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A B S T R A C T   

Underground-produced 37Ar can be used for underground nuclear explosions (UNE) detection and for ground-
water dating. The quantification of the emanation, that is the fraction of activity produced in the rock that es-
capes to the pore space, is essential for predicting the background activity expected in natural environments. We 
propose an experiment in which artificial CaCO3 powder and natural rock particles are irradiated with neutrons 
in a routinely operated medical cyclotron, whose energy spectrum is experimentally measured. The produced 
activity was quantified and compared with the emanated activity to determine the emanating fraction. The 
results showed consistent and reproducible patterns with a dominance of the recoil process at small scales (<2 
mm). We observed emanation values ≤ 1% with a dependency on the grain size and the inner geometry of 
particles. Soil weathering and the presence of water increased the recoil emanation. The atoms produced that 
were instantaneously recoiled in the intra- or inter-granular pore space left macroscopic samples by diffusion on 
timescales of days to weeks (Deff = 10− 12 – 10− 16 m2 s− 1). This diffusive transport determines the activity that 
prevails in the fluid-filled pore space accessible for groundwater or soil gas sampling.   

1. Introduction 

In geoscience, isotopes produced underground are used for wide-
spread applications like for example exposure dating [36Cl, 10Be (Alfi-
mov and Ivy-Ochs, 2009; Schaller et al., 2002)], groundwater dating 
[39Ar, 37Ar, 4He, 222Rn (Lehmann and Purtschert, 1997; Peel et al., 2022; 
Schilling et al., 2017; Solomon et al., 1996)], or nuclear explosion 
monitoring [37Ar, 131Xe, 133Xe (Aalseth et al., 2011; Guillon et al., 2016; 
Riedmann and Purtschert, 2011)]. The relationship between the number 
of atoms produced in the rock and the number of atoms released in the 
surrounding fluid phase is crucial for many of them. This so-called 
emanation fraction determines substantially the activities that are ulti-
mately observed in the pore space. Emanation is commonly difficult to 
predict because it depends on many factors including the production 
mechanism, specific location of production in the grain, and rock 
characteristics. The release mechanisms involved include instantaneous 
recoil, time-dependent diffusion, and advective transport. Stable nu-
clides accumulate in the rock until a production-emanation equilibrium 
is achieved. Hence, the number of atoms produced equals the number of 
atoms reaching the fluid phase. In sedimentary aquifers this situation is 

often realized for 4HeRAD, which is produced in the U/Th decay chains. 
In contrast, for radioactive nuclides emanation is limited because part of 
the produced atoms decays during the emanation process (Yokochi 
et al., 2012). 

Among isotopes produced underground, 37Ar is a radioactive noble 
gas [t1/2 = 34.95 ± 0.08 days, Renne and Norman (2001)] with multiple 
applications. For instance, 37Ar is used as an indicator of clandestine 
underground nuclear explosions (UNE) during on-site inspections (OSI) 
under the Comprehensive Nuclear Test-Ban Treaty (CTBT) (Aalseth 
et al., 2011; Carrigan et al., 1996). It is produced in large amounts by 
neutron activation of calcium (reaction channel: 40Ca(n,α)37Ar) in the 
cavity melt and in the rock surrounding an UNE cavity (Haas et al., 
2010). Activity concentrations in subsurface gas exceeding natural 
background levels can thus be interpreted as a signal of a nuclear test 
(Guillon et al., 2016; Riedmann and Purtschert, 2011). 37Ar is also used 
for young groundwater dating, where its activity in water is an indicator 
of the depth-integrated underground water residence time (Schilling 
et al., 2017). This is important for river water recharge in alluvial 
aquifers. 37Ar has potential applications as an indicator of 39Ar under-
ground production (Edmunds et al., 2014; Forster et al., 1989). 
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37Ar is naturally produced in the atmosphere by cosmic-ray neutron 
capture on 40Ar (reaction channel: 40Ar(n,4n)37Ar). The resulting 
tropospheric specific 37Ar activity concentration is ~1 mBq/m3

