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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The presence of groundwater of sub- 
yearly residence time indicates high 
aquifer vulnerability. 

• However, commonly used age tracers do 
not cover this short time range 
satisfactorily. 

• A state-of-the-art review regarding the 
related use of 35S, 7Be, 32/33P, 222Rn and 
224/223Ra is presented. 

• Promising novel applications of these 
short-lived naturally occurring radionu
clides are introduced. 

• Examples of multi-tracer approaches 
employing the set of radionuclides are 
discussed.  
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A B S T R A C T   

Fundamental approaches to the study of groundwater rely on investigating the spatial and temporal distribution 
of stable and radioactive isotopes and other anthropogenic compounds in natural waterbodies. The most often 
used tracers for estimating groundwater flow paths and residence times, groundwater/surface water interaction 
as well as tracing chemical (contamination) sources include stable isotopes of water (δ 18O and δ 2H), radio
carbon (14C; t1/2 = 5730 a), tritium (3H; t1/2 = 12.43 a) as well as unreactive fluorine-containing gases (e.g., 
chlorofluorocarbons CCl3F or CFC-11; CCl2F3 or CFC-12; C2Cl3F3 or CFC-113; and SF6). While gas tracers are 
usually referred to as transient tracers and are appropriate for investigating modern flow systems, the isotopic 
tracers are often used to investigated paleo or regional flow systems. Stable isotopes of water can also be used to 
investigate groundwater/surface water interactions. Another, thus far been less frequently used group of 

* Corresponding author. 
E-mail address: michael.schubert@ufz.de (M. Schubert).  

Contents lists available at ScienceDirect 

Science of the Total Environment 

journal homepage: www.elsevier.com/locate/scitotenv 

https://doi.org/10.1016/j.scitotenv.2024.170800 
Received 15 December 2023; Received in revised form 15 January 2024; Accepted 6 February 2024   

mailto:michael.schubert@ufz.de
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2024.170800
https://doi.org/10.1016/j.scitotenv.2024.170800
https://doi.org/10.1016/j.scitotenv.2024.170800
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2024.170800&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Science of the Total Environment 920 (2024) 170800

2

groundwater tracers, are cosmo- and geo- genic short-lived radioisotopes. These isotopes are uniquely suited for 
studying a wide range of groundwater problems that have short time scales including high aquifer vulnerability 
to quantitative and qualitative impacts and groundwater discharge to surface waters. Here, we discuss and 
compare the applications of radio‑sulphur (35S; half-life t1/2 = 87 d), radio‑beryllium (7Be; t1/2 = 53 d), radi
o‑phosphorus (32/33P; combined t1/2 = 33 d), natural tritium (3H; t1/2 = 12.43 a), radon (222Rn; t1/2 = 3.8 d) and 
short-lived radium (224/223Ra; combined t1/2 = 5.2 d). The paper discusses the principles of the individual tracer 
methods, focusing on the isotopes’ input functions or values, on sampling techniques, and on methods of ana
lyses. Case studies that applied a combined use of the tracers are referred to for readers who wish to learn more 
about the application of the so far underused cosmo- and geo- genic radioisotopes as aquatic tracers.   

1. Introduction 

Studies that focus on groundwater flow dynamics rely commonly on 
using (besides stable water isotopes) naturally occurring radionuclides 
as water residence time tracers (e.g., Kralik, 2015; Cook and Herczeg, 
2000). For attaining robust results, the half-life (t1/2) of the applied 
radionuclide needs to be in about the same range as the mean water 
residence time that can be expected for the investigated hydrological 
setting. Long-lived radionuclides, such as 3H, 14C, 36Cl, 39Ar, 81Kr, and 
85Kr, are well-established as tools for dating of groundwaters older than 
ten years (Fig. 1) (e.g., Vogel et al., 1974; Loosli and Oeschger, 1979; 
Poreda et al., 1988; Ekwurzel et al., 1994; Sturchio et al., 2004; Corcho- 
Alvarado et al., 2013; Lindsey et al., 2019; Warr et al., 2023). In 
contrast, investigations that focus on very young groundwater are scarce 
(Fig. 1). 

Reason for the lack of studies on very young groundwater is, that the 
vulnerability of groundwaters comes more and more into focus due to a 
worldwide increase in water scarcity triggered by land use change and 
an accelerated hydrological cycle (i.e., floods and droughts). Another 
reason is that straightforward analytical approaches and input functions 
for naturally occurring radionuclides, which show half-lives short 
enough to represent sub-yearly water residence times, have been 
developed only in the recent decades. Radon (222Rn, t1/2 = 3.8 d) has 
widely been used as short-term tracer for investigating groundwater 
discharge into surface water bodies (Hofmann et al., 2011; Ortega et al., 
2015; Adyasari et al., 2023). Short-lived radium nuclides (223Ra, t1/2 =

11 d; 224Ra, t1/2 = 4 d) and the ratio thereof (combined 224/223t1/2 = 5.2 
d) have occasionally been used for the same purpose, however mostly in 
coastal settings (Hancock et al., 2006; Luek and Beck, 2014; Rodellas 
et al., 2017). Both radon and radium are of geogenic origin and naturally 
occurring in any aquifer mineral matrix (and hence in any ground
water). In recent years radionuclides of cosmogenic origin have been 

added to the short-term tracer portfolio for hydrogeological studies. The 
most promising candidates include 35S (t1/2 = 87.4 d), 7Be (t1/2 = 53.3 
d) and 32/33P (combined 32/33t1/2 = 33 d). 

The two different origins of the addressed short-lived radionuclides, 
namely cosmogenic and geogenic, allow assigning them to three 
generally different tracer application concepts (Fig. 2). First, radionu
clides of cosmogenic origin (i.e., 35S, 7Be and 32/33P) are continuously 
produced in the atmosphere. There they get dissolved in meteoric water 
or/and attached to aerosols and are conveyed by wet or/and dry 
deposition to the Earth’s surface and finally to the groundwater. Within 
the subsurface their decay is not balanced by cosmogenic production 
anymore and their declining activity concentration indicates their (and 
thus the water’s) residence time within the subsurface (Fig. 2 left). 

Second, radionuclides of geogenic origin (i.e., 222Rn and 224/223Ra) 
are generally absent in atmosphere and meteoric water. Their activity 
concentration in the water starts to build up from zero as soon as the 
water enters the subsurface. Since this increase is solely governed by the 
half-life of the nuclide and its aquifer-specific decay equilibrium (i.e., its 
groundwater endmember), the steadily increasing activity concentra
tion is indicating the water residence time within the subsurface (Fig. 2 
middle). 

The third application concept does also apply to radionuclides of 
geogenic origin. If groundwater, which is in decay equilibrium with the 
aquifer, is discharged into a surface water body, the decay of the nuclide 
is not balanced by in situ production anymore. That results in a decline 
of its activity concentration, thus allowing the residence time of the 
freshly discharged groundwater to be assessed within the receiving 
surface water body based on a mass balance of the radionuclide within 
the surface water body (Fig. 2 right; see Fig. 8). 

The presented review paper aims to summarize and evaluate short- 
lived cosmogenic (35S, 7Be, 32/33P, 3H) and geogenic (222Rn, 224/223Ra) 
radionuclides to be (jointly) applied as short-term residence time 
tracers. Aspects of sample collection, preparation, and measurement as 
well as data evaluation are discussed. Finally, future applications are 
outlined. 

2. The tracer portfolio 

2.1. Short-lived cosmogenic radionuclides (35S, 7Be, 32/33P) 

2.1.1. Atmospheric radionuclide production and transport – general 
remarks 

Any matter that is exposed to ionizing radiation undergoes changes 
in its isotopic properties. Although Earth is largely protected from cos
mic radiation by its magnetic field (“cut-off rigidity”; see Section 2.1.5), 
part of the radiation (consisting of gamma-rays, electrons, single pro
tons, alpha-particles as well as trace amounts of heavy ions and atomic 
nuclei) enters the Earth’s atmosphere (Galvin et al., 1996; Feldman 
et al., 1998). Here the cosmic rays interact with terrestrial gas molecules 
resulting in nuclear transformations (through cosmic ray spallation or 
neutron capture). The gases that are mainly subject to cosmic ray 
spallation (and that are of relevance in the given context) are oxygen, 
nitrogen and argon. 

The production rates of cosmogenic radionuclides within the Fig. 1. Naturally occurring radionuclides suitable as water residence time 
tracers plotted versus approximately covered residence time ranges. 
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atmosphere are governed by the content of target nuclei at given at
mospheric depth and kinetic energy of cosmic ray particles, and there
fore vary with geographical latitude and atmospheric altitude. In 
general, production rates are higher in polar regions than equatorial 
regions, and peak at the upper troposphere and lower stratosphere 
(UTLS zone) (Lal and Peters, 1967). The varying solar activity has only 
minor impact because, averaged over time, the major fraction of the 
arriving cosmic radiation originates outside our solar system (e.g., Lal 
and Peters, 1967; Masarik and Beer, 1999; Poluianov et al., 2016). 

The transport of the produced radionuclides from the UTLS zone 
down to the Earth’s surface is strongly associated to the element-specific 
carrier medium and removal mechanism. 35S and 32/33P is conveyed 
mainly via wet deposition, i.e., dissolved as sulphate and phosphate, 
respectively (e.g., Tanaka and Turekian, 1991). In contrast, 7Be is 
removed, attached to aerosols, by both dry deposition and physical 
scavenging by rain (e.g., Papastefanou and Ioannidou, 1995; Winkler 
et al., 1998). The difference in the physiochemical behaviours between 
7Be and 35S has been used to constrain SO2 deposition fluxes in the at
mosphere (Turekian and Tanaka, 1992). 

If a cosmogenic radionuclide is to be used as groundwater residence 
time tracer, its initial activity concentration needs to be considered. That 
requires setting up an input function covering the time previous to the 
actual groundwater study. The considered timespan depends on the half- 
life of the radionuclide. Any unsupported radionuclide inventory will 
have decayed by about 94 % after four half-lives. That means, e.g., in the 
case of 7Be and 35S that the input function should be based on data that 
covers six and twelve months, respectively. The required data is 
generally available for 7Be (see “data evaluation” in Section 2.1.3; Terzi 
and Kalinowski, 2017; Zheng et al., 2021). In contrast, measurements of 
35S and 32/33P in rain are very limited, which makes setting up their 
input functions challenging. The alternative application of proxy in
dicators, such as tritium (3H) and 7Be, is recently investigated (see 
Section 2.1.5 and Schubert et al., 2024). 

Input functions of cosmogenic radionuclides are primarily shaped by 
(i) the annual cycle of large-scale air mass migration. This is overlain by 
(ii) non-cyclic medium-term stratosphere intrusion events, (iii) non- 
cyclic medium/short-term trends in both precipitation intensity and 
relative air humidity, (iv) non-cyclic anthropogenic activities and, to a 
minor degree, by (v) variations in the sun activity (generally following 
the eleven-years sun spot cycle). These cyclic and non-cyclic features are 
discussed in detail in the following paragraphs.  

(i) The annual cycle of air mass migration 

Conveying the produced activity inventories from the UTLS zone to 
the troposphere and finally down to the Earth’s surface (and the 
groundwater) is tightly bound to the large-scale atmospheric cycles of 
stratosphere/troposphere exchange. The most relevant related process is 
the downward transport of air masses within the Hadley Ferrel Diver
gence Zone (HFDZ) located between two large-scale latitudinal atmo
spheric circulation cells, namely the Hadley Cell (in the equatorial 
region) and the Ferrel Cell (at midlatitudes) (Terzi et al., 2019) (Fig. 3). 

The HFDZ changes its position in an annual cycle. In the northern 
hemisphere it is generally active at a latitude of about 30◦ (i.e., in 
northern Africa and northern Mexico). With the onset of the warm 
season it starts migrating north and approaches about 50◦ (i.e., central 
Europe and southern Canada). This results in latitudes of about 50◦ in 
distinct patterns with elevated activity concentrations in precipitation 
during the summer months. This pattern is intensified by a cyclic rise of 
the tropopause (Fig. 3) during the warm season. This upward shift in
creases the import of cosmogenic radionuclides from the UTLS zone to 
the lower atmosphere. Existing data on 7Be, 35S, 32P and 33P confirm this 
general temporal variance (Waser and Bacon, 1995; Delaygue et al., 
2015; Schubert et al., 2020a; Terzi et al., 2020; Fig. 4).  

(ii) Non-cyclic medium-term stratosphere intrusions 

Stratosphere intrusions are large-scale dynamic processes that 
transport stratospheric air downward to the troposphere and even to the 
Earth’s surface. The inference that activity concentrations of cosmo
genic radionuclides in the atmosphere follow large-scale stratospheric 
intrusions into the troposphere was first reported by Lin et al. (2016, 
2021) who reported related data for 35S collected in western United 
States and the Himalayas, which are two global “hotspots” of deep 
stratospheric intrusion predicted by global climatology reanalysis data 
(Skerlak et al., 2014). Such deep stratospheric intrusion events enable 
significant amounts of cosmogenic radionuclides to reach the Earth’s 
surface. In extreme episodes, 7Be and 35S activities in rain can be more 
than ten times above their annual averages (Lin et al., 2014; Lin et al., 
2016). Monitoring these spikes, i.e., collecting data for setting up reli
able input functions, requires the recording of adequate time series of 
7Be and 35S in aerosols and precipitation, respectively. 

If no such data is available, other meteorology and air quality pa
rameters might be suitable as proxy parameters to indicate and quantify 
deep stratospheric intrusion events. For example, during such events 
high ozone (O3) mixing ratios, low carbon monoxide (CO) mixing ratios, 
extremely low specific and relative humidity values as well as high 

Fig. 2. The different origins of the radionuclides, namely cosmogenic (left) and geogenic (middle and right), results in different tracer application concepts. The x- 
axis is the decay time and y-axis the percentage of radionuclides relative to the respective steady state. 
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Fig. 3. Schematic image illustrating 7Be and 35S production within the stratosphere by cosmic ray spallation and their conveying toward the earth’s surface via the 
HFDZ that is shifting in place with the seasons as indicated by the arrows (Schubert et al., 2020a, 2020b, 2020c, 2020d). 

Fig. 4. 35S in rain recorded close to Leipzig, Germany (Schubert pers. comm., 2023); moving average over three consecutive events; the bars indicate the summer 
months June–August. 
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values of potential vorticity are usually simultaneously observed (Cris
tofanelli et al., 2010; Lin et al., 2016). More comprehensive meteoro
logical modelling approaches that include these parameters would allow 
delineating the impact of deep stratospheric intrusion events more 
precisely (Lin et al., 2016). Though, we note that these indicators have 
their own limitations. For example, there are multiple sources for O3. 
High O3 mixing ratios could originate from both the stratosphere and in 
situ photochemical formation at the Earth’s surface. Hence, cosmogenic 
radionuclides remain the most sensitive and unambiguous tool for 
monitoring stratospheric intrusion events. 

