high ratios between 220 and 219 channels (CR220/219 > 40). It should be noted that these high
CR220/219 are not commonly measured in water samples (only 2.4% of registered data have CR220/219 > 40;
section 4.1), and most of them are associated with single‐tracer standard (e.g., 232Th) measurements for
the determination of the efﬁciency of 220 channel (section 4.1). For CR220/219 < 40, the deviations range from
−6% to 38%, which could represent up to eight times the minimum relative uncertainty of 5%
(Garcia‐Solsona et al., 2008). As shown in Figure 5b, high values of CR220/219 correspond to a larger deviation
between the ratio Final219/Initial223Ra and the gate efﬁciency (i.e., fG‐219), thus leading to a higher potential
error on the quantiﬁcation of 223Ra. Therefore, the results from this study suggest that the 223Ra quantiﬁcation might not be accurate (deviations larger than 5%) when (1) CR220/219 > 10 or (2) CR220/219 > 4 and 220
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Figure 5. Results from simulations (n = 18,250) with initial
Ra,
Ra, and
Ra count rates ranging 0–5, 0–25, and
223
0–25 cpm, respectively. The ratio between corrected 219 channel and initial
Ra simulated count rates (Final219/
223
223
224
224
Initial Ra) against (a) Initial Ra and (b) CR220/219. The ratio Final220/Initial Ra against (c) Initial Ra and (d)
CR220/219. Colors represent the 219 (a and b) and 220 (c and d) channels count rate. The dashed line represents the gate
efﬁciency (fG) and the gray band an uncertainty of 5%. Solid lines indicate the CR220/219 limits for quantiﬁcation.

channel > 5 cpm. These results agree with the study of Scholten et al. (2010), where single‐ and mixed‐tracer
(227Ac and 228Th) Mn‐ﬁber standards were prepared to calibrate the efﬁciencies of the RaDeCC system for
223
Ra and 224Ra. Scholten et al. (2010) suggested that samples with relatively high 224Ra count rates
(>7 cpm) may prevent a precise 223Ra determination. Thus, samples with these characteristics should not
be quantiﬁed to avoid an overestimation of the 223Ra activities. Almost two‐thirds (65%) of the registered
measurements from different labs examined in section 4.1 present these conditions, which would lead to
an inappropriate quantiﬁcation of 223Ra. However, it should be noted that most of these measurements
were likely conducted shortly after the collection of the sample (when 224Ra activities are usually high
compared with 223Ra), and thus, they were most likely not used to quantify 223Ra activities.
The inﬂuence of high 223Ra activities also produces relevant deviations of the ratio Final220/Initial224Ra
(Figure 5c) from the gate efﬁciency (fG‐220 = 0.91). Measurements with CR220/219 < 1 present the highest
deviations, but they are not frequent in natural environments (only 3.6% of registered data have CR220/
219 < 1), and most of them are associated with single‐tracer standard measurements for 219 channel efﬁciency determination (e.g., 227Ac). For CR220/219 > 1, the deviations in relation to the theoretical value
(i.e., fG‐220) range from −8% to 30% and tend to increase when CR220/219 decreases. These deviations exceed
5% when (1) CR220/219 < 8 and 219 channel > 1 cpm or (2) CR220/219 < 2 (Figure 5d). These two scenarios
represent together 11% of the registered data from section 4.1. If one of these cases is met, the 224Ra quantiﬁcation should not be performed in order to avoid an overestimation of the 224Ra activities.
The above recommendations, which are summarized in section 5, are also valid for the determination of
227
Ac and 228Th activities with the RaDeCC system by measuring their daughters in radioactive equilibrium
223
( Ra and 224Ra, respectively). However, in this latter case, due to their low activities in water samples,
proper statistical quantiﬁcation of these isotopes requires long counting times (800–1,200 min; section 4.1)
that can be highly inﬂuenced by the 222Rn buildup from the decay of 226Ra present in the ﬁber
(Moore, 2008) (see section 4.5). Similarly, these recommendations apply to the determination of surface
exchangeable 224Ra and 228Th from sediments.
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(a)

(b)

(d)

(c)
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226

Figure 6. Results from simulations (n = 4,000) with initial
Ra,
Ra, and
Ra count rates ranging 0.1–1.0, 0.1–2.0,
223
Ra simulated count rates
and 0–50 cpm, respectively. The ratio between corrected 219 channel and initial
223
223
224
(Final219/Initial Ra) against (a) Initial Ra and (b) count rate in the Total channel. The ratio Final220/Initial Ra
224
226
against (c) Initial Ra and (d) count rate in the Total channel. Colors represent the Initial Ra count rates in
223
224
(a) and (c), Initial Ra in (b), and Initial Ra in (d). The dashed line represents the gate efﬁciency (fG) and the gray
band an uncertainty of 5%.