air 
(Johnson et al., 2015; Lal and Peters, 1962; Riedmann and Purtschert, 
2011). These levels are negligible compared to 37Ar activities produced 
and released in the underground. In shallow depths (up to a few meters), 
37Ar is predominantly produced by the activation of calcium (Ca) by 
cosmogenic neutrons via the reaction 40Ca(n,α)37Ar (Fabryka-Martin, 
1988). This leads to activity concentrations in soil air of up to 1000 
mBq/m3

air (Riedmann and Purtschert, 2011). At greater depths, muon 
capture processes and reactions by muon-induced neutrons and neu-
trons from and U/Th decay chains become increasingly important 
(Heisinger et al., 2002; Spannagel and Fireman, 1972; Šrámek et al., 
2017). However, the reaction 36Ar(n,γ)37Ar on argon dissolved in air 
equilibrated water is negligible in most cases: a rock with 1 wt% Ca, 20% 
porosity, and 1% emanation releases 300 times more 37Ar than what is 
produced on 36Ar dissolved in air saturated water. 

Constraining emanation fractions in groundwater field studies or in 
soils is problematic because of the difficulty in distinguishing between 
production and transport mechanisms. Radioargon emanation fractions 
of 0.1–20% have been previously estimated in field scale studies 
(Andrews et al., 1991; Krishnaswami and Seidemann, 1988; Lehmann 
and Purtschert, 1997; Loosli et al., 1989; Pearson et al., 1991). 40Ar/39Ar 
rock dating studies reached similar conclusions (Jourdan et al., 2007; 
Onstott et al., 1995; Paine et al., 2006). Alternatively, emanation frac-
tions can be determined under laboratory conditions, where soil samples 
are stored in closed chambers in which the activity builds up over time 
(Chau et al., 2005). An intrinsic complication is poor knowledge of the 
energy-dependent production cross-section, especially for thermal and 
epithermal neutrons. Few irradiation experiments have been performed 
to constrain the thermal production cross section (Forster et al., 1989; 
Wilson and Biegalski, 2015). Johnson et al. (2021, 2018) suggested an 
experimental setup to determine the 37Ar emanation fractions. However, 
a systematic assessment of 37Ar emanation in natural samples of various 
sizes and a broadening of the concepts to real aquifer cases are, to our 
knowledge, still lacking in the literature. Many experimental and nu-
merical emanation studies have been conducted on radon (222Rn). In 
particular, Sakoda and Ishimori (2017) presents a detailed review of the 
state-of-the-art in this domain, whose concepts can be applied to other 
isotopes, including 37Ar. 

Herein, we present an experiment in which natural samples are 
exposed to a low-intensity neutron field available at the medical 
cyclotron facility at the Bern University Hospital [Inselspital; (Braccini, 
2016)]. Neutrons are produced using a (p,n) reaction and the neutron 
spectrum was measured using a novel neutron spectrometer, DIAMON 
(Pola et al., 2020). The emanated 37Ar atoms were extracted, and their 
activity was measured in gas-proportional counters. The produced 37Ar 
activity was calculated and the emanation fractions of (i) pure calcite 
powder, (ii) unconsolidated aquifer sediment powder, (iii) various size 
fractions of sieved aquifer material, (iv) aquifer pebbles, and (v) lime-
stone fragments were determined as the ratio between the activity 
measured and the activity produced. A conceptual model of emanation 
in porous aquifers, describing a two-step process consisting of instan-
taneous recoil followed by time dependent diffusion, is proposed. The 
factors controlling recoil emanation, such as grain size, target element 
distribution, weathering, and the presence of water, are discussed based 
on our results. The importance of diffusion in the solid phase at various 
temperatures was assessed and further constrained using a heating 
experiment. Finally, the relevance of the diffusion processes in the pore 
space of macroscopic samples was examined using a simplified spherical 
grain model. 