2.1.1.1. Transport by non-cyclic medium/short-term precipitation and hu
midity patterns. Periods of enhanced wet deposition, triggered by long- 
lasting (several days) precipitation events but also by periods of high 
relative air humidity, result in a temporary decrease of the atmospheric 
content of cosmogenic radionuclides. Washout of radionuclides during 
single rain events and was reported both for 7Be (Kusmierczyk-Michulec 
et al., 2015) as well as 35S (Schubert et al., 2020a, 2020b, 2020c, 
2020d). To estimate the impact qualitatively, it can be described 
analogue to an exponential decay (e.g., McMahon and Denison, 1979). 
Comparable to the decay constant, a “scavenging coefficient” (unit: 1/ 
day) is used to calculate a “0.5-folding time”, which determines how 
much time it takes wet deposition to decrease the element-specific ac
tivity concentration to half of its initial value (Kusmierczyk-Michulec 
et al., 2015). 

However, such medium-term activity fluctuations due to washout by 
precipitation are of only minor relevance for the use of cosmogenic ra
dionuclides as short-term water residence time tracers. The half-lives of 
the applicable radionuclides are long enough to level out these short- 
term fluctuations in the ground- and surface water bodies. 

In contrast, extreme rain events are generally associated to intense 
surface water runoff, i.e., rainwater that does not reach the aquifer but is 
directly discharged into the local receiving surface water body. That 
results in lower fluxes of meteoric water and hence of short-lived 
cosmogenic radionuclides to the groundwater, potentially indicating 
too long residence times. 

2.1.1.2. Impact of non-cyclic anthropogenic activities. For the short-lived 
radionuclides in focus here, the impact of the late 1950s and early 1960s 
thermonuclear bomb tests have vanished. Still, such anthropogenic in
fluence remains possible. For example, the Fukushima nuclear power 
plant was damaged by the March 2011 earthquake and a concomitant 
tsunami. At the beginning of this disaster several hundred tons of 
seawater were used to cool a partially melted reactor core. The chlorine 
(35Cl, stable) dissolved in the seawater captured neutrons emitted from 
the reactor core thereby producing significant amounts of 35S via an (n, 
p) reaction in which a neutron enters a nucleus and a proton leaves the 
nucleus simultaneously. At a site near the power plant, atmospheric 35S 
activities were detected to be about 100 times greater than usual 
(Priyadarshi et al., 2013). This impact was even detected at the far side 
of the Pacific Ocean (Priyadarshi et al., 2011). Although such events are 
extremely rare, anthropogenic activities may complicate the interpre
tation of short-lived natural radionuclide data (e.g., Schubert et al., 
2020a, 2020b, 2020c, 2020d). 

2.1.1.3. Impact of cyclic long-term variations of the sun activity. As 
mentioned above, only a minor fraction of the cosmic radiation that 
reaches the UTLS zone originates in the Sun’s corona. Still, it has to be 
considered (e.g., Lal and Peters, 1967; Masarik and Beer, 1999; 
Poluianov et al., 2016). Short-term events of extreme solar activity, such 
as solar proton storms, can significantly increase cosmogenic radionu
clide production temporarily (though such solar storms, also called 
“hard events”, have been rare in the recent past; Mekhaldi et al., 2021). 
During a long-term solar maximum, the strong solar wind shields the 
Earth from high-energy cosmic rays and reduced thus the flux of cosmic 

particles that reach the UTLS zone. Hence, the production rate (and 
measured activity) of short-lived cosmic radionuclides is lower during 
solar maxima within the regular 11-year solar cycle. Lin and Thiemens 
(2022) found that 35S activities at solar maximum are only ~44 % of 
those at solar minimum. The production rate of 7Be was reported to vary 
about 20 % from its mean depending on the solar stage (e.g., Koch et al., 
1996; Koch and Rind, 1998). The impact of the long-term solar cycle on 
cosmogenic radionuclide production rates including 7Be could be 
reasonably predicted via rigorous determinations of production yield 
functions that describe radionuclide productions by cosmic rays (with 
known kinetic energy) at given altitude and latitude and cross-sections 
of corresponding nuclear reactions between target nuclei in the atmo
sphere and primary/secondary particles from cosmic rays (Poluianov 
et al., 2016), but related works that focus on 35S and 32/33P production 
remain lacking and should be carried out. 

Resulting from the aforesaid, the natural cosmogenic radionuclide 
activity concentration in rain in a certain region depends on the pro
duction rate in the UTLS, the intensity of long-term and short-term 
stratosphere/troposphere exchange, the varying intensity of wet scav
enging, and also on the horizontal transfer of air masses from neigh
bouring latitudes. Local short-term climate patterns and seasonally 
changing atmospheric transport processes are additional factors that 
govern the deposition rate. Some ranges of natural cosmogenic radio
nuclide activity concentration in rain shall be given here. The annually 
varying 35S activity in rain ranges between ~5 and ~ 150 mBq/l (e.g., 
Osaki et al., 1999; Hong and Kim, 2005; Cho et al., 2011; Urióstegui 
et al., 2015; Schubert et al., 2020a, 2020b, 2020c, 2020d). 32P and 33P 
timeseries (n = 30) recorded at Bermuda Island (ca. 31◦50′N) covering a 
period of 12 months (Waser and Bacon, 1995) showed activity con
centrations between about 2.5–23.5 mBq/l for both isotopes. The 
timeseries indicated elevated values between July and September. 
However, the annual 32/33P pattern was by far not as pronounced as the 
one presented by Schubert et al. (2020a) for 35S. The reason is that the 
35S samples were collected far more north and hence more impacted by 
the HFDZ latitudinal shift. Present-day levels of 3H in precipitation vary 
about 100–3000 mBq/l (Morgenstern and Taylor, 2009; Palcsu et al., 
2018; Terzer-Wassmuth et al., 2022a, 2022b). 7Be measured in precip
itation over five years in Sao Paulo, Brazil, varied between 1000 and 
6000 mBq/l (Damatto pers. comm., 2023) and up to 10,000 mBq/l in 
precipitation in Thessaloniki, Greece (Ioannidou and Papastefanou, 
2006). 

2.1.2. Radio-sulphur (35S) 

2.1.2.1. Natural occurrence and properties of radio-sulphur. 35S is pro
duced in the upper atmosphere by cosmic ray spallation reaction with 
40Ar. Its half-life is 87.4 days (beta decay; maximum decay energy: 167 
keV; decay product: 35Cl). 35S rapidly oxidizes to SO (lifetime <1 ms) 
and then SO2 (in ~1 s) (Black et al., 1982; Brothers et al., 2010) and 
eventually to SO4

2− . 35SO4
2− gets dissolved in meteoric water, i.e., it en

ters the water cycle in the troposphere. 
Sulphate (and hence 35SO4

2− ) is highly mobile in groundwater, i.e., is 
not retarded by any mineral matrix. Furthermore, it displays chemical 
stability over a wide range of hydrochemical conditions. Under slightly 
reducing and oxic conditions sulphate is transported with the ground
water conservatively (Knöller et al., 2005). Still, under stronger 
reducing conditions, it may be subject to bacterial sulphate reduction if a 
bioavailable electron donor (e.g., DOC) is present (Lovley and Chapelle, 
1995; Knöller et al., 2008, Knöller and Schubert, 2010; Guo et al., 2021). 
In this case, the application of 35S as residence time tracer is limited 
because the fractionation factors required for correcting the 35S 
analytical results for sulphate degradation have not been investigated to 
date. However, bacterial sulphate reduction predominantly affects deep 
aquifer systems, which are not targeted by short-term residence time 
tracers. If stable (sulphate) reducing conditions are met in a shallow 
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aquifer, as it may occur in wetlands or floodplains, they indicate very 
limited exchange with meteoric water and hence groundwater residence 
times that are also out of the age range covered by short-term tracers 
such as 35S. Bacterial sulphate reduction might also occur in localized 
aquifers portions below landfills (Christensen et al., 2001). 

2.1.2.2. Application concept for using radio-sulphur as aqueous tracer. 
Whereas 35S activities in rain are continuously supported by cosmic ray 
spallation, there are no natural 35S sources in the subsurface. Related 
traces from experiments using radio-labelled compounds to understand 
sulphur biogeochemistry (e.g., Grunbaum et al., 1990; Wang et al., 
2023) are negligible in most cases. This allows using 35S as indicator for 
the time that has elapsed since the meteoric water was isolated from 
atmospheric 35S production, i.e., since it entered the subsurface. 

However, due to the varying 35S activity in precipitation (Fig. 4), 
using a discrete initial value is not appropriate. A 35S input function is 
required for sound evaluation of the 35S data. Due to the 35S half-life, this 
input function should preferably cover a period of twelve months (~4 t1/ 

2) but at least of six months (~2 t1/2) prior to the groundwater sampling 
campaign. That requires either a systematic long-term investigation of 
35S in rain in the study region or/and the recording of more easily 
attainable proxy values (Schubert et al., 2020a, 2020b, 2020c, 2020d, 
2023). Hence, if groundwater dating is to be executed based on 35S, it is 
recommended to collect and analyse at least a few rain samples in the 
months prior to the actual sampling campaign for their 35S activity 
concentration in order to set up a 35S input function. This should be done 
considering the general annual pattern of higher 35S activities in summer 
and lower 35S activities in winter. As a rough estimate, Schubert et al. 
(2020a, 2020b, 2020c, 2020d, 2023) suggest that the 35S activity con
centrations during summer are on average about three times as high as 
during winter. 

Based on this tracer application concept, 35S has been used to 
determine travel times of sulphate in watersheds (Cooper et al., 1991; 
Michel et al., 2000, 2002), to estimate the fraction of recent snowmelt in 
base flow (Cooper et al., 1991; Urióstegui et al., 2017), to determine 
groundwater residence times near managed aquifer recharge facilities 
(Clark et al., 2016; Urióstegui et al., 2016), and to evaluate the 
vulnerability of aquifers (Kralik et al., 2016) (see Section 3). 

2.1.2.3. Sampling, sample preparation and measurement of radio-sulphur 
in water samples. Groundwater and surface water can be sampled 
without specific precautions. Rain samples should be collected in a way 
that allows a sample volume of at least 10 l per rain event. If collection of 
weekly or monthly composite samples is intended, the volume of the 
container should be chosen in accordance to the expected cumulative 
precipitation amount. In the case of monthly composite rain samples the 
decay of 35S during the time of collection has to be considered. If con
tainers with a wide opening are used, noteworthy evaporation of the 
sample and dry deposition may occur during the time of collection. 

Measurement of 35S in water samples is executed by means of a liquid 
scintillation counter (LSC). To allow statistical reliability of the detec
tion results a sufficient 35S activity is mandatory. The required water 
sample volume depends therefore on (i) the detection limit of the LSC in 
use and (ii) the activity inventory of the sample. Experience shows that 
for both rain and groundwater a water sample volume of 20 l is generally 
sufficient to meet the requirements (Schubert et al., 2019, 2020d). 

Essentially, sample preparation aims on quantitatively extracting the 
dissolved sulphate from the water sample and concentrating it to a 
volume that fits (together with the required amount of scintillation 
cocktail) into an LSC vial (20 ml). Since handling of 20 l samples both in 
the field and in the laboratory is cumbersome, on-site sulphate extrac
tion from the sample is possible, e.g., by pumping the water through a 
cartridge filled with an ion exchange resin (Deinhart et al., 2021). 

Applicable scintillation cocktails, namely Hionic-Fluor® and Insta- 
Gel Plus® (both PerkinElmer) accept only certain sulphate loads. The 

water-soluble scintillation cocktail Hionic-Fluor® (18 ml) accepts sul
phate loads of up to 100 mg, which equals a maximum sulphate con
centration of 5 mg/l in 20 l of water (Schubert et al., 2020a, 2020b, 
2020c, 2020d). Hence, it is suitable for rain water samples. Groundwater 
is generally higher in sulphate, which entails the use of the scintillation 
cocktail Insta-Gel Plus®. The two different sample preparation ap
proaches are briefly summarized in the following. The sample prepa
ration methods are described more detailed in the cited literature. 

For water samples low in total sulphate a batch method is used for 
sulphate extraction (Schubert et al., 2020d). Two gram of the weak-base 
exchange resin Amberlite IRA67 (which are first prepared with acetic 
acid) are added to the 20-litre water sample and stirred for several hours 
(ideally overnight), e.g., by means of a magnetic stirrer. Subsequently, 
the sulphate is eluted off the resin with ammonium hydroxide. The high 
ionic strength of the resulting eluent solution is substantially reduced by 
evaporating the eluate to dryness (under a fume-hood). The resulting 
water-soluble precipitate ([NH4]2SO4) is dissolved in 2 ml deionized 
tritium-free H2O resulting in a pH neutral solution of an ionic strength 
that is acceptable for Hionic-Fluor®. 10 ml of the cocktail are added. 
After shaking the vial can be measured by LSC. A comparable ion ex
change approach reported by Lin et al. (2017) uses the resin AG1-X8. 

In case of samples with high ionic strength, the scintillation cocktail 
Hionic-Fluor® is not suitable. After extraction with Amberlite IRA67 
and re-elution (as above), sulphate is therefore quantitatively precipi
tated from the sample as BaSO4 by adding aqueous BaCl2 solution 
(Urióstegui et al., 2015). Afterwards, the supernatant water is decanted 
and the BaSO4 precipitate is transferred into an LSC vial. Subsequently 
Insta-Gel Plus® is added to the vial and the vial is shaken until complete 
gelation and apparent homogeneity. 

Groundwater and surface water samples might require additional 
sample preparation steps that aim at “cleaning” the sample to minimize 
physical and colour quench during LSC measurement. These steps 
include (multiple) decantation of the 20-litre sample, filtration, or 
treatment of the sample or the precipitate with H2O2 (Lin et al., 2017; 
Lin and Thiemens, 2018) to get rid of potentially present organic ma
terial. No standardized preparation protocol can be suggested here as 
the steps depend on the individual sample. 

The same holds for the optimum settings of the LSC (e.g., assay type, 
quench indicator, counting energy window, coincidence time) as they 
depend on the counter in use. Exemplary settings for TriCarb 3170 Tr/SL 
and Quantullus GCT 6220 have been suggested by Schubert et al. 
(2020a, 2020b), respectively. 