4.5. Effect of 222Rn Buildup
The buildup of 222Rn from the decay of 226Ra produces a continuous increase of the count rate in the Total
channel (see section 4.2) that could lead to an erroneous correction of the 219 and 220 channel count rates
(Moore, 2008). This effect would especially inﬂuence those measurements with low 223Ra and 224Ra activities (<2 cpm), commonly used to determine the activities of 227Ac and 228Th, mainly because they require
long counting times (> 200 minutes) to obtain 400 counts in the respective channel (5% relative uncertainty).
In this section, we evaluate the effect of 222Rn buildup through a set of simulations that reproduces characteristic measurements to determine 227Ac and 228Th activities (low activities and long counting times;
section 4.1). The simulated initial 223Ra, 224Ra, and 226Ra count rates ranged between 0–1, 0–2, and 0–
50 cpm, respectively (Table 3). The counting time was set to 1,000 min for initial count rates below
0.4 cpm. For higher count rates, the counting time was adjusted to achieve 400 counts in the respective channel (5% relative uncertainty).
The variation of the ratio Final219/Initial223Ra for different Initial223Ra and count rates in the Total channel
is shown in Figures 6a and b, respectively. There are no signiﬁcant deviations of this ratio relative to the gate
efﬁciency (fG‐219 = 0.88) for the simulated count rates (Initial226Ra up to 50 cpm), suggesting that due to the
short opening time of the 219 circuit (5.6 ms), the inﬂuence of 222Rn buildup in the 219 channel is almost
negligible. Conversely, the inﬂuence of 222Rn buildup in the 220 channel is signiﬁcant due to its longer gate
opening time (600 ms), producing signiﬁcant increases of the ratio Final220/Initial224Ra with the increase of
226
Ra activities (Figure 6c). Regardless of the inﬂuence of the counting time (i.e., time for 222Rn ingrowth),
which was adjusted for this simulation to obtain an uncertainty of 5% in the 224Ra quantiﬁcation, the main
factors that determine the deviation of the ratio Final220/Initial224Ra are the activities of 224Ra and 226Ra.
For Initial224Ra count rates below 1 cpm, deviations of the ratio Final220/Initial224Ra from the gate efﬁciency (fG‐220 = 0.91) increase signiﬁcantly as the Total channel count rate increases (Figure 6d). A useful
ratio for evaluating the possible overestimation due to 222Rn buildup is the ratio between the count rate in
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the Total channel and the count rate in the 220 channel from the ﬁrst cycles of the measurement (<30 min;
low inﬂuence of 222Rn buildup), deﬁned here as CRTOT/220*. The results from these simulations suggest that
ratios CRTOT/220* above 12 may overestimate the 224Ra activities. We thus propose that when a conservative
threshold of CRTOT/220* = 12 is overpassed, the counting should be stopped, and the sample purged before
initializing again the measurement as recommended by (Moore, 2008).
4.6. On the Use of the Total Channel to Quantify 224Ra Activities
The activities of 224Ra are usually quantiﬁed with the equations proposed by Moore and Arnold (1996).
These equations were designed to correct the count rate in each channel by the chance coincident events
and possible interferences between 219 and 220 circuits (i.e., cross‐talk). However, for high activity samples
(>10 cpm in the Total channel), due to the relatively high effect of chance coincidence events (>0.9 cpm in
the 220 channel), Moore (2008) suggested the use of the count rate in the Total channel to calculate 224Ra
activities. To do so, the count rate in the Total channel (corrected by subtracting the background) is divided
by the apparent total system efﬁciency (ETot), deﬁned as the probability of recording a count following the
decay of 224Ra in the ﬁber (Moore, 2008). Finally, the simultaneously quantiﬁed 223Ra activity is subtracted
to compute the activity of 224Ra (Eq. 3) as follows:
224