2. Methods 

2.1. Experiment 

2.1.1. Sample description and treatment 
Five different groups of samples were investigated: 
Group (i): As a simple model and reference material, ultrapure 

calcium carbonate powder [calcite (=CaCO3); >99.95% purity, Sigma- 
Aldrich-398101] was used to determine the production of Ca2+ with 
limited structural effects or interfering reactions. This powder has a 
homogeneous mineralogy of pure calcite, which results in 40 wt% cal-
cium, and an average particle size of 17 ± 7 μm (determined by mea-
surements on representative 30–50 grains in a light microscope). 37Ar 
temperature-dependent emanation from this material was further 
investigated in a heating experiment (Section 4.4). 

Group (ii): Natural soil and sediment samples were collected from a 
drill core (P-54, Table 1) in Emmental, an alluvial valley in west-central 
Switzerland. This aquifer is composed of Pleistocene glaciofluvial sedi-
ments: sandy gravels and cobbles, with a variable proportion of silts 
(Käser and Hunkeler, 2016; Schilling et al., 2017). The core was 8 m long 
and subdivided into 1 m sections. Each depth interval was mixed and 
sampled to assess its chemical composition. At “Activation Laboratories” 
(in Ontario, Canada), the samples were first dried at 105 ◦C for several 
hours, pulverized, and fused with lithium metaborate/tetraborate 
before being digested in a weak nitric acid solution. The elemental 
composition was then analyzed by ICP-MS (Table A-1 in Appendix A; 
Actlabs, 2020). The proportion of calcium was stoichiometrically 
derived from the oxide form (CaO, Table 1). The average grain size of the 
powdered sediment samples was 1.9 ± 0.8 μm. 

Group (iii): Sections ranging from 1 to 3 m of the above-described 
drill core were merged, mixed, and sieved into five different particle 
size categories (Fig. 1). The chemical composition of the merged sample 
P54–B is the average of the intervals P54-2 and P54-3. 

Group (iv): Two solid-rock pebbles were collected from the drill core 
of borehole P54. After being cleaned with fresh water, the samples were 
dried for several hours at room temperature. After irradiation, petro-
graphic thin sections were prepared for the structural analyses. The 
remainder of the samples were pulverized to determine their chemical 
composition. The first used pebble was a gneiss consisting mainly of 
quartz, albite, white mica, and chlorite with a micrometer-scale porosity 
of <1% which was visually estimated from the SEM images (Fig. B-1 in 
Appendix B). Calcium was less abundant (<1 wt%) than potassium 
(approximately 2 wt%). The second used pebble was siliceous limestone 
consisting of ~65 wt% calcite, ~35 wt% quartz, and accessory iron 
oxides (e.g., hematite and/or magnetite). Its porosity was also approx-
imately <1%. 

Group (v): The last type of sample was fragments of Cretaceous 
limestone (so-called “Pierre jaune de Neuchâtel” from the Hauterivian 
stage) collected from the Swiss Jura Massif (Strasser et al., 2016). This 
formation has a porosity of 8–19% (Rousset, 2006) and contains an 
average 33.7 (±0.8) wt% Ca (Table 1). Two batches of 4–5 small sam-
ples were dried for 24 h at 110 ◦C in a vacuum oven before being 
weighted. Half of the rock fragments were soaked in degassed water for 
more than 72 h. With the use of degassed water, interfering reactions on 
dissolved 36Ar are minimized. The pore water saturation in the “dry” 
sample is assumed to be 0%, resp. > 50% in the “wet” sample. This was 
determined by the wet-dry mass difference and a total porosity of 12%. 

2.1.2. Irradiation containers and conditions 
An important criterion for the selection of suitable irradiation con-

tainers is a material featuring a low cross-section for neutron capture 
and neutron scattering. CaCO3 powder samples were irradiated in tubes 
made of pure silica quartz (Heraeus Heralux®) with a diameter of 8 mm 
and a volume of ~10 cm3 (Fig. 2A). Special attention was paid to avoid 
borosilicate materials because of the high absorption cross-section of 
boron for thermal neutrons. After loading the tubes with the sample 
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material, they were evacuated (<10− 2 mbar absolute pressure) to 
remove air from the pores before being fused under vacuum. 