2.1.2.4. Data evaluation. To obtain 35S activity at the time of sampling, 
the time that has elapsed between sampling and measurement needs to 
be considered. The apparent age of a groundwater sample (t) is deter
mined based on its 35S activity concentration (Ct) and the site-specific 
initial 35S value (C0) applying the general decay equation, with λ 
being the decay constant (λ = ln2/t1/2) for 35S, namely 9.17 * 10− 8 s− 1 

(Eq. (1)). 

Ct = C0 × e− λt (1) 

The initial 35S value (C0) has to be derived from the regional 35S 
input function. The input function has to be carefully set up based on a 
reasonable number of previously recorded 35S-in-rain values covering at 
least six months prior to the groundwater sampling campaign. Gener
ally, monthly integrated samples are adequate for the purpose. If only an 
inadequate number of 35S-in-rain values is available, proxy parameters 
set in context to the generally known pattern of cosmogenic radionu
clides (see Section 2.1.1) can help to set up an adequate input function 
(for proxy values 7Be and 3H see Sections 2.1.3 and 2.1.5, respectively). 

2.1.3. Radio‑beryllium (7Be) 

2.1.3.1. Natural occurrence and properties of radio‑beryllium. 
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Radio‑beryllium (7Be) is produced through cosmic ray spallation of at
mospheric oxygen, nitrogen and carbon primarily within the UTLS zone 
(Lal and Peters, 1967; Koch and Rind, 1998; Tilley et al., 2002). It decays 
by β decay (with γ emission at 477.61 keV; Firestone et al., 1996) with a 
half-live of 53.2 days. The decay product is 7Li. 

The maximum 7Be production occurs in about 20–30 km atmo
spheric altitude (Usoskin and Kovaltsov, 2008), resulting in about 75 % 
of the UTLS-born 7Be being produced in the lower stratosphere and 
about 25 % in the upper troposphere. The average production rate of 7Be 
in UTLS zone is estimated to be 810 atoms m− 2 s− 1; its mean activity 
concentration in the troposphere is about 12.5 Bq m− 3 (Ioannidou and 
Papastefanou, 2006). Atmospheric 7Be production at sea level is about 
two to three orders of magnitude lower than in the stratosphere (Usoskin 
and Kovaltsov, 2008). The 7Be production rate also varies temporarily in 
given elevations (e.g., Koch and Rind, 1998; Pham et al., 2011). 

Within its primary production zone (ULTS) 7Be attaches quickly to 
submicron size aerosol particles (e.g., Lange, 1994; Ioannidou and 
Papastefanou, 2006), which are subsequently conveyed down to Earth 
by intrusion of stratospheric air masses into the troposphere followed by 
both wet and dry deposition (Kusmierczyk-Michulec et al., 2015; Terzi 
and Kalinowski, 2017). Several studies revealed that wet deposition, i.e., 
washout by precipitation, is substantially more effective than removal 
by dry deposition (e.g., McNeary and Baskaran, 2003). A comprehensive 
data collection on global 7Be data was published by Zhang et al. (2021). 
The authors summarize that the fraction of dry deposition of 7Be is 
highly variable, ranging from 1 % to 44 % but being in general around 
12 ± 9 % of its total deposition. The data compilation reveals further
more distinct latitudinal variabilities of both atmospheric 7Be concen
tration and deposition, generally with concentrations and fluxes highest 
at the mid-latitudes and decreasing toward the Equator and poles (see 
also Lal and Peters, 1967). The data suggests concentrations and fluxes 
ranging globally between 0.33 and 17.77mBqm− 3 and 59–6350 
Bqm− 2yr− 1, respectively. 

2.1.3.2. Application concept for using radio‑beryllium as aqueous tracer.
7Be is established as tracer for monitoring and studying large-scale 

atmospheric processes and validating global atmosphere circulation 
models (Hernández-Ceballos et al., 2015). Within this field of applica
tion 7Be is frequently used for studying cloud build-up and precipitation 
formation, mainly on a local scale (e.g., Koch et al., 1996; Ioannidou and 
Papastefanou, 2006; Hedfords et al., 2010; Pham et al., 2011; Doering 
and Saey, 2013) as well as for investigating transport and residence time 
of aerosols in the atmosphere (e.g., Kaste et al., 2002). Furthermore, 7Be 
deposition is used as indicator for detecting and tracing nuclear acci
dents as well as for soil erosion studies and studies on reservoir sedi
mentation. However, these applications are out-of-scope of this review 
and the reader is referred to related comprehensive publications, e.g., 
IAEA (2014) or Taylor et al. (2019). 

Related to the subject discussed here, 7Be can in principle be used as 
indicator for the presence of very young groundwater. Due to its short 
half-life and the absence of natural or anthropogenic 7Be sources in the 
subsurface, the 7Be activity of any meteoric water will decline to about 6 
% after 213 days (four half-lives). 

However, regarding hydrogeological studies, the use of 7Be is limited 
due to its strong tendency to get adsorbed to soil particles in the upper 
soil layers (Hohwieler, 2005; Iurian et al., 2013). Hohwieler (2005) 
reported a retention of 90 % of 7Be in the soil layer through column 
experiments. Frey et al. (2011) were able to measure 7Be in surface 
water and groundwater deducing residence time estimates that were 
consistent with other tracers. They used the retention reported by 
Hohwieler (2005) but recommended column or lysimeter experiments 
with the soil collected from the individual recharge area. 

The mobility of 7Be in the subsurface is decreasing with increasing 
pH of the percolating water but increasing with the presence of free 
fluoride and dissolved organic carbon (Veselý et al., 1989). 7Be activity 

concentrations in surface waters and groundwaters are therefore 
dependent on pH, presence of fulvic acids and suspended sediments 
(Kaste et al., 2002). While the input function for 7Be is relatively easy to 
obtain due to extensive research on atmospheric behaviour and cycling 
(incl. data collected by IMS network of monitoring stations; see below), 
its tracer application to surface and groundwater needs further research 
and might be limited to very specific study cases (e.g., shallow karst 
aquifers without soil covers). 

2.1.3.3. Sampling, sample preparation and measurement of radio‑ber
yllium in water samples. For the collection of wet 7Be deposition poly
ethylene rain collectors are generally used. They are installed at least 1 
m above the ground to avoid soil particles in the sample. To obtain a 
sufficient sample volume for the 7Be measurement (i.e., a countable 
activity), the rain is usually collected as composite sample on a weekly 
or monthly basis, depending on the frequency and intensity of rain 
events. Prior to exposure, a small volume of diluted HNO3 or HCl is 
added to the collection container in order to prevent beryllium 
adsorption onto the container walls (Vallés et al., 2009; Taylor et al., 
2016; Courtier et al., 2017; Mohan et al., 2018). 

Gamma-ray detection is used for measuring 7Be. After collection, the 
water samples are filtered using paper filters (e.g., Whatman, grade 41 
or 42) and subsequently evaporated to reduce the total sample volume 
to fit the applied gamma-ray detection geometry (Taylor et al., 2016; 
Mohan et al., 2019). Some authors prefer to co-precipitate 7Be with iron 
hydroxide (Courtier et al., 2017) or potassium permanganate (Taylor 
et al., 2016) aiming to increase the sensitivity of the gamma-ray 
measurement. 

Even though it is out of the direct scope of this paper, it shall be 
mentioned that atmospheric 7Be is routinely sampled and measured at 
CTBTO stations worldwide as dry deposition with high-volume aerosol 
samplers (see “data evaluation” section below). The typical CTBTO 
sampling approach relies on continuously filtering air at a rate of 
500–1000 m3/h with samples being collected on a daily basis. The 
approach allows catching over 80 % of the air-bound particles larger 
than 0.2 μm. The continuous time series of 7Be data collected on a daily 
basis allow using the recorded datasets as proxy for other short-lived 
cosmogenic radionuclides such as 35S, which makes it interesting in 
the given context (see “data evaluation” section below). 

The 7Be activity concentration in both aerosol and water samples is 
measured with high-resolution germanium detectors (Courtier et al., 
2017; Mohan et al., 2019; Schulze et al., 2000; Medici, 2001; Morera- 
Gómez et al., 2022). The minimum detectable activity concentration 
depends on the applied detection system but is on average about 5–30 
μBq/m3 for filtered aerosol (Kusmierczyk-Michulec et al., 2015) and 
about 0.15–0.5 Bq/l for water (Damatto pers. comm., 2023). 

2.1.3.4. Data evaluation. Due to the tendency of beryllium to get 
adsorbed onto the soil and aquifer matrix, quantitative evaluation of 7Be 
activities in groundwater is challenging. Still, the presence of 7Be in 
groundwater confirms the presence of very young groundwater in the 
aquifer and is therefore qualitatively indicating a high aquifer 
vulnerability. 

Besides being used as qualitative aquifer vulnerability indicator, 7Be 
activity concentrations in aerosol samples recorded as long-term time 
series can be used as proxy parameter for setting up a 35S input function. 
Since 35S and 7Be are produced by the same process in the same atmo
spheric altitude, the 7Be time series have the potential to be translated 
(at least semi-quantitatively) into 35S input functions (Schubert et al., 
2020a, 2020b, 2020c, 2020d, 2023). One of the great advantages of 
using 7Be as proxy parameter is that 7Be is one of the radio-isotopes that 
are measured in aerosol samples on a daily basis by International 
Monitoring System (IMS) particulate stations. The IMS is a global 
network of monitoring stations that was developed by the Comprehen
sive Nuclear-Test-Ban Treaty Organization (CTBTO) aiming at detecting 
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nuclear test explosions or nuclear accidents by continuously recording 
(among other signals) radionuclide data. Recently, eighty stations of the 
network are monitoring radioactive aerosols (among them 7Be attached 
to aerosols). The resulting datasets are generally freely available. 

2.1.4. Radio‑phosphorus (32/33P) 

2.1.4.1. Natural occurrence and properties of radio‑phosphorus. Phos
phorus has 23 isotopes from 25P to 47P, with only 31P being stable. The 
two longest-lived instable species are 32P (t1/2 = 14.3 d) and 33P (t1/2 =

25.3 d). Both are produced naturally through cosmic ray spallation of 
argon mainly within upper troposphere and to a lesser degree the lower 
stratosphere. There phosphorus oxidizes quickly to phosphate 
(33,32PO4

3− ) and attaches to aerosols. Most of the aerosol particles are 
scavenged from the atmosphere by meteoric water (as H2PO4

− ), trans
ferred to the earth’s surface with precipitation and finally to the 
groundwater. Since no natural source of radio‑phosphorus exists in the 
subsurface, the 33,32P activity concentration of the infiltrating meteoric 
water declines due to decay once it enters the ground. 

Benitez-Nelson and Buesseler (1998) reported activity concentra
tions of 32P and 33P in rain samples collected in June and July 1996 in 
the state of Rhode Island, USA (41◦32′ N), that varied substantially be
tween 10.2 and 68.3 mBq/l and 9.0–64.5 mBq/l, respectively (n = 7) 
(Fig. 5A), however the 32P/33P activity ratio of 1.26 ± 0.14 (Fig. 5B) was 
remarkably stable. A 12-months timeseries reported by Waser and Bacon 

(1995) revealed activity concentrations between 2.3 and 23.7 mBq/l 
(Fig. 5C), also with a 32P/33P activity ratio that is rather constant over 
time, ranging around 1.0 (1.06 ± 0.16; Fig. 5D) (Note that the values 
originally reported by Waser and Bacon are 33/32P ratios.). The latter 
dataset seems to reveal slightly lower ratios during winter/spring (mean 
0.99) and slightly higher ratios during summer/autumn (mean 1.12). 

Phosphorus reacts readily with soil constituents, and most soils have 
a moderate to high capacity to bind phosphorus (e.g., Correll, 1998). 
This may result in low 32,33P activity concentrations in groundwater. 
However, with continued application of excess fertilizer phosphate, the 
phosphate-binding capacity of agricultural soils may sooner or later 
become exhausted, allowing phosphate to enter the aquifer with 
leachate (e.g., Del Campillo et al., 1999). In the aquifer, radio‑phos
phorus (in the form of 32,33PO4

3− ) is generally mobile as a dissolved 
component and chemically stable over a wide range of hydrochemical 
conditions. However, in oxic aquifers, phosphate attenuation during 
transport is likely due to sorption onto iron and manganese oxide 
coatings covering the mineral matrix. Consequently, phosphorus is 
significantly more mobile under anaerobic conditions (Carlyle and Hill, 
2001). Filtration of colloidal phosphorus is another form of removal 
from flowing groundwater (Gray et al., 2015). 

2.1.4.2. Application concept for using radio‑phosphorus as aqueous trac
er. Even though Lal et al. (1957) already suggested using radio‑phos
phorus for tracing large scale air mass migration, its actual potential as 

Fig. 5. 32P and 33P activity concentrations in rain; (A) and (B): adapted from Benitez-Nelson and Buesseler (1998); (C) and (D): adapted from Waser and Bacon, 1995 
(one sample, collected on March 10th 1991, showed values that were unusual high for the region [49.3 and 42.8 mBq/l, respectively] and is thus considered 
an outlier). 
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naturally tracer wasn’t investigated until about 35 years later. The first 
practical applications focussed on providing information on the resi
dence time of tropospheric aerosols in the upper ocean as well as on 
zooplankton dynamics and phosphorus cycling within this realm (Lal 
and Lee, 1988; Waser et al., 1994; Waser and Bacon, 1995). Later, 
radio‑phosphorus was also used to trace bioaccumulation of phosphorus 
in both aquatic biota (Smith et al., 2011) and in crops (Morel and Far
deau, 1989) and furthermore to determine stratosphere/troposphere 
exchange and tropospheric air mass residence times (e.g., Bhandari 
et al., 1970). However, to our knowledge no study yet investigated the 
possibility of using radio‑phosphorus as groundwater residence time 
tracer. 

In contrast to 35S and 7Be, the concept of using radio-phosphorous as 
aquatic tracer suggested here relies on an activity ratio rather than on 
absolute activity concentrations. Because both 32P and 33P are subject to 
the same production, transformation, and removal processes in the at
mosphere, individual temporal activity variations are effectively 
cancelled out by using the activity ratio. The published cited above data 
suggests the 32P/33P activity ratio to range between ~0.8 and 1.2 with 
slightly higher values during summer and lower values during winter 
season. This implies that the use of radio-phosphorous as residence time 
tracer could be based on a rather simple input function or on an input 
value despite the varying absolute variations of radio-phosphorous in 
rain. 