RaðdpmÞ ¼

Total channel ðcpmÞ − background ðcpmÞ 223
− RaðdpmÞ :
E Tot

(4)

Nevertheless, using the Total channel to quantify 224Ra implicitly assumes that all the counts are linked to
Rn‐Po decay events from 224Ra, with the only exception of the events related to background and 223Ra.
However, as seen in sections 4.2 and 4.5, counts registered in the Total channel will be highly inﬂuenced
by alpha decays related to 226Ra (e.g., 222Rn, 218Po, and 214Po), and thus, they cannot be corrected to quantify
224
Ra by simply subtracting the background and the 223Ra activity. In addition, this method strongly
depends on the quantiﬁcation of the activity of 223Ra. As shown in section 4.4, the quantiﬁcation of 223Ra
activities might be highly sensitive to the recorded 224Ra activities and 224Ra/223Ra activity ratios.
Inappropriate quantiﬁcations of 223Ra activities will thus induce errors on the quantiﬁcation of 224Ra from
the Total channel. Considering these two factors (inﬂuence of 226Ra activities and potential inappropriate
quantiﬁcation of 223Ra activity), we suggest avoiding the use of the Total channel count rate to quantify
224
Ra activities.
4.7. Quantiﬁcation of 226Ra Via 222Rn Buildup
The buildup rate of 222Rn from 226Ra during a RaDeCC measurement can be used to determine 226Ra activities. Geibert et al. (2013) used the chance coincidence equations proposed by Moore and Arnold (1996) to
correct the count rate in the Total channel in order to reduce the effect of 223Ra and 224Ra in the determination of 226Ra. Nevertheless, as explained in the previous section (section 4.5) and as already mentioned by
Moore (2008), the chance coincidence corrections would not properly correct the 219 and 220 channels
under signiﬁcant activities of 226Ra (>10 cpm). Here, we propose an optimized method based on the original
idea of Geibert et al. (2013), which enables the quantiﬁcation of 226Ra activities avoiding the use of the
chance coincidence equations. The applicability of this method requires (1) long counting times
(>600 min) to register a signiﬁcant ingrowth of 222Rn and (2) radioactive equilibrium of 223Ra and 224Ra
with their direct parents (227Ac and 228Th, respectively) to avoid the decay of these isotopes during the measurement. Therefore, measurements for 226Ra determination should be performed 3 month after sample collection (or 1 month after collection if the 223Ra activity is negligible).
To evaluate the relation between the Initial226Ra and the resulting Total channel count rate over time, a set
of simulations was performed (values for the simulations are presented in Table 3). Figure 7a shows the
results of these simulations representing the characteristic slope of the Total channel count rate over time
for different Initial226Ra count rates. This slope increases linearly with the increase of the Initial226Ra count
rate (Figure 7b) with a slope/Initial226Ra conversion factor (m) of 1.80 ± 0.07·10−4 min−1. Notice that the
method does not require the equilibrium between 222Rn, 218Po, and 214Pb since the conversion factor is calculated from the exponential ingrowth of 222Rn (and its daughters), which is nearly linear for these relatively
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Figure 7. tResults from simulations (n = 360) with initial
Ra,
Ra, and
Ra count rates ranging 0.1, 0.8, and 40–
222
Rn buildup rate in the Total channel with counting time for different
475 cpm, respectively. (a) Characteristic
226
222
Initial Ra count rates. (b) Slopes of the characteristic
Rn buildup rate in the Total channel with counting time
226
226
against Initial Ra. The dashed line represents the linear regression between slopes and Initial Ra.

short counting times (in comparison to 222Rn half‐life). Hence, we propose the following equations to quantify 226Ra activities based on this conversion factor (m):
Initial226 Ra ðcpmÞ ¼
226

Ra

slope ðcpm·min−1 Þ
;
m ðmin−1 Þ

ðdpm L−1 Þ ¼ Initial226 Ra ðcpmÞ

;
E Ra−226 cpm dpm−1 V ðLÞ

(5)