Natural samples from the drilling cores (groups ii-v) were irradiated 
in alloy vessels with a volume of 180 cm3. The volume section con-
taining the sample material was isolated using filters with a mesh of 20 
μm made of sintered bronze (Pfeiffer, ZRS122ZRS040) and a stainless- 
steel filter with a mesh of 60 μm (Swagelok, SS-4TF-60, Fig. 2B). Pow-
der and sieved fraction samples were placed in small nylon bags (25 μm 
mesh). In contrast to the quartz tubes, each container was used multiple 
times and carefully cleaned with alcohol and compressed air between 
irradiation runs to prevent cross-contamination. After loading the con-
tainers and before irradiation, they were evacuated for at least 24 h 
(<10− 2 mbar). In contrast, dry and wet limestone samples were irradi-
ated in a helium matrix at ~1 bar. The sample transfer from the degassed 
water to the irradiation container was also performed under a helium 
atmosphere to prevent air contamination. 

Cross-control experiments were performed to compare the neutron 

transparencies of the two types of containers (Appendix C). The results 
for identical samples but different irradiation runs and containers agreed 
within the uncertainties and confirmed the absence of systematic dif-
ferences between the two types of containers. 

2.1.3. Irradiation 
The samples were irradiated at the cyclotron laboratory at the Bern 

University Hospital (Inselspital). This 18 MeV compact medical cyclo-
tron is operated daily for the production of 18F, which is used in ra-
diotracers for positron emission tomography (PET) (Auger et al., 2016; 
Braccini, 2016). 18F is produced by bombarding liquid targets via the 
18O(p,n)18F reaction. A rich multidisciplinary scientific program is 
ongoing along with the industrial production of radiotracers (Braccini, 
2013, 2016; Braccini et al., 2011). The samples were placed in the 
so-called background position in the cyclotron bunker (i.e. not in front of 
the targets for 18F production). The neutron energy spectrum was 
characterized by an spectrometer called DIAMON (direction-aware 
isotropic and active neutron MONitor with spectrometric capabilities; 
Pola et al., 2020) at this position. The signal processing and acquisition 
system included in DIAMON is conceived to continuously derive the 3D 
directional distribution of incoming neutrons in the energy range from 
thermal energy to 20 MeV. The neutron spectrum measured in the 
sample irradiation position is shown in Fig. 3 for an integrated beam 
current (IBC) of 0.15 μAh. The IBC is the total charge of the protons that 
hit the target during the irradiation run. As neutrons are generated by 
the proton-induced nuclear reaction 18O(p,n)18F, the neutron fluence 
scales linearly with the proton beam current. The neutron fluence for 
each irradiation run was calculated from the IBC and is listed in Table 3. 
The relative neutron energy distribution was similar for all runs: 
approximately 40% of the neutrons were in the thermal energy state 
(0.025 eV), and 20% had >1 MeV. For comparison, a moderated neutron 
flux from an average crust material rock (Czubek, 1988) is shown in 
Fig. 3. Note the seven orders of magnitude difference between the 
artificial and natural neutron fluxes. Besides the difference in absolute 
amplitude, the energy distribution of the cyclotron neutrons peaks in the 
high energies (≥1 MeV), whereas natural neutrons (i.e. from average 
crust) show a flatter spectrum in this range. For an identical total 37Ar 
production, a larger fraction would arise from fast neutrons activation 

Table 1 
Irradiated samples grouped in relation to sample origin and purpose of the irradiation experiment. The given depth ranges refer to merged drill-core intervals. The 
calcium content was calculated from the CaO content (Table A-1 in Appendix). The samples P54-1 to P54-8, as well as P54–B, refer to the Pleistocene glaciofluvial 
material from a drill-core in the Emmental Valley in Switzerland.   