Conceptually, the 33P and 32P containing meteoric water enters the 
subsurface (with activities of 33P0 and 32P0), 33P and 32P decay is not 
balanced by (cosmogenic) 33P and 32P production anymore. Subsurface 
32P production by the decay of 32Si (t1/2 = 140 a) is negligible. Just as 
33P and 32P, 32Si is produced in the atmosphere by cosmic ray spallation 
of argon and reaches the Earth’s surface with precipitation. Fifield and 
Morgenstern (2009) report 32Si activities in rain ranging between 2 and 
40 mBq/m3, which is three magnitudes below the activities that can be 
expected for 32P. 

Since 32P decays about twice as fast as 33P, the 32P/33P ratio in the 
aging groundwater decreases steadily as function of time (t) (determined 
by the 32P and 33P decay constants. The 32P/33P ratio decreases with a 
combined half-life 32/33t1/2 = 33 d (Eq. (2)). 

32/33Pt =
32P0e− λ32 t

33P0e− λ33 t
(2)  

2.1.4.3. Sampling, sample preparation and measurement of radio‑phos
phorus in water samples. As mentioned above, activity concentrations of 
32P and 33P in rain vary but range generally significantly below 100 
mBq/l. Thus, water sampling and sample processing for 32/33PO4 
extraction requires large volume water samples. Silker et al. (1971) (a 
study that was 23 years later updated by Waser et al., 1994) suggested 
rain water volumes of up to 60 l to be taken per sample in order to collect 
a sufficient amount of activity. 

For radio‑phosphorus extraction from the samples (after adding 
stable phosphate as Na3

31PO4 for quantification of the phosphate 
extraction yield) the authors utilized phosphate adsorption onto acti
vated alumina adsorbent powder (Al2O3). The phosphate was desorbed 
from the alumina (by washing it with NaOH) and subsequently precip
itated and resolved in various steps. These steps included precipitation 
of (i) ammonium phosphor molybdate (twice) and (ii) ammonium 
magnesium phosphate (also twice) to finally result in a solid 33,32P 
source ready for counting on an anti-coincidence low level beta counter. 
Even though this detection approach allows individual counting of 32P 
(and hence 32P/33P separation) by blocking the low 33P beta emissions 
with an external absorber, a key disadvantage (among others) is that the 
efficiency of 33P counting is highly impacted by self-absorption and 
hence strongly dependent on sample thickness and its phosphate content 
(Benitez-Nelson and Buesseler, 1998). 

An alternative improved detection approach based on low-level 
liquid scintillation counting (LSC) and allowing detection of 33P 

activities as low as 8 mBq/m3 was suggested by Benitez-Nelson and 
Buesseler (1998). The related sample preparation procedure sets off 
with radio‑phosphorus extraction by adsorption onto custom-made Fe 
(OH)3-impregnated polypropylene adsorbers, which utilize the strong 
affinity of phosphorus in all its forms onto iron-coated materials. The 
authors impregnated polypropylene filter sheets with a FeCl3 solution. 
For processing of freshwater samples, 30 × 2 cm PVC tubes were packed 
with the absorbers. The extraction yield from 25 l samples was main
tained at >95 %. The authors suggested subsequent sample preparation 
steps for both rainwater (with virtually no stable phosphorus) and 
seawater (potentially high in stable phosphorus). No experiments with 
groundwater samples were carried out, though. 

Chen et al. (2013) adapted the Fe(OH)3-based extraction approach. 
After acidifying the water samples to pH 2 (and after adding KH2PO4 as 
extraction yield monitor) they added FeCl3 and NH4OH solution in order 
to precipitate Fe(OH)3 as phosphorus scavenger. The phosphorus laden 
Fe(OH)3 was then dissolved in HNO3. The further sample processing 
included, as already introduced by Waser et al. (1994), precipitation 
steps of both ammonium phosphor molybdate and ammonium magne
sium phosphate. The latter was finally dissolved in HCl and the solution 
loaded on a resin column to adsorb LSC-interfering cations. The result
ing solution was neutralized (with NH4OH), evaporated to dryness, 
taken up in deionized water and mixed with a scintillation cocktail 
(Optiphase HiSafe 3; PerkinElmer). 

Experiments completed at the Helmholtz Centre for Environmental 
Research (Schubert unpublished data, 2023) showed that in particular 
the suggested precipitation of Fe(OH)3 as scavenger is tricky since the 
extraction yield depends on both pH and chemical matrix of the water 
sample. The formation of metal-aquo complexes, i.e., compounds con
taining metal ions with only water as a ligand, strongly affects the 
precipitation behaviour in aqueous solutions. Another challenge is the 
quantitative separation of the Fe(OH)3 precipitate, as it forms a fluffy- 
cloudy yellowish plume that precipitates very slowly. Hence, further 
research that focusses on phosphate extraction by adsorption rather than 
precipitation is recommended. 

Two LSC measurement approaches for 32P and 33P in aqueous sam
ples are applicable (Benitez-Nelson and Buesseler, 1998). Both methods 
use the distinctively different spectra that are produced by 32P and 33P, 
respectively, with 33P emitting lower and 32P higher energetic beta 
radiation. 

The first approach is based on measuring the Cherenkov radiation. 
While beta-particles emitted by 33P are too low-energetic to generate 
any Cherenkov radiation, 32P emits high-energy beta-particles. The 
Cerenkov radiation can be detected directly by a photomultiplier 
without any scintillation cocktail. The authors suggest to add, in a 
subsequent step, a scintillation cocktail to the sample solution to 
determine the total radio‑phosphorus activity (32P + 33P) by LSC- 
counting. Finally, the 33P activity can be calculated by subtracting the 
result of the Cerenkov from the total radio‑phosphorus measurement. 

The second approach requires optimizing the setting of the LSC 
counting windows based on custom-made 32,33P standards samples that 
represent the chemical composition and the quench level of the field 
samples. First the spectra of the standards are recorded with the LSC 
default settings. Based on the resulting data, counting windows for 33P 
and 32P are roughly set. The high-energy endpoint of the 33P spectrum is 
set as high-energy channel of window A. Window B is set above window 
A with its high-energy channel being the endpoint of the 32P spectrum. 
Fine-tuning of these preliminary settings is subsequently done itera
tively by a series of measurements that allow optimizing the so called 
“figure of merit” (FOM), i.e. the ratio of efficiency squared and back
ground (FOM = E2/B) (Schubert et al., 2019). 

2.1.4.4. Data evaluation. No study has yet been published that evalu
ated practically the applicability of radio‑phosphorus as short-term 
groundwater residence time tracer. Benitez-Nelson and Buesseler 
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(1998) didn’t compare their substantial set of rain data with radi
o‑phosphorus activities in groundwater samples. Still, the theoretical 
facts summarized above suggest that natural 32P/33P can be used as 
short-term groundwater age tracer ratio covering a time range of about 
4–5 months (based on the combined half-life of 32/33t1/2 = 33 d). The 
potentially strong retardation of phosphorus in the soil may result in 
only low activity concentrations in groundwater requiring large sample 
volumes. 

The shortage of robust survey data and long-standing experiences 
does not allow presenting a substantiated state of knowledge regarding 
both the practical application of 32/32P as age tracer and the associated 
data processing. In this review we highlight the potential of 32/33P as an 
emerging and promising tool for groundwater research. Efforts should 
be undertaken by the interested scientific community to practically 
evaluate and communicate the potential of radio‑phosphorus for the 
purpose. 

2.1.5. Comparing tritium (3H) to short-lived cosmogenic radionuclides 
Compared to other cosmogenic radionuclides 3H observations in 

global precipitation are abundant. Multi-decadal records are available 
from the Global Network of Isotopes in Precipitation (GNIP; IAEA/ 
WMO, 2023). Still, in contrast to 35S, 7Be and 32,33P, 3H sampled from 
rain, surface or groundwater does not have an unequivocal cosmogenic 
source tag but can be of anthropogenic or terrestrial origin, too. 

The 1960s’ thermonuclear bomb tests are a major anthropogenic 3H 
source. Still, due to the 12.3-year half-life of 3H, the related impact is 
getting less and less relevant. Morgenstern and Taylor (2009) first 
postulated the dissipation of the thermonuclear 3H for the 1990s in the 
southern and for the 2000s in the northern hemisphere and a subsequent 
return to a (near-) natural steady-state regime. Recent anthropogenic 
emissions of tritiated water vapour originate from nuclear power gen
eration (e.g., Köllő et al., 2011; Jefanova et al., 2018; Priebe et al., 
2023), nuclear accidents (Matsumoto et al., 2013), or nuclear fuel pro
cessing (e.g., Akata et al., 2011; Schmidt et al., 2020). Industrial sources 
also contribute to the anthropogenic emissions (e.g., Schürch et al., 
2003; Harms et al., 2016; Priebe et al., 2023). 

3H in recent precipitation can furthermore have its source in evap
oration from reservoirs that contain meteoric water originating from the 
1960s, such as glaciers (e.g., Di Stefano et al., 2023), permafrost (Lapp, 
2015; Gibson et al., 2016; Bond and Carr, 2018; Hiyama et al., 2021), or 
groundwaters (e.g., Eastoe et al., 2012). The re-evaporation of conti
nental waters furthermore alters the 3H budget in modern-day precipi
tation (e.g., Tadros et al., 2014; Cauquoin et al., 2015; Mayo and Tingey, 
2022). This includes water from closed sea basins, such as the Medi
terranean (Juhlke et al., 2020) or the Black Sea (Rank et al., 1999; 
Varlam et al., 2013). Furthermore, atmospheric circulation patterns and 
large-scale weather situations alter 3H in precipitation by giving pre
ponderance to source regions (e.g., Chae and Kim, 2019) or seasons. 
These patterns can lead to unexpectedly high or low annual mean 3H 
levels in precipitation. Duliński et al. (2019) and Terzer-Wassmuth et al. 
(2022a) demonstrated the latter for the Krakow and Vienna regions, 
respectively, which were biased low in 2015 due to relative abundance 
of winter precipitation and, conversely, biased high in 2018 due to 
intense summer rains. 

Pushing aside the terrestrial (incl. the anthropogenic) influences and 
sources of 3H, the highest interest in the context of short-lived cosmo
genic radionuclides lies in the cosmogenic 3H production. Spallation of 
14N by fast neutrons (energy >4 MeV) within the stratosphere is the 
most important natural 3H source (14

7 N+ n→12
6 C+ 3

1H). 3H quickly hy
drolyses into 3H1HO vapour. Ehhalt et al. (2002) demonstrated in a 
balloon experiment the sharp increase of stratospheric tritiated water 
vapour at 5–10 km above the tropopause with levels of up to 107 TU for 
measurements in the 1970s and 2 × 106 TU in the mid-1985s (more 
recent data is not available). 3H1HO is mainly conveyed downward by 
stratospheric/tropospheric exchange. 

Palcsu et al. (2018) and Poluianov et al. (2020) highlighted the 
spatial distribution of the cosmogenic 3H production as a function of the 
shielding provided by the Earth’s magnetic field against the arrival of 
charged cosmic ray particles (“geomagnetic cut-off rigidity”). They re
ported the highest shielding effect over the Asian equator region and the 
lowest over the poles. This behaviour is reflected in spatial modelling 
approaches for global precipitation 3H distributions, namely the LMDZ- 
iso general circulation model (GCM, Cauquoin et al., 2015) and the 
RCWIP-3H predictive isocape model (Terzer-Wassmuth et al., 2022a, 
2022b). 

The cosmogenic 3H production is also dependent on the 11-year 
cycle of the strength of the sun’s magnetic field. The associated response 
in global post-bomb precipitation 3H was demonstrated by Palcsu et al. 
(2018) for several 3H time series in conjunction with the neutron fluxes 
at Oulu observatory (Finland). The authors evaluated data recorded 
during the solar cycles 22 (1996–2008), 23 (2008–2019) and 24 (2019- 
present). László et al. (2020) reconstructed the cosmogenic 3H contri
bution during the thermonuclear bomb peak and the tail decades. 
Terzer-Wassmuth et al. (2022a, 2022b) visualized the annual mean 3H 
of GNIP stations normalized by their 2008–18 mean values. The graph 
displayed in Fig. 6 (extended until 2022) splits northern, southern, and 
tropical (between the tropics of Capricorn and Cancer) stations. The 
variability is probably due to climatic or local influences on the pre
cipitation 3H. Yet, the overall variability is consistent with the recorded 
neutron fluxes. The variability during 2015–17 is unexplained yet but 
probably an overwhelming response of a climatic signal due to the 
reduced cosmogenic influx. The timeseries for Vienna, which is often 
used as the northern hemispheric reference curve, clearly demonstrates 
the susceptibility to climatic influences and therewith the challenges of 
adequately attributing the sources of meteoric 3H. 

A few occurrences were observed of stratosphere/troposphere ex
change, which led to 3H anomalies in snow pits in East Antarctica 
(Fourré et al., 2006, 2018; Hebert, 2011). This was explained by the 
formation of “diamond dust” enriched not only in 3H but also 10Be 
(Kurita et al., 2019). Qiao et al. (2021) observed similar peaks in 
Greenland (Camp Century ice core). 

The facts summarized above indicate that 3H and short-lived radio
nuclides differ in their sources and atmospheric behaviour. Still, since 

Fig. 6. 3H of GNIP stations normalized by their 2008–2018 values split into 
north (blue), south (green) and tropical (yellow). The red line represents 
cyclical neutron fluxes, the blue line data recorded in Vienna. 
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35S occurs mostly dissolved as 35SO4
2− in precipitation, one could expect 

similar patterns for the two radionuclides in precipitation, which would 
allow using 3H as proxy for 35S. There exist very few studies that report 
35S and 3H activity concentrations in precipitation over time in the 
literature. Yoon et al. (2023) reported similar patterns for 3H and 35S. 
Correlation of activity concentrations in 16 precipitation samples 
resulted in a determination coefficient of R2 = 0.78. Differences are 
explained by the fact that 3H is part of the water molecule and therefore 
wouldn’t be affected by aerosols in the atmosphere. Own (yet unpub
lished) investigations based on datasets that were collected over a 4-year 
period revealed a comparable result (R2 = 0.80; Schubert et al., 2024). 
Hence, it can be presumed that even though 3H is not a short-lived 
natural radionuclide to be applied as short-term residence time tracer 
in hydrogeological studies, it could be used to set up or support a 
regional short-lived radionuclide input function. 