(6)

where Initial226Ra is the count rate of 226Ra derived from the slope observed in the accumulative count rate
of the Total channel (slope) during the measurement (RaDeCC output ﬁle: CPMTot) due to 222Rn ingrowth
and the conversion factor (m = 1.80 ± 0.07·10−4 min−1). 226Ra and ERa‐226 represent the activity of 226Ra and
the efﬁciency of the system for 226Ra determination (described below), respectively. Notice that under low
activities of 226Ra, the 222Rn buildup may hardly develop and/or be associated with high uncertainties
(Geibert et al., 2013). Therefore, we recommend the use of this method only for 226Ra activities higher than
10 dpm, as initially suggested by Geibert et al. (2013). Another consideration must be taken into account before applying this method: During long
measurements, besides the buildup of 222Rn from 226Ra, signiﬁcant
amounts of 212Bi and 212Po due to ingrowth of 212Pb (from 224Ra) might
be produced. Thus, the count rate in the total channel will be inﬂuenced
by both, the ingrowth of 222Rn (and daughters) and the ingrowth of
212
Pb (and daughters), leading to wrong quantiﬁcations of 226Ra activities.
To minimize the effect of 212Pb ingrowth in the quantiﬁcation, we recommend the use of this method when activities of 224Ra (228Th) are below
1 cpm.

226

Figure 8. Intercomparison between the
Ra activities quantiﬁed via
222
Rn buildup with the RaDeCC system (blue dots, this study; red dots,
Geibert et al. (2013)) and via γ‐spectrometry from a set of samples collected
in Peníscola marshland (Spain) (Rodellas et al., 2012). The dashed line
226
Ra activities quantiﬁed with the
represents the linear regression between
method presented in this paper and the activities quantiﬁed via
γ‐spectrometry.
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The reliability of this method was tested and compared with the method
presented by Geibert et al. (2013) by using a set of 226Ra samples collected
in Peníscola marshland (Spain) (Rodellas et al., 2012) and analyzed via
γ‐spectrometry and RaDeCC (Figure 8). While both methods present a
good correlation with the measurements performed via γ‐spectrometry
for 226Ra activities ranging from 0 to 1000 dpm, the method presented
by Geibert et al. (2013) exhibits higher deviations than the one presented
in this work for activities higher than 1,000 dpm due to the erroneous corrections applied to the count rate in the Total channel.
The presented method has several advantages in relation to the previous
one presented by Geibert et al. (2013): (1) The count rate in the Total
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Figure 9. Compilation of measurements performed in the UAB laboratory. (a) Quantiﬁcation of
Ra (b) and
Ra (a)
223
against Total channel count rate and CR220/219, respectively, from the repeated measurement of a high activity
Ra and
224
−1
Ra sample (20 and 1,600 dpm 100 L , respectively). The Final220 count rate is evaluated in function of the Total
channel count rate for four different measurements (c)–(f). The dashed lines indicate the quantiﬁcation limits in cases of
222
(a) high activity measurements, (b) 219–220 cross‐talk effect, and (c–f)
Rn buildup effect.

channel is not corrected by chance coincidence in order to avoid erroneous quantiﬁcations for high 226Ra
activities (>1,000 dpm); (2) the relative uncertainties are slightly lower (~8% and 10%, for this study and
Geibert et al. (2013), respectively) because the mean error of the linear regression for the accumulative
Total channel count rate over time is usually lower than the one for the corrected Total channel count
rate used by Geibert et al. (2013), and (3) unlike the method proposed by Geibert et al. (2013), where
several 226Ra standards are needed to calculate the system efﬁciency, this method only requires the use of
a single 226Ra standard as described below.
4.7.1. Calibration of the RaDeCC System for 226Ra Quantiﬁcation
In contrast with the efﬁciencies of the 219 and 220 channels, the efﬁciency to determine 226Ra activities
(ERa‐226) only depends on the apparent system efﬁciency (fS) and the apparent cell efﬁciency (fC), because
the Total channel is registering all the decay events (i.e., gate efﬁciency (fG) = 1), and the approach is based
on the rate of ingrowth in the Total channel count rate (if the emanation efﬁciency (fE) is assumed to be
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Figure 10. Schematic diagram of the guidelines to measure and quantify
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Ra and
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Ra samples with the RaDeCC

constant for the measurement, it will not affect the slope). The efﬁciency of the RaDeCC system to determine
226
Ra can thus be expressed as follows:
ERa−226 ¼ f S f C 3 :