2.2. Short-lived geogenic radionuclides (222Rn; 224/223Ra) 

2.2.1. Natural radionuclides in the geosphere 
The three short-lived geogenic radionuclides discussed in Section 

2.2, namely 222Rn (produced by 226Ra), 223Ra and 224Ra, are part of the 
three natural decay chains headed by 238U, 235U and 232Th, respectively. 
Different igneous rock types differ specifically in their contents in ura
nium and thorium and thus in radium. This rock-specific occurrence of 
the two elements is due to their geochemical behaviour during crystal
lisation differentiation of the primary magma. Due to their high valency 
both elements are geochemically highly incompatible (Gill, 1993). 
Hence, they get, during crystallisation differentiation, more and more 
enriched in residual magmas. As a result, they show generally depleted 
concentrations in basaltic (mafic) rocks (e.g., gabbro, basalt) and 
elevated concentrations in granitic (felsic) rock species (e.g., granite, 
rhyolite) and alkali feldspar rock varieties (e.g., syenite, phonolite). 

The generally high uranium and thorium (and thus radium) content 
in granitic rocks is often bound to high mica (e.g., biotite) contents (e.g., 
Wollenberg, 1984; Rösler, 1984). However, mica occurs only indirectly 
as host mineral. The actual host is mainly zircon, which tends to occur 
intergrown in biotite. In the zircons, zirconium is often replaced by 
uranium or thorium, which makes U3O8 concentrations of up to 1.5 % 
and ThO2 concentrations of up to 12 % possible in zircons (Rösler, 
1984). 

Like many other incompatible elements (e.g., Ba, Cs, Hf, K, Nb, Rb, 
Sr, Ta, Tl, Zr, REE), uranium and thorium are also enriched in alkali 
feldspar rocks. Potential host minerals here, besides zircons, include 
apatite, allanite, magnetite or titanite. 

Further rock species that show significantly elevated concentrations 
in uranium and thorium are carbonatites and phosphorites. Carbonatites 
may contain anomalous high concentrations of incompatible elements. 
Besides uranium and thorium, they show the highest concentration of 
lanthanides of any known rock type. Phosphorite is a marine sedimen
tary rock that contains high amounts of phosphate minerals (up to 20 % 
P2O5). At the early stage of its formation in a reductive marine envi
ronment, U(VI) diffuses from the seawater into the organic-rich sedi
ments where it gets reduced and precipitated as sub-microscopic 
(mainly uraninite) particles. 

Corresponding to the elevated uranium and thorium contents in the 
rock types briefly introduced above, the two elements (and thus radium 
and radon) show also elevated concentrations in the metamorphic rocks, 
the sedimentary rocks as well as in the soils and sediments that derive 
from those by weathering. Fig. 7 illustrates the general occurrence of 
226Ra in some major rock types rocks. 

2.2.2. Radon (222Rn) 

2.2.2.1. Natural occurrence and properties of radon. 222Rn is the short- 
lived natural radiotracer that is most frequently applied in 

hydrological surveys. A wide range of resulting data and conclusions has 
been published. Most papers discuss the use of 222Rn in specific case 
studies; some of them are exemplarily cited in the following paragraphs. 
Others are set up as application reviews. The latter include Adyasari 
et al. (2023) who discuss the use of 222Rn for tracing groundwater 
discharge to surface waters, Sukanya et al. (2022) who talk about the 
application of 222Rn as tracer not only in hydrogeological and but also in 
geological investigations and Schubert (2015) who introduces the use of 
222Rn as environmental tracer for assessing subsurface contamination 
with Non-Aqueous Phase Liquids (NAPL). We want to encourage the 
interested reader to take a closer look at these review papers, which 
allows us to abstain from repeating related details here. 

As part of the 238U decay chain, it is produced by 226Ra decay (t1/2 =

~1600 a) and decays itself with a t1/2 of 3.8 days into 218Po (t1/2 = 3 
min). As uranium (and thus radium) is present in all mineral matrixes of 
the Earth’s crust (with considerably varying concentrations), 222Rn is 
produced within the mineral grains and on grain surfaces of every 
aquifer and soil material (e.g., Krishnaswami and Seidemann, 1988; 
Nazaroff, 1992). 

Part of the 222Rn emanates from the mineral grains into the pore 
space that is filled with groundwater and soil gas, respectively. The 
share of the produced 222Rn that reaches the groundwater-filled pore 
space depends mainly on the size of the aquifer mineral grains and their 
degree of weathering (e.g., Andrews and Wood, 1972; Wilkening, 1974; 
Schumann and Gundersen, 1996). In the unsaturated zone of the soil, the 
emanation rate into the air-filled pore space depends furthermore on the 
moisture content of the soil pores (e.g., Strong and Lewins, 1982; 
Wilkening, 1990). Generally, the 222Rn emanation rate is expressed by 
the dimensionless emanation coefficient, which ranges for mineral ma
terials between about 0.1 and 0.4 and can on average be assumed to 
amount to ~0.25 (Nazaroff, 1992). In other words, ~25 % of the 222Rn 
produced in an average mineral matrix ends up in the pore space filled 
with groundwater or soil gas. Besides the emanation coefficient (ε, [/]), 
the equilibrium activity in groundwater or soil gas (CRn, [Bq/m3]) de
pends on the 226Ra activity of the mineral matrix (ARa, [Bq/kg]), its bulk 

Fig. 7. Mean concentration of 226Ra in rock types (after Wollenberg, 1984). 
The values in brackets indicate the number of samples examined. Vulcanic 
rocks: light grey; plutonic rocks: dark grey; sedimentary rocks and sedi
ments: white. 

M. Schubert et al.                                                                                                                                                                                                                               



Science of the Total Environment 920 (2024) 170800

12

dry density (ρ, [kg/m3]) and its pore space (n, [/]). Based on these four 
parameters, the CRn can theoretically be quantified (Eq. (3)). Average 
radon concentrations in groundwater range in general between about 5 
and 50 Bq/l (but can be much higher or lower; Nazaroff and Nero, 
1988). 

CRn =
ARa × ε × ρ

n
(3) 

Since radon is a noble gas (no biodegradation or physical/chemical 
retardation must be considered; neither does it sorb or chemically 
interact with suspended and dissolved materials) and since anthropo
genic radon sources can be excluded, it is an ideal environmental short- 
term tracer in hydrological studies. 

2.2.2.2. Application concept for using 222Rn as aqueous tracer. The 222Rn 
tracer concept is based on the strong 222Rn activity gradient between 
surface water and groundwater. Since 222Rn is constantly produced in 
every aquifer matrix, any infiltrating water reaches the aquifer-specific 
222Rn equilibration concentration (Eq. (1)) after about 20 days (five 
radon half-lives). In contrast, the radon equilibrium concentration in 
surface waters can in general be neglected since surface waters contain 
only negligible amounts of dissolved 226Ra and are not in contact with 
226Ra-bearing minerals to a relevant extent. Furthermore, 222Rn rapidly 
degasses from surface water bodies. As a result, the 222Rn activity in 
groundwater is on average about two to three orders of magnitude 
higher than in surface waters. 

That results in qualitative and quantitative applications: (i) patches 
of elevated radon activity detected along a stream course or along the 
shoreline of a lake, a lagoon, or the coastal sea indicate spots or areas of 
groundwater discharge into the surface water body (e.g., Schubert et al., 
2022); (ii) setting up a 222Rn mass balance for a lake, a lagoon, a river 
section or a defined stretch of coastline allows quantifying the ground
water discharge into this defined surface water compartment (e.g., 
Petermann et al., 2018b for a lake; Petermann et al., 2018a for a lagoon; 
Schubert et al., 2020c for a river). 

Both approaches require mapping the 222Rn activity in the surface 
water body or the investigated section of it. The survey outcome can be 
limited to pinpointing the discharge spot if the terrestrial groundwater 
endmember cannot be determined satisfactorily (e.g., Schubert et al., 
2017), if 222Rn degassing from the surface water cannot be quantified 
adequately (e.g., Schubert et al., 2022), or if groundwater discharge 
quantification is of only minor interest (Montiel et al., 2019). However, 
if all 222Rn sinks and sources can be quantified with sufficient precision, 
a simple radon mass balance box model can be set for the surface water 
body in question. 

The 222Rn sources include the discharging groundwater (i.e., the 
sought-after parameter) containing an aquifer-specific 222Rn endmem
ber concentration, 222Rn diffusion from the sediment, in-situ ingrowth 
by decay of dissolved 226Ra, upstream river inputs, and (in coastal set
tings or flood pulse systems) input by flood waters. 222Rn sinks include 
atmospheric evasion (“degassing”), 222Rn decay, losses by downstream 
river outflow, and (in coastal settings) loss by offshore mixing and ebb 
tides. Fig. 8 illustrates these sources and sinks. 

A critical parameter for setting up a 222Rn box model is the 
groundwater endmember. The determination of the radon activity 
concentration of regional groundwater inflow into the surface water 
body can be challenging if the local geological setting is complex (e.g., 
Atkinson et al., 2013; Frei et al., 2020). Since radon activities reach 
decay equilibrium with the aquifer matrix after about 20 days, 
groundwater samples for endmember determination should be taken 
from wells that are in the close vicinity of the investigated surface water 
body. The water can either be analysed as distinct samples or from a 
pump stream out of a well/spring using a submersible pump. If no 
suitable wells or springs are accessible groundwater can also be sampled 
by means of push point piezometers. If no or only a very limited number 
of adequate groundwater sampling locations are available, the 226Ra 

activity of sediment or aquifer samples (ARa) can be determined by 
means of gamma spectrometry and used as proxy parameter (Eq. (3)). In 
this case it has to be made sure that the mineral material samples are 
representative for the aquifer that is hydrologically connected with the 
surface water body (Schubert et al., 2020b, 2020c). 

Diffusive radon input can be evaluated experimentally by sealing a 
flask filled with defined volumes of sediment and radium-free water and 
measuring the produced radon in the overlaying water layer after four 
weeks equilibration time (Corbett et al., 1998). Alternatively, Burnett 
and Dulaiova (2003) used an empirical relationship solely based on the 
226Ra activity in the sediments. 

The sink that is most difficult to quantify is atmospheric evasion of 
222Rn from the water surface (“degassing”). Related empirical equations 
that are applied in most 222Rn-based groundwater studies are the ones 
proposed by MacIntyre (1995) or Raymond et al. (2012). 

Besides the briefly introduced box model approach, groundwater 
discharge can also be assessed based on a 222Rn porewater profile 
assessment. While the box model is suitable for spatially and temporally 
integrating studies, porewater profiles are commonly used for point 
evaluation of groundwater discharge. The approach is based on 222Rn 
porewater data obtained from discrete samples collected from a sedi
ment depth profile in areas with identified groundwater seepage (Cable 
et al., 1996; Cable and Martin, 2008; Cook et al., 2018). 

In the following three sub-sections we briefly introduce the concepts 
and challenges associated the investigation of groundwater discharge 
into (i) lakes, (ii) the coastal sea and (iii) rivers. Detailed discussions of 
the individual approaches are available in the cited literature. 

2.2.2.2.1. Lakes. For setting up a box model for a specific lacustrine 
setting (Fig. 4), the investigated lake must be attributed to either of two 
categories: (i) well-mixed with a vertically and horizontally uniform 
water column or characterized by (ii) a water column with heteroge
neities resultant from density/temperature stratification. 

Lakes of the first category that are purely groundwater-fed represent 
the most straightforward setting for a 222Rn single-box model approach 
(Schmidt et al., 2009; Schmidt et al., 2010; Dimova and Burnett, 2011; 
Dimova et al., 2013; Petermann et al., 2018a). Lakes with surface water 
inflow and outflow can also be described with a single-box model; 
however, the radon activities of the upstream and downstream (or flood 
pulse) surface waters have to be included in the mass balance (Cook 
et al., 2008; Burnett et al., 2017; Liao et al., 2018; Olid et al., 2022). 
Lakes of the second category (i.e., vertically stratified with or without 
surface in- and outflow) require setting up a two (or more) box model 

Fig. 8. Conceptual model illustrating 222Rn sources and sinks for estimating 
groundwater discharge into surface waters. 222Rn production and decay is 
neglected because steady state conditions are assumed. *Offshore interaction 
has only to be considered in coastal settings. 
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(Kluge et al., 2007; Schmidt and Schubert, 2007). 
2.2.2.2.2. Coastal sea. Quantification of submarine groundwater 

discharge (SGD) into the coastal sea based on the same conceptual box 
model approach. A related initiative that was launched in the year 2000 
by IAEA and UNESCO gave rise to the first concerted studies in this 
regard (e.g., Burnett et al., 2006). A representative compilation of pa
pers that discuss SGD can be found in Adyasari et al. (2023). Practically 
all quoted studies revealed that SGD is generally a mixture of fresh 
groundwater and recirculated seawater. The share of the respective 
contributions is governed by various hydrological processes, most 
importantly by tidal pumping. Burnett and Dulaiova (2003) introduced 
a stepwise procedure for field surveys that aim at deriving SGD rates 
from coastal radon inventories, including guidance on how to quantify 
all relevant radon source and loss terms. 

In contrast to lakes, (temporally changing) offshore mixing must be 
considered in coastal studies (e.g., Schubert et al., 2019). That might 
require recording time-series of 222Rn inventories in the coastal sea (e.g., 
Petermann et al., 2018b). Still, lateral mixing losses are hard to estimate, 
which might result in seemingly negative SGD fluxes (e.g., Burnett and 
Dimova, 2003). In coastal lagoons offshore mixing is less difficult to 
quantify. Here a tidal prism approach (Keulegan, 1967) can be used to 
calculate the net water exchange across the lagoon’s inlet within a tidal 
cycle (Schubert et al., 2015). 

2.2.2.2.3. Rivers. A literature study by Adyasari et al. (2023) 
revealed that groundwater contributions to the overall streamflow of 
rivers can vary between about 0.5 % (Agustina Campodonico et al., 
2015) and 100 % (Cartwright and Gilfedder, 2015). Comparable to 
lakes, groundwater discharge into rivers can be investigated based on a 
steady state radon mass balance set up individually for sub-sections of 
the studied river reach (including the river flow rate as radon source/ 
loss term). 

Quantifying degassing with adapted empirical equations works 
reasonably well on moderate to large streams (e.g., Atkinson et al., 
2013) but might become difficult in small rivulets (Schubert et al., 
2020a, 2020b, 2020c, 2020d). Artificial tracer tests with gases such as 
helium and sulphur hexafluoride can help to quantify degassing (Clark 
et al., 2004; Vautier et al., 2020). For continuous measurements of air/ 
water gas exchange Klaus et al. (2022) suggested recording underwater 
sound spectra to approximate contributions of turbulence and bubbles. 

Furthermore, hyporheic exchange and parafluvial flow may be sig
nificant as 222Rn source in river settings. In rivers increased 222Rn con
centrations do not necessarily indicate local groundwater inflow; the 
222Rn activity in the river water might be sustained by waters that are 
exchanged with the near-river sediments without any river water net 
gain. Thus, groundwater discharge can be strongly overestimated if 
hyporheic and parafluvial exchange are not properly evaluated and 
included in the mass balance (Cook et al., 2006). For assessing the 
impact of hyporheic and parafluvial exchange artificial tracers can be 
applied that allow determining volume and residence time of the water 
in the hyporheic zone (e.g., gases, fluorescence dyes or Resazurin; Cook 
et al., 2006; Abbott et al., 2016). 

A suitable tool for groundwater discharge assessment that has been 
developed specifically to quantify groundwater fluxes into rivers is the 
numerical implicit finite element model FINIFLUX, a 222Rn mass 
balance-based approach (e.g., Frei and Gilfedder, 2015; Frei et al., 2019; 
Schubert et al., 2020a, 2020b). 

2.2.2.3. Sampling, sample preparation and measurement of radon in water 
samples. Radon is commonly measured directly on site applying mobile 
radon-in-air detectors. Hence, the radon has first to be extracted (or 
“stripped”) from the water, i.e., either from a continuous water pump 
stream or from a discrete water sample. Generally, 222Rn extraction from 
a continuous water pump stream is preferable (if applicable) because the 
222Rn supply in a pump stream is “unlimited” whereas a discreet sample 
offers only the 222Rn inventory of the sampled water volume. In either 

case, 222Rn is stripped from the water into a closed air loop that is 
constantly pumped through the sampled water and the detection 
chamber of the radon-in-air monitor with a constant pump rate (~1 l/ 
min). 

If 222Rn is to be extracted from a discrete water sample, it is done by 
bubbling the air loop through the sample until concentration equilib
rium between water sample and air loop is reached (Fig. 9A; Schubert 
et al., 2006). The 222Rn activity measured in the air loop (Cair; Bq/m3) is 
converted into the original 222Rn activity in the water sample (Cwater; 
Bq/l) by allowing for the temperature (and salinity) dependent radon 
partitioning coefficient (K; [/]; Schubert et al., 2012) and the volumes of 
air loop and water sample (Vair, Vsample, respectively; [ml]) (Eq. (4)). 
Generally, groundwater shows concentrations that allow sample vol
umes of as low as 250 ml or even less. Vair is given by the headspace of 
the applied stripping unit and the volume of the detection chamber. The 
temperature of the water sample is needed for calculating K based on an 
empiric equation published by Weigel (1978) (Eq. (5)). 

222Rn extraction from a continuous water pump stream is done by 
either spraying the water through a nozzle into a spray chamber (e.g., 
RAD-Aqua, Durridge; Fig. 9B; Lane-Smith and Schubert, 2020) or by 
pumping the water through a membrane extractor (e.g., MiniModule, 3 
M™ Liqui-Cel™, USA; Fig. 9C; Schmidt et al., 2008). The 222Rn con
centration measured in the air loop is converted into the 222Rn activity 
in the water pump stream by solely allowing for the 222Rn partitioning 
coefficient, K (Eq. (6)). 

Cwater = Cair

(
Vair

Vsample
+K

)

(4)  

K = 0.105+ 0.405× e0.0502×T(◦C) (5)  

Cwater = Cair ×K (6) 
222Rn mapping on a lake, along a coastline, or along a river section, is 
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in executed from a slowly cruising vessel by radon extraction from a 
continuous water pump stream. For the purpose, water is pumped from 
about 0.5 m water depth with a rate of about 2 l/min. The mobile radon- 
in-air detector is set to an appropriate counting cycle (e.g., ~10 or ~ 15 
min). Counting cycle and cruising speed (preferably ~4 km/h) deter
mine the profile length that is covered with each 222Rn reading. To 
improve statistical reliability of the results two detection setups (two 
water pumps, two stripping units and two radon monitors) can be run in 
sequence or in parallel. 

Two types of radon-in-air monitors exist. One type uses a pulse 
ionization chamber (“PIC”) (AlphaGuard, Bertin Instruments, Ger
many); the other relies on a passivated solid-state ion-implanted planar 

silicon (“PIPS”) alpha detector (RAD8, Durridge, U.S.A.). Whereas the 
practical handling of the two detector types is comparable, their 
detection concept is fundamentally different.1 

If no mobile radon-in-air detector is available or in the case of limited 
sample water volumes (e.g., porewater samples), 222Rn can also be 
measured in the laboratory using a liquid scintillation counter (LSC). For 
LSC measurement the 222Rn has to be transferred from the water sample 
into a scintillation cocktail. An established method involves injection of 
a 10 ml water sample into a 20 ml LSC vial preloaded with 10 ml scin
tillation cocktail (e.g., Prichard and Gesell, 1977; Cantaloub et al., 
1997). If low radon-in-water concentrations are to be analysed, radon 
extraction from larger water volumes might be required. A related 

Fig. 9. Options for radon extraction from a discrete sample using a bubble module (A) and from a continuous water pump stream using a spray chamber (B) or a 
membrane extractor (C) as stripping unit (not to scale). 

1 Counting radon decays with a PIC detector makes use of the ionizing nature 
of alpha radiation. The detection chamber consists generally of a cathode cyl
inder with a coaxially located internal anode wire. A voltage potential is 
applied between the two electrodes to create an electric field (ca. 750 V DC). 
Each radon decay within the chamber ionizes air molecules (N2, O2). The 
resultant cluster of positive ions and dissociated electrons moves to the 
respective electrodes. This generates an output signal, which is measured as a 
continuous ionization current. As a consequence, alpha decays within the PIC (i. 
e., radon decays) are counted directly without any delay. The time-lag between 
a change in radon activity in the “stripped” water and the counting signal is 
solely determined by the water/air equilibration time in the stripping unit. A 
disadvantage of PIC detectors is, that the energy of different types of radiation 
(e.g., resulting from different radionuclides) cannot be differentiated.In 
contrast, the PIPS detector does not count radon decays directly but the decay 
of the radon progeny 218Po and 214Po. The detection concept can be summa
rized with “electrostatic precipitation of short-lived radon progeny, followed by 
high-resolution alpha spectrometry” (Sadler, 2023). Within the detection 
chamber nearly each decaying radon atom (in fact, 88 % of them; Hopke, 1996) 
produces a positively charged 218Po ion, which is drawn to the negatively 
charged cathode by an electric field (ca. 2500 V DC). There it sticks until it 
decays with a half-life of about 3 min, thereby generating an output signal. 
Decay equilibrium between radon in the detection chamber and 218Po on the 
detector is reached after five 218Po half-lives. That implies that the actual radon 
concentration in the detection chamber (air loop) is detected with a delay of 
about 15 min. (A second output signal results from the decay of 214Po. How
ever, this signal is delayed by about 2.5 h based on the 27 min half-life of 
214Pb.) Still, the 15 min delay of the output signal is in most cases of only minor 
relevance as the time taken to reach water/air equilibration in the stripping 
unit is usually in the same range. On the other hand, the advantage of a PIPS 
detector is that it distinguishes, on an event-by-event basis, counts from radon 
(222Rn) progeny from those from thoron (220Rn) progeny, and distinguishes also 
the short-lived progeny species (218Po, 214Po) from the long-lived species that 
cause a build-up of background over time in PIC instruments (210Pb, 210Po). 
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sample preparation and measurement protocol was introduced by 
Freyer et al. (1997) and optimized by Schubert et al. (2014). In case of 
laboratory analysis of water samples, it has generally to be kept in mind 
that samples must be transported promptly to the laboratory for analyses 
to minimize 222Rn decay loss. 

No matter what approach for 222Rn measurement is chosen it has to 
be kept in mind that 222Rn strongly partitions into air. Therefore, all 
water sampling must be done carefully avoiding bubbling or water 
turbulence while sampling. If a groundwater monitoring well is sampled 
the well should be fully purged before sampling to avoid sampling 
stagnant well water. 

2.2.2.4. Data evaluation. If the sole localization of groundwater 
discharge spots is the purpose of a study, a simple outlining of local 
222Rn maxima in the surface water is the adequate means. Spatial 222Rn 
surveys produce maps that reveal diffuse groundwater inputs or 
concentrated discharge hotspots (e.g., Montiel et al., 2019). For the 
quantitative assessment of groundwater discharge rates (and, result
ingly, water residence times of lakes) quantitative data evaluation is 
required for setting up the 222Rn mass balance (Fig. 4). Uncertainties in 
setting up a radon mass balance result in corresponding uncertainties in 
the final results. The individual relevancies of the parameters are highly 
dependent on the site-specific hydrogeology, morphology and meteo
rological influences. More details related to the issues discussed above 
have been outlined in a large number of related studies. A comprehen
sive summary reflecting all related advantages and challenges is also 
given by Adyasari et al. (2023). 

2.2.3. Short-lived radium (224/223Ra) 

2.2.3.1. Natural occurrence and properties of radium. The three natural 
decay chains include four naturally occurring radium isotopes, namely 
224Ra, 223Ra, 228Ra and 226Ra, which are produced by alpha decay of the 
thorium isotopes 228Th, 227Th, 232Th and 230Th, respectively. The 
radium isotopes, in turn, are decaying with half-lives of 3.6 days (α), 
11.4 days (α), 5.8 years (β) and 1600 years (α), respectively. The pro
duction rate of the individual radium isotopes depends on the associated 
thorium contents of the mineral matrix. Since uranium and thorium, 
which are heading the natural decay chains, are present in all rock 
species of the Earth’s crust, the four natural radium species are ubiq
uitously present in any soil and sediment (Section 2.2.1). Of interest in 
the given context are the two short-lived species 224Ra and 223Ra. Like 
222Rn, groundwater is generally enriched in dissolved radium in com
parison to surface waters. There are no noteworthy anthropogenic 
radium sources and dry or wet radium deposition is generally negligible. 

Generally, the radium activity in groundwater is determined by the 
radium sources present in the aquifer. These sources include (i) thorium 
decay within the aquifer mineral grains, (ii) radium release from the 
mineral grains by either (ii-a) recoil or (ii-b) weathering, as well as (iii-a) 
desorption of radium from the grain’s surfaces. The radium sinks include 
(iii-b) radium adsorption onto the mineral surfaces, (v) co-precipitation 
with major hydroxides, carbonates or sulphates, and (iv) decay of the 
dissolved radium. 

Regarding the short-lived isotopes (223Ra and 224Ra), both radium 
mobilization by weathering and radium loss by co-precipitation play 
negligible roles. Radium loss by decay can be quantified straightfor
wardly based on the decay equation (Eq. (1)) and the respective decay 
coefficients. The remaining sources and sinks that can neither be 
neglected nor easily determined shall be briefly discussed in the 
following.  

(ii) The radium production rate within the mineral grains depends on 
the thorium activity of the aquifer matrix and hence on the matrix 
type (granitic, basaltic etc.; Section 2.2.1). Related guiding values 
can be found in the literature (Nazaroff and Nero, 1988; 

Ivanovich and Harmon, 1992) or determined by means of gamma 
spectrometry. All four radium species show either distinct gamma 
lines (223Ra, 226Ra) or produce short-lived progeny with distinct 
gamma lines (228Ra, 224Ra, 226Ra).  

(iii) Radium release by recoil from the mineral matrix is a function of 
the surface area and the surface characteristics of the aquifer 
grains. The greater the surface/volume ratio, the greater the 
fraction of the produced radium that is finally released into the 
groundwater by recoil (Beck and Cochran, 2013). Weathering 
forces that increase of the inner surface of a sediment is fostering 
radium release by recoil on the long-term.  

(iiii) The degree of radium adsorption/desorption onto matrix surfaces 
depends (besides the available surface area) on two parameters, 
namely the cation exchange capacity of the mineral material and 
the ionic strength of the groundwater, i.e., its salinity (Beck and 
Cochran, 2013). High ionic strength hampers radium adsorption 
due to competition with other dissolved cations such as Na+, K+, 
Ca2+. The matrix properties regarding radium adsorption/ 
desorption are commonly quantified with the distribution coef
ficient KD (Eq. (7)). Matrix-dependently, KD values range over 
several orders of magnitude from 10− 2 to 102 m3/kg (Beck and 
Cochran, 2013). 

KD
[
m3/kg

]
= Raadsorbed [Bq/kg]

/
Radesorbed

[
Bq

/
m3] (7)   

2.2.3.2. Application concept for using the 224/223Ra ratio as aqueous 
tracer. The application concept for using the 224/223Ra ratio as tracer in 
groundwater/surface water interaction studies is based on the distinct 
radium concentration gradient between hydraulically connected 
groundwater and surface water bodies. The half-lives of the two nuclides 
result in a decrease of the (unsupported) 224/223Ra activity ratio with a 
combined half-life of 5.35 days. Hence, the 224/223Ra activity ratio 
detected in surface water can be used as short-term water age indicator 
(“radium age”) as it is a measure of the mean residence time of pore
water that was freshly discharged from groundwater/porewater to sur
face water (Moore, 2000; Burnett et al., 2008; Garcia-Orellana et al., 
2021). 

Due to the high tendency to adsorption in freshwater systems (and 
considering an exemplary groundwater flow of 1 cm/d) all four radium 
isotopes would reach equilibrium within a distance of only a few cen
timetres in fresh groundwaters. In saline systems, on the other hand, the 
required flow path lengths would be on the order of tens of cm for 223Ra 
and 224Ra, around 1 m for 228Ra and around 500 m for 226Ra (Garcia- 
Orellana et al., 2021). Hence, only few studies applied radium isotopes 
in freshwater environments (Molina-Porras et al., 2020; Diego-Feliu 
et al., 2021). Diego-Feliu suggested an advective transport model that 
integrates 224Ra, 228Ra, 226Ra, and radon and their immediate parents to 
calculate groundwater transit times. 

2.2.3.3. Sampling, sample preparation and measurement of 224/223Ra in 
water samples. Using an activity ratio as water age indicator makes no 
detection of absolute activity concentrations required. The key 
requirement is rather to collect a sufficient volume of water for the 
determination of statistically reliable 224/223Ra count rates. 