(7)

Notice that the apparent cell efﬁciency (fC) is raised to the power 3 in order to account for the three alpha
decays (222Rn‐218Po‐214Po) that subsequentially occur after an initial 226Ra decay. The theoretical efﬁciency
is 0.51 considering the values for fC and fS from Table 1. However, the individual efﬁciencies for each
RaDeCC system should be calculated by repeated measurements of standards with known activities of 226Ra.
4.8. Testing the Quantiﬁcation Limits With Laboratory Measurements
In sections 4.3–4.5 we presented the limits for the quantiﬁcation of 223Ra and 224Ra activities in case of high
activity measurements, 219–220 cross‐talk, and 222Rn buildup effect, respectively. Here, some of these limits
are tested with measurements performed with the RaDeCC system of the UAB laboratory (Figure 9). In
section 4.3, we showed that the limit for the quantiﬁcation of 224Ra is 100 cpm in the Total channel.
Above this value, the quantiﬁcation may overestimate the activities due to inappropriate correction of the
count rate in the 220 channel. Considering that the limit provided in section 4.3 is conservative and may
depend on different circumstances (e.g., counting time and activity ratios), the results from the reiterative
measurements of a high activity sample are in good agreement with these limits (Figure 9a). The quantiﬁcation of 224Ra activities remains constant (~1,600 dpm 100 L−1) when the measurements perform count rates
in the Total channel below ~250 cpm. For measurements above 250 cpm in the Total channel, the quantiﬁed
activities increase up to ~2,800 dpm 100 L−1 (Figure 9a). Similarly, the different 223Ra quantiﬁcations of the
same sample are also plotted against the ratio between 220 and 219 channel (CR220/219) at the time of measurement (Figure 9b). Above the ratio CR220/219 > 10, the quantiﬁed activities of 223Ra increase from ~20 to
35 dpm 100 L−1 as the CR220/219 increases, in strong agreement with the limits presented in section 4.4.
Finally, the limits presented in section 4.5 on the inﬂuence of 222Rn buildup are investigated with four measurements of high activity 226Ra samples (Figures 9c–f). The effect of 222Rn buildup in the 224Ra quantiﬁcation is signiﬁcant when the ratio between Total channel count rate and the count rate of the 220 channel
from the ﬁrst cycles is higher than CRTOT/220* > 12. 9c–f