For determination of the 224/223Ra activity ratio in water samples, 
the radium has to be extracted from the water. This is commonly done by 
means of MnO2-impregnated acrylic fibres (Moore, 1976). If a well is 
sampled (e.g., for groundwater endmember definition) the fibre is 
placed into a flow-through cartridge and the water is pumped through 
the cartridge with a pump rate of about 1 l/min (Moore and Reid, 1973). 
The radium that is dissolved in the water pump stream is quantitatively 
adsorbed by the fibre. In order to collect an amount of 224/223Ra activity 
that is sufficient for the statistically reliable definition of a groundwater 
endmember, groundwater volumes of up to 100 l should be extracted 
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(Rocha et al., 2015). 
There are two options for sampling 224/223Ra from a surface water 

body. As a first option, moorings can be placed at defined points 
reasonably distributed in the surface water body of concern, such as in a 
lagoon or a stretch of coastline, with the MnO2 coated fibres contained in 
mesh bags that are attached to the moorings about 1 m below the water 
surface. To allow the adsorption of a sufficient amount of radium, the 
mesh bags should stay in the water for at least 24 h (Moore, 1976). A 
second option is to collect distinct water samples (recommended are at 
least 60 l), which are subsequently pumped through flow-through car
tridges as described for the well sampling. 

Due to the short combined 224/223Ra half-live, the radium-laden fibre 
samples should be analysed a few days after sampling (and correcting 
the data for the time since collection). In most published studies 224Ra 
and 223Ra activities collected by using MnO2 fibres are determined by 
means of a Radium Delayed Coincidence Counter (RaDeCC). The 
RaDeCC has been developed by Moore and Arnold (1996) (Diego-Feliu 
et al., 2020) and is basically an alpha detector system that allows a 
straightforward, robust and rapid determination of the short-lived 223Ra 
and 224Ra based on a design introduced by Giffin et al. (1963). For 
sample preparation, the MnO2 fibres are simply washed with radium- 
free tap water and subsequently partially dried (with compressed air) 
to remove excess water. Thereafter, the samples are measured for 223Ra 
and 224Ra by counting the respective short-lived radon daughters (219Rn 
and 220Rn, respectively) in a closed circulating helium loop. 

2.2.3.4. Data evaluation. The 224/223Ra activity ratio of the investigated 
surface water that was brought in touch with the MnO2 fibres is a 
measure of the time elapsed since the water was discharged from the 
aquifer or sediment matrix, i.e., since it was isolated from the radium 
source (Moore, 2000). The approach assumes that the 224/223Ra ratio of 
the groundwater endmember is timely and spatially invariant for the 
investigated surface water body and that sources or sinks of radium in 
the surface water body (once the water has left the aquifer) are limited to 
(off-shore) mixing and radioactive decay. The time elapsed since the 
groundwater left aquifer or sediment can be determined by solving Eq. 
(8) for t (Eq. (9)), 

224/223ARmeasured =224/223ARendmember × e(λ223− λ224)×t (8)  

t =
ln
(

ARSGD
AREM

)

(λ223 − λ224)
(9)  

where AR represents the 224/223Ra activity ratio of the seawater sample 
(ARSGD) and of the groundwater endmember (AREM), λ the decay con
stant for the respective radium isotope (223Ra: 7.019 * 10− 7 s− 1; 224Ra: 
2.209 * 10− 6 s− 1) and t the elapsed time (the “radium age”) (Petermann 
et al., 2018a, 2018b; Rocha et al., 2015). If no groundwater endmember 
is available or if the geological situation is too complex to define a 
reliable value, the highest 224/223Ra ratio detected in the surface water 
can be defined as initial value, i.e., as representative for sediment 
porewater freshly discharged into the surface water body (Schubert 
et al., 2023). 

Because radium is preferentially adsorbed onto mineral grains, the 
time to reach concentration equilibrium between a freshly recharged 
groundwater (i.e., percolating meteoric water or infiltrated surface 
water) and the aquifer matrix (defined as “bulk radioactive equilibrium” 
by Diego-Feliu et al., 2021) is more difficult to estimate as for the noble 
gas radon. However, for groundwater endmember definition this time 
needs to be understood in order to assess the degree of radium equili
bration in groundwater since aquifer recharge. Besides the groundwater 
flow velocity, the equilibration time determines the groundwater flow 
distance that is required to reach concentration equilibrium. Related 
models are generally based on the assumption that the radium exchange 
between mineral matrix and groundwater principally occurs via ion 

exchange, neglecting the processes of weathering or precipitation 
(Diego-Feliu et al., 2021). Hence, the equilibration time strongly de
pends on the characteristics of the aquifer, namely on the distribution 
coefficient KD (Eq. 7) as well as on the half-life of the individual radium 
isotope (Krishnaswamie et al., 1982; Beck et al., 2013). Generally, it can 
be stated that (i) the equilibrium time decreases as KD increases and (ii) 
the equilibrium time ranges from minutes to hours for the short-lived 
224Ra and 223Ra, from hours to days for 228Ra, and from days to years 
for 226Ra (Garcia-Orellana et al., 2021). Equilibrium times can be con
verted to equilibrium distances by assuming a constant flow ground
water velocity through the aquifer in question. 

Applying Eq. (8), all collected 224/223Ra ratios are transferred into 
radium ages representative for the sampling locations. The resulting 
data represents the mean apparent water ages of the discharged 
groundwater at the locations either collected over a 24-h exposure time 
(mooring approach) or as distinct samples (distinct sample approach). 
The combined 224/223Ra half-life allows dating apparent water ages of 
about up to three weeks. Generally, the maximum mean water age 
revealed in a surface water body allows estimating the intensity of the 
tidal flushing of a lagoon or a coastal section. 

3. Discussion - exemplary applications for joint tracer data 
interpretation 

3.1. Vulnerability mapping of aquifers 

As mentioned in Section 1, shallow aquifer vulnerability assessment 
is a key application of the short-lived tracers discussed in this paper. 
Generally, an aquifer is considered vulnerable to anthropogenic pollu
tion when groundwater recharge is happening recently or has happened 
in the recent past. The related groundwaters dating is usually done based 
on tritium, CFCs or SF6 data (Jurgens et al., 2022). Still, since an aquifer 
is the more vulnerable the more sudden contamination spills of the 
groundwater are likely, the time frames covered by the named tracers is 
in many cases not appropriate. In the context of this paper, we discuss 
tracer approaches applicable for assessing the vulnerability of aquifers 
that are potentially exposed to sudden pollution spills, i.e., very young 
groundwaters. 

Short water residence time investigation is furthermore of key in
terest for studying the removal of bacterial faecal indicators from 
recharging water. Sprenger et al. (2011) point out that during flood 
periods, riverbank filtration systems must be considered as highly 
vulnerable to pathogen contamination due to shortened travel times. 
Wang et al. (2022) reported that in such systems residence times as low 
as ten days proved to be sufficient to clean the water from pathogens. 

Another example for the necessity of understanding short-term 
recharge processes is aquifers in fractured bedrock settings. Many 
index-based methods, such as the very frequently used DRASTIC model 
(Barbulescu, 2020) generally underestimate the vulnerability of frac
tured bedrock aquifers, which requires further investigation and 
development of indices that are suitable for this aquifer type (Wei, 
1998). Generally, fractured rock aquifers represent challenges for resi
dence time investigations, as hydraulic conductivity and effective 
porosity are more complicated to be correctly determined. In many re
gions, well developed karst aquifers, which are characterized by fast 
flow paths and low retention times of contaminants originating at the 
surface (Savoy et al., 2011; Harjung et al., 2023), represent the main 
source of drinking water (Hartmann et al., 2021). 

In this context it shall be pointed out, that the terminology 
“groundwater age” is often not appropriate as most groundwaters in 
shallow and/or fractured aquifers show a dynamic age range. Suckow 
(2014) discussed in detail that for groundwater an “age” cannot be 
determined (although it is a useful “zero-order concept” abundantly 
used). The term “mean residence time” is in general more adequate 
(Suckow, 2014). For water resource managers it is important to know 
not only the average groundwater age but to get information about the 
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youngest portion of the age spectrum and hence about the vulnerability 
of the resource. A qualitative proof of the presence of recent meteoric 
waters, e.g., as result of dynamic recharge triggered by specific hydro
logical conditions, is thus very valuable. 

Even for investigating deep and/or artesian aquifers, short-lived ra
dioisotopes represent a promising addition to the conventional tracer 
suite as they allow to prove/disprove the presence of very young water 
and hence to evaluate the integrity of well casings (supplementary to 
geophysical methods and borehole camera surveys) (Somaratne et al., 
2013). 

Generally, it can be stated that using multiple tracers with different 
concentration vs. residence time relationships and different behaviours 
regarding their retardation within the subsurface, is important if resi
dence times and recharge rates in highly vulnerable aquifers are to be 
realistically estimated. For example, groundwater residence times and 
ages estimated based on stable water isotope and radio-sulphur data 
differ from those based on tracer gas data (“gas chronometers”). While 
the former data reflects also the time and processes taking place in the 
unsaturated zone, gas chronometers only start counting as the water 
reaches gas confinement, i.e., below the groundwater table (Plummer 
et al., 2001). Since the residence time of percolating waters in the un
saturated zone is important as many biogeochemical processes take 
place there, only the combination of tracers, which allows to account for 
travel times through the different hydrological domains, is appropriate 
for the purpose. 

Burns et al. (1998) found results from stable water isotopes in 
agreement with age ranges calculated from 35S, considering that (i) 
stable water isotopes are monitored usually over longer time scales, 
which averages out certain short-term events and (ii) the input function 
for 35S can be highly variable (Schubert et al., 2020a, 2020b, 2020c, 
2020d). Still, the application of just a single tracer might lead to wrong 
conclusions. 35S, for instance, might get retarded in the unsaturated zone 
by uptake and exchange of sulphate in plants and soils (Novák and 
Přechová, 1995; Plummer et al., 2001). Anoxic environments could add 
another layer of complexity due to sulphate reduction (Harris et al., 
2006). Constraining such biogeochemical cycling of sulphate could 
possibly be achieved through stable isotopes of sulphate δ34S and δ18O 
(Kester et al., 2003). 

For the quantification of groundwater travel times up to three weeks, 
the combination of conventional artificial tracers with 222Rn can be 
valuable. Based on the initial radon disequilibrium, it is possible to 
understand the timing of fresh groundwater recharge. This geo
chronometer is limited to a maximum of about 20 days as the activity 
concentration of the recharged water approaches equilibrium in the 
aquifer after five 222Rn half-lives. For example, using 222Rn as tracer 
Snow and Spalding (1997) found flow pathways and residence time 
estimates that were consistent with bromide tracer breakthrough times 
in wells. 

A further application is vulnerability assessment of springs to nuclear 
disasters and industrial accidents. Using short-lived cosmogenic radio
isotopes for the purpose allows water resource managers to identify 
springs or wells that might become unusable for drinking water supply 
in cases of nuclear disasters or industrial accidents. Two related studies 
were executed in the Eastern Alps, Austria (Kralik et al., 2016). 

In the first study, water sampling for 35S was performed on a site in 
the dolomitic Alps, where many tracer tests (incl. fluorescent tracers, 
δ18O/2H and 3H/3He) had already been performed. Four rain samples 
and six spring water samples were collected between March and May 
2013 and between July and October 2014. Rainwater was sampled as 
composite samples at a meteorological station located about 900 m asl. 
Spring water was collected from two springs, one hydraulically con
nected to a fault zone and one fed from a matrix aquifer, both located 
about 500 m asl. All four rain samples showed noteworthy 35S activities, 
with significantly higher values recorded in July–October (42.5; 58.4 
mBq/l, respectively) compared to March–May (12.5; 24.2 mBq/l, 
respectively). The data supported the concept of generally elevated 35S 

activities in rain during the summer months (Schubert et al., 2020a). 
The results associated to the two springs differed. On the one hand, 35S 
was detected in the samples taken from the fault zone spring (activity 
concentrations between 0.8 and 3.3 mBq/l) indicating shares of sub- 
yearly groundwater. On the other hand, 35S activity was only detected 
in one of the samples taken from the matrix spring (1.8 mBq/l). The 
matrix spring is uncased and the sample containing measurable 35S was 
taken after a heavy rain event, and therefore, reflecting surface water 
runoff. As a result, only the matrix spring was found to tap a reservoir of 
low vulnerability. These results were consistent with the conceptual 
understanding of the springs. 

In the second study, executed on the western end of the European 
Eastern-Alps, one meteorological station and eleven springs and wells 
were sampled for 35S. All eleven springs and wells were expected to 
produce non-vulnerable water with a residence time between 10 and 40 
years. Again, the overall purpose of the study was to prove/disprove the 
presence of shares of “very young” groundwater (<1 year) in the spring/ 
well discharge. The results revealed (besides a 35S activity in rain of 49.3 
mBq/l; July 2014) in two of the sampled wells detectable 35S activities 
(1.1 and 4.6 mBq/l; Kralik et al., 2016) indicating shares of sub-yearly 
meteoric water. Consequently, these two wells were excluded from the 
group of wells to be used for emergency drinking water supply after a 
major accident. 

Summarizing it can be stated that the integration of short-lived ra
dioisotopes into multi-tracer applications can be recommended for a 
wide variety of aquifer vulnerability assessment studies. Only 
combining several tracers that are sensitive to a range of residence times 
and processes can reduce uncertainties in quantitatively assessing the 
age structure of a shallow groundwater. 

3.2. Semi-quantitative process assessment at managed aquifer recharge 
sites 

Managed Aquifer Recharge (MAR) is a water management approach 
to increase local potable groundwater supplies. It was first used in 
coastal dunes in the Netherlands and is currently employed throughout 
the world. The dating of artificially recharged groundwater near MAR 
facilities can be done by applying a multi-tracer application including 
35S. 

In the state of California, USA, water agencies are required to 
determine travel times of artificially recharged groundwater to the 
production wells for health reasons. Knowing that the travel time is 
<1.2 years allows the water agencies to comply with the state regula
tions. Because of its short half-life, 35S is an ideal tracer to determine 
such short travel times and therefore whether or not a MAR facility is 
complying with the regulations. The 35S method was used at a MAR site 
in Southern California, namely at the Kraemer Basin MAR site, Orange 
County (Urióstegui et al., 2016). 

Kraemer Basin is one of five MAR ponds, which are in operation since 
the late 1990s and which are a source of groundwater recharge in the 
Orange County Groundwater Basin. Additionally, a 10-km reach of the 
Santa Ana River is also used. In total, these recharge sites provide ~70 % 
of the water demand for 2.5 million inhabitants of the region. Ground
water flow from the Kraemer Basin MAR site has been studied for de
cades using a number of geochemical techniques including 3H/3He 
dating and tracer experiments with both 136Xe and SF6 (e.g., Clark et al., 
2004; Clark et al., 2014). In the vicinity of the Kraemer Basin MAR pond, 
groundwater can be sampled from a number of monitoring wells, some 
of them allowing sampling from different depths. Results from these 
geochemical studies allowed mapping the plume of MAR water. The 
application of 35S as supplementary tracer was intended to additionally 
reveal information on the apparent water ages, i.e., on the water travel 
times from the pond to the production wells. 

As a result of the study it could be shown, that travel times vary in 
different depth of the aquifer. The 35S activities detected in the 
groundwater sampled from the production wells verified semi- 
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quantitatively groundwater ages above 1.2 years. Still, a more quanti
tative data interpretation proved challenging. As one cause of the dif
ficulties the authors assumed an unidentified low SO4/high 35S source. 
They considered the possibilities of either an anthropogenic source (as 
assumed by Schubert et al., 2020a, 2020b, 2020c, 2020d) or a strong 
short-term intrusion of stratospheric air as reported by Lin et al. (2016). 
Another problem for quantitative data interpretation might have been 
the summer stratification of the MAR pond. Summarizing, it could be 
stated that while the Kraemer Basin 35S study did not result in a quan
titative travel times distribution pattern, it did answer the question if the 
MAR water travel times at the site are >1.2 years. This semi-quantitative 
result allowed conclusions on whether or not the MAR facility follows 
the state regulations. 

3.3. Investigation of groundwater/surface water interaction 

A central issue in water resource management is the recognition of 
the many links between groundwater and surface waters (including 
rivers, lakes, wetlands, estuaries and coastal seas) and the appreciation 
of the relevance of these interactions. The complex water flow and 
nutrient exchange processes at the groundwater/surface water interface 
at various scales collectively come under the denomination of 
“groundwater/surface water interaction” (GSI). The exchange processes 
have tremendous impacts on both water quantity and quality and call 
hence for specifically tailored investigation approaches that allow 
localizing and quantifying GSI with the aim to evaluate the related im
pacts and responses. Prominent fields of GSI research include (i) the 
overexploitation of coastal aquifers, causing seawater infiltration and 
aquifer salinization, and (ii) the discharge of contaminated groundwater 
into surface waters leading to their pollution and eutrophication. 

A sound evaluation of the timing and extent of hydrological in
teractions between catchment components can only be achieved by 
combining tracer methods that individually allow investigating flow 
path and residence times. The information that results from such multi- 
tracer approaches have the potential to reveal intra- and trans- 
catchment connections as it allows tracing from where and when 
water (and dissolved matter) is coming from (Abbott et al., 2016; Kralik 
et al., 2016). As an example, submarine groundwater discharge (SGD) 
into coastal lagoons shall be briefly discussed. 

Coastal lagoons are generally vulnerable habitats that host fragile 
marine ecosystems. At the same time, they are often threatened by 
nutrient-laden SGD. The localization of SGD spots and the quantification 
of the associated water and matter flux rates are therefore of central 
interest. The standard water parameters electrical conductivity (EC) and 
pH as well as stable water isotope signatures (δ2H, δ18O) have proven 
suitable as indicators in this regard. However, while distribution pat
terns of EC, pH and δ2H/δ18O in coastal lagoons reveal freshwater 
discharge in general, a separation between discharging surface water 
and SGD is not possible. 222Rn is the tracer of choice here. A case study 
executed in a bay in Western Ireland aimed to evaluate the informative 
value of the named parameters in locating and quantifying SGD (Schu
bert et al., 2015). The results revealed that 222Rn is the most sensitive of 
the parameters applied for SGD detection. However, only their com
bined evaluation allowed a separation of groundwater and surface water 
contributions to the overall freshwater discharge into the lagoon. 

In case of lagoons or estuaries that are highly impacted by evapo
ration stable water isotope and EC data are also of limited (or no use at 
all). In a study executed by Schubert et al. (2023) only the joint evalu
ation of 222Rn, EC and stable isotope datasets allowed locating and 
quantifying SGD. The set up 222Rn mass balance was supported by 224/ 

223Ra as supplementary tracer ratio, since radium is not impacted by 
evaporation nor degassing. Besides indicating SGD spots, the 
224Ra/223Ra ratio analysis allowed revealing information on the 
apparent residence time of the discharged groundwater within the 
lagoon and hence on the lagoon’s flushing intensity. 

Radium isotopes have been used in a wide range of groundwater/ 

seawater interaction studies. Radium activity concentrations in coastal 
groundwater are elevated due to the continuous circulation between 
fresh terrestrial groundwater and saline coastal seawater within the 
subterranean estuary, mainly driven by marine forces (tides, waves and 
storms). In fact, 224Ra was (in combination with 226Ra and 228Ra) first 
applied as tracer in estuarine mixing studies, which require covering 
process time-scales of up to ten days (Elsinger and Moore, 1983). 
Furthermore, Moore (2000) executed benchmarking studies on the use 
of 223Ra and 224Ra for setting up conceptual models to estimate apparent 
ages of coastal waters and coastal water mixing rates. Rama and Moore 
(1996) used the four natural radium nuclides (the “radium quartet”) for 
the first time as SGD tracers, initiating thereby numerous related studies 
(e.g., Burnett et al., 2001; Burnett et al., 2006; Ma and Zhang, 2020). A 
representative selection of related papers has been compiled by Garcia- 
Orellana et al. (2021). 

3.4. Catchment hydrology 

The pathways and timing of water to become streamflow are in the 
focus of catchment hydrology. However, the tools to evaluate these 
characteristics for a catchment in the past and to predict them for the 
future are diverse. Metrics such as the runoff coefficient or the separa
tion of the hydrograph into base-flow and quick-flow can provide 
important insights of the functioning of a catchment. 

Hydrograph separation is a technique to understand the temporal 
and/or geographic origin of streamflow. Hydrometric information is 
often combined with tracer data, whereby the selection of the type of 
tracer(s), the number of tracer(s), and the characterization of the end
member(s) is critical for the application: some end-members and tracers 
may lead to multiple mathematically possible solutions that don’t 
represent the physical processes correctly (Bansah and Ali, 2017). In 
fact, a joint evaluation of the data is often required to understand all 
contributions to streamflow (Barthold et al., 2011). For further infor
mation on hydrograph separation using stable water isotopes the reader 
is referred to Klaus and McDonnell (2013) and Penna and van Meerveld 
(2019). 

Water stable isotopes showed that the response of a catchment to a 
precipitation event is dependent on storm characteristics, antecedent 
catchment wetness conditions, landscape properties and catchment size 
(Fischer et al., 2017; von Freyberg et al., 2018). However, separating 
groundwater and soil water with stable isotopes alone can be prob
lematic. Stable isotope composition may not differ enough between soil 
water and groundwater or show a high variation in space and time 
(Klaus and McDonnell, 2013). Consequently, other environmental 
tracers have been utilized to characterize hydrologic flow paths. Water 
stable isotopes have, e.g., been coupled with hydrochemistry to disen
tangle contribution from the unsaturated and saturated zone (Ladouche 
et al., 2001). Furthermore, radon has proven to be useful in this context. 
Genereux et al. (1993) used the different 222Rn signatures of vadose zone 
water, soil water, and bedrock groundwater in a three end-member 
mixing model and showed groundwater and soil water to be the domi
nant sources of streamflow during low-flow periods. Kies et al. (2005) 
showed with 222Rn data during a high-flow event the timing of 
groundwater pushing into the stream. Kienzler and Naef (2008) used 
222Rn in an experiment with added artificial tracers revealing that soil 
water is rapidly released from saturated patches and explains high 
contribution of pre-event water in the storm hydrograph. Webb et al. 
(2017) and Liao et al. (2021) used 222Rn to show the dynamic contri
bution of groundwater to a floodplain and highlighted the importance to 
capture floods appropriately to avoid their underestimation. 

With the availability of continuous measurements of 222Rn using 
mobile equipment, this tracer fed into the suite of chemical and isotopic 
high-frequency measurements available for surface waters to improve 
understanding of subsurface stormflow (Chifflard et al., 2019) and 
timing of groundwater input (Unland et al., 2013). However, as with any 
dissolved gas tracer (and as discussed in Section 2.2.2) gas transfer 
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velocities need to be thoroughly determined. Even though it was shown 
that these can be well determined even in high gradient streams 
(Gleeson et al., 2018), high-flow events certainly add complexity. The 
resulting increased turbulence with higher flow velocity, debris or 
clogging, and precipitation falling on the stream would require contin
uous monitoring of gas transfer velocity (Klaus et al., 2019). Another 
uncertainty arises from draining of aquifers with different 226Ra content, 
i.e., a spatially varying 222Rn endmember. Here the combination with 
other geogenic tracers such as hydrochemistry or stable isotopes of 
strontium (Hogan and Blum, 2003), sulphate (Gu et al., 2008) or car
bonate (Meredith and Kuzara, 2012) could be useful. 

Beyond understanding the hydrology of catchments, the residence 
time distribution of the groundwater also impacts water quality at the 
catchment scale (Van der Velde et al., 2010; Pinay et al., 2015; Raymond 
et al., 2016; Barnes et al., 2018; Hare et al., 2021). The inclusion of 
radioisotopes into hydrological modelling was particularly useful to 
understand the “old water paradox”, describing the rapid mobilization 
of “old” water in traditional hydrograph separation studies (Stewart 
et al., 2010). Particularly seasonal tracers such as stable water isotopes 
didn’t represent the long tails of travel-time distributions. 3H has often 
been used to study the mean age of streamflow (Duvert et al., 2016; 
Cartwright and Morgenstern, 2018), however, tracers with a shorter 
half-life should be added, as rivers compose of a large fraction of sub- 
yearly water age (Jasechko et al., 2016). While one could argue that 
these fractions are covered by seasonal tracers (Kirchner, 2016), short- 
lived radioisotopes have the potential to prove/disprove the young 
water fraction calculated based on seasonal tracers. 

Kaste et al. (2016) suggested that the 2.6-year half-life makes 22Na a 
perfect tracer for the 1–20 years characteristic timescale of many 
catchment-scale transport processes. Visser et al. (2019) used stable 
water isotopes, 3H, 22Na, and 35S to determine water ages of streamflow 
for a catchment in the Sierra Nevada. The unique combination of these 
age tracers allowed them to constrain the parameters of a hydrological 
model and determine the relationship between the ages of water that is 
stored in the catchment and water in the stream. However, studies on 
22Na, and 35S are restricted at the moment to very small headwater 
streams in the litre per second range. 35S, covering very well the young 
water fraction with regards to its half-life, has the potential to quantify 
accurately the proportion of event water. 

It can be concluded that only a combination of tracers reaches to an 
accurate approximation of the hydrochronology of a stream. As stream 
water is mainly composed of shallow groundwater (Ferguson et al., 
2023), the use of short-lived radioisotopes to refine hydrological models 
seems only logical. “Super-sites”, i.e., well-equipped exemplary catch
ments, that allow testing different tracers and process-based hydrolog
ical models could be a promising way forward to improve our 
understanding of streamflow generation under a changing climate. 

3.5. Precipitation characteristics and groundwater recharge mechanisms – 
an outlook 

Isotope hydrology is using stable isotopes to understand factors such 
as the minimum precipitation rate to achieve groundwater recharge or 
tracing single recharge events through highly dynamic systems, i.e., 
isotope tempestology (e.g., Welsh and Sánchez-Murillo, 2020). Radio
genic isotopes vary similarly in their activity concentrations with the 
different precipitation events (see Sections 2.1.1. and 2.1.5). Precipita
tion type (snow/rain, drop size, intensity), origin of air masses, cloud 
formation and seasonality influence the activity concentration (Ioanni
dou and Papastefanou, 2006; Schubert et al., 2021; Terzer-Wassmuth 
et al., 2022a, 2022b). Therefore, short-lived cosmogenic radionuclides 
have the potential to complement water stable isotopes and 3H to 
enhance understanding of different precipitation events and their 
impact on water resources. However, we are not aware of any studies so 
far that were using multi-tracer approaches including water stable iso
topes, 3H and short-lived radionuclides for investigating the impact of 

specific precipitation events on groundwater recharge. Further investi
gation is encouraged here. 

4. Conclusions  

o Many tracers presented in this review have either not yet been 
applied in hydrogeological studies at all (32P/33P) or have been used 
for this purpose only very sparsely (35S, 7Be). 224/223Ra has been used 
widely as aqueous tracer, but only in very specific applications 
mainly in the coastal sea. 222Rn has been used in a wide range of 
groundwater/surface water interaction studies. Still, its half-life 
would also allow using it to narrow down estimated ages deduced 
from 35S or 7Be data (for example in studies looking at river bank 
infiltration or at MAR sites). Similarly, cosmogenic isotopes could 
help to reduce uncertainties that are related to unknown 222Rn 
degassing rates in open channels or emanation rates of 222Rn. Hence, 
the full potential of multi-tracer approaches using short-lived ra
dioisotopes is only insufficiently exploited yet and needs to be 
assessed more thoroughly.  

o For water resource managers, the short-lived, naturally occurring 
radioisotopes presented in this review have clear advantages over 
artificial tracer tests or pumping tests. These advantages include 
reliable minimum residence times without the need to monitor the 
spring or well continuously and the assessment of dynamic systems 
over time such as river banks, flood plains and MAR sites. To have 
reliable information that the youngest water fraction in a system is 
not below a year is in many assessments most important, as it allows 
to assess vulnerability to pathogens, contamination from industrial 
accidents and natural disasters.  

o One way to accelerate the application and to use the benefits of 
multi-tracer approaches applying short-lived radioisotopes would be 
to test their joint utilisation and compare their individual suitability 
at well-equipped “super-sites” characterized by exemplary and well- 
known hydrogeological settings. Some of the discussed tracers have 
already been tested in such model catchments or well fields but to 
our knowledge there is no study that combined thorough monitoring 
of any of the presented short-lived isotopes over at least one year in 
precipitation and/or surface water or groundwater. Furthermore, 
most field studies were not combined with complementary experi
ments such as tracer retention in the soil or aquifer matrix or impact 
of different rock/sediment types.  

o Besides the benefits for hydrogeological studies, monitoring the suite 
of cosmogenic radioisotopes at such a “super-site” in precipitation 
would also improve our understanding of cosmogenic 3H in the at
mosphere. Consequently, this would improve the attempts to model 
3H in the atmosphere and its use as an age tracer in hydrogeology. 

Additionally, to the “super-site” approach, global data is needed to 
verify the applicability of cosmogenic radioisotopes as proxy parameters 
for each other. For precipitation 35S there was no data found for the 
tropics and the southern Hemisphere; for radio‑phosphorus only two 
studies exist. Even though 7Be is much better investigated there is still 
little comparative studies to investigate the differences between air and 
precipitation samplers. 
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