5. Guidelines and Conclusions
The Radium Delayed Coincidence Counter is one of the most widely used equipment for measuring 223Ra
and 224Ra in water and sediment samples, and it is also frequently used to quantify 227Ac, 228Th, 228Ra,
and 226Ra. In this study, we performed a detailed analysis of the counting systematics of the RaDeCC system
through the analysis of recorded data from different laboratories and simulations in order to provide new
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guidelines on the use of the RaDeCC system. Together with the guidelines summarized below, two spreadsheets are provided for the quantiﬁcation of (1) 223Ra and 224Ra activities and (2) 226Ra activities.(supplementary material).
5.1. Measurement and Quantiﬁcation of 223Ra and 224Ra Activities
The proper quantiﬁcation of 223Ra and 224Ra activities using the RaDeCC system is highly dependent on (1)
the count rate registered in the Total channel (section 4.3), (2) its channel ratio (220 channel/219 channel;
CR220/219) (section 4.4), and (3) the 222Rn buildup (section 4.5). The 222Rn buildup effect is treated in the following subsection since it is more signiﬁcant for measurements that require long counting times
(800–1,200 min) due to the low activities of the samples (e.g., measurements for 228Th, 228Ra, or
227
Ac determination).
The quantiﬁcation of 223Ra activities should not be performed when the count rate in the Total channel overpasses 200 cpm (section 4.3). For lower count rates, the quantiﬁcation should be prevented to avoid 219–220
cross‐talk interferences due to the inﬂuence of 224Ra in the 219 channel when CR220/219 > 10 or when CR220/
223
Ra under these conditions could
219 > 4 and 220 channel > 5 cpm (see section 4.4). The quantiﬁcation of
223
produce an overestimation of the Ra activities up to ~40%. When these conditions are met the quantiﬁcation is not recommended. Then, a further measurement can be performed after a certain time to allow the
CR220/219 and the count rate in the 220 channel to decrease, as already recommended by Moore (2008).
The quantiﬁcation of 224Ra activities should never be derived from the Total channel count rate, as this
channel is highly inﬂuenced by the activities of 223Ra and 226Ra (section 4.6), contrary to previous recommendation for high activity samples (Moore, 2008). Therefore, independent of the sample activity, the quantiﬁcation of the 224Ra activity should be based on the counting in the 220 channel and quantiﬁed using the
equations proposed by Moore and Arnold (1996). To avoid inappropriate estimations, the quantiﬁcation of
224
Ra activities with the RaDeCC system should be performed under both of the following conditions: (1)
The count rate in the Total channel should be lower than the maximum quantiﬁcation limit of 100 cpm (section 4.3), and (2) the CR220/219 should be higher than 8, or higher than 2 if 219 channel count rate does not
exceed 1 cpm (section 4.4). If the ﬁrst condition is not met, further measurements can be performed to allow
the activity of 224Ra to decrease. Contrarily, if the second condition is not met, no extra measurements can be
performed to increase CR220/219, and the potential overestimation of the quantiﬁed 224Ra activity (up to 30%)
should be acknowledged.
The thresholds and guidelines for an appropriate quantiﬁcation of 223Ra and
RaDeCC system based on the results of this study are summarized in Figure 10.

224

Ra activities using the

5.2. Measurement and Quantiﬁcation of 227Ac and 228Th Activities
The activities of 227Ac and 228Th are quantiﬁed with the RaDeCC system when their daughters (223Ra and
Ra, respectively) are in radioactive equilibrium (i.e., after 1–3 months after sample collection), usually
conducting long measurements to reduce the analytical uncertainty. In addition to the above‐mentioned
recommendations for 223Ra and 224Ra, the quantiﬁcation of 227Ac and 228Th activities will strongly depend
on the buildup of 222Rn from 226Ra (section 4.5). In the case of 227Ac (223Ra) quantiﬁcation, this effect is negligible due to the short opening time of the 219 channel (tG‐219 = 5.6 ms). Conversely, the 222Rn buildup will
signiﬁcantly affect the 228Th (224Ra) quantiﬁcation (Figure 6b), especially for measurements with low counting rates in the 220 channel (<1 cpm). In such cases, signiﬁcant overestimations produced by 222Rn buildup
may occur when the ratio between the count rates in the Total channel and in the 220 channel from the ﬁrst
cycles (CRTOT/220*) exceeds 12 (section 4.5). In order to properly quantify 224Ra or 228Th activities under
these speciﬁc conditions, the counting should be stopped when the threshold of CRTOT/220* = 12 is overpassed (or only the ﬁrst cycles of the measurement be used), and the sample should be properly purged
before conducting a new measurement of the same sample (Moore, 2008).
224

5.3. Measurement and Quantiﬁcation of 226Ra Activities via 222Rn Buildup
The activities of 226Ra can be determined by using the ingrowth rate of 222Rn in the Total channel using the
RaDeCC system. In this work, we propose an improved simple method to quantify 226Ra activities based on
this process and the approach described by Geibert et al. (2013). In contrast to the approach of Geibert
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et al. (2013), the method described in this study avoids correcting the count rate in the Total channel using
the chance coincidence equations, since this correction may be inappropriate for high Ra activities (sections 4.2 and 4.7). The applicability of the method requires (1) long counting times (>600 min) to register
a signiﬁcant ingrowth of 222Rn; (2) radioactive equilibrium between 223Ra‐227Ac and 224Ra‐228Th; and (3)
the calibration of the RaDeCC system with the use of a single 226Ra standard. The activities of 226Ra can
be easily calculated by dividing the slope of the count rate in the Total channel over time by the conversion
factor (1.80 ± 0.07·10−4 min−1; Figure 7b) and the efﬁciency of the counter for 226Ra.
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