Sample Depth 
Range 

Type Irradiated mass 
[G] 

Particle sizea CA [WT%] Purpose 

GROUP (I) CaCO3  Powder 2.7 17 (±7) μm 40 Production mass dependency (20 ◦C)  
5  
8  

5.1 Heated for 8 h at 200 ◦C  
5 Heated for 8 h at 500 ◦C  

5.1 Heated for 8 h at 800 ◦C 
GROUP (II) P54-1 0–1 m Powder 50 1.9 (±0.8) μm 5.8 Recoil emanation assessment 

P54-2 1–2 m 7.59 9.0 
P54-3 2–3 m 7.66 11.5 
P54-4 3–4 m 50.8 12.1 
P54-5 4–5 m 7.39 13.4 
P54-8 7–8 m 51.1 19 

GROUP 
(III) 

P54–B 1–3 m Sieved fraction 11.3 >2 mm 10.3 Particle size emanation dependency 
16.2 2 mm–600 μm 
11.3 600 μm–212 

μm 
12.4 212 μm–63 μm 
11.4 <63 μm 

GROUP 
(IV) 

Gneiss  Pebbles 31.5 3.5 × 4 × 1 cm 0.4 Emanation from undisturbed macroscopic rock 
fragments Siliceous 

limestone  
31.32 3 × 3 × 1.5 cm 26.4 

GROUP (V) Yellow limestone  Limestone 
fragments 

37–39 2 × 2 × 3 cm 33.7 
(±0.8) 

Water emanation dependency  

a For the pebbles, the “particle size” refers to the actual pebble size. For the limestone, the “particle size” refers to the average size of the irradiated fragments. 

Fig. 1. Weight fraction in each particle size category for the sample P54–B. The 
material was first sieved through mesh apertures of 0.063, 0.212, 0.6 and 2.0 
mm and weighted. 
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processes in the cyclotron; therefore, resulting in longer recoil ranges. 
The 37Ar production rate P37, is the product of the concentration of 

target atoms Ntg, energy-dependent reaction cross section σ(E), and 
neutron flux Φ̇(E) (Eq. ). The symbols used and units are listed in 
Table D-1 in Appendix D. The nuclear cross sections of the reaction 
channels for the 37Ar production with incident neutrons from the 

database BROND-3.1 are presented in Fig. 3 (Blokhin et al., 2016). 
Integrating the cross-section and neutron flux resulted in the production 
rate per target atom (Table 2). 

P37 =Ntg

∫ Emax

0
σ( E) ⋅ Φ̇( E) dE (1) 

Fig. 2. Irradiation containers and transfer lines used to retrieve the emanated activity. A) Quartz tube in the cracker system; B) Alloy Vessel; C) Transfer line. 
Ultimately, the gas collected in the flask is used to fill low-level proportional counters. 

Fig. 3. (top) Measured neutron spectrum at the sample location in the cyclotron (black line) for an integrated beam current of 0.15 μAh, and moderated neutron 
spectrum from an average crust material rock (Czubek, 1988) (blue dashed line); (bottom) Reaction cross sections for the different 37Ar production channels. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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2.1.4. Activity retrieving and measurement 
After irradiation, the samples were stored for >1 day, allowing the 

high activity short-living radioisotopes to decay. The activity emanated 
from the calcite powder in the quartz tubes was extracted using a cracker 
system consisting of two stainless-steel tubes joined with a flexible 
plastic tube (Fig. 2A). After evacuating the cracker system, the glass was 
broken by bending the plastic tube. The cracker volume was then floo-
ded with pure argon (~1 bar) and left for 30 min, allowing for the entire 
gas phase to equilibrate, thereby highly minimizing the risk that a vol-
ume of gas emanated stays trapped in the quartz tube (i.e. a “dead gas” 
pocket). In the final step, the carrier argon and the sample were passed 
over a getter (Omni1000, NuPure) to remove the remaining reactive 
gases and cryogenically transferred to an activated charcoal-filled 
sample flask (Fig. 2C). This gas flushing and capturing procedure was 
repeated five times, resulting in a total argon volume in the flask of 
1.4–2 L. 

The procedure to recover the emanated activity in the alloy vessels 
was similar: the evacuated vessel was flooded with pure argon (at ~1 
bar) and left for gas equilibration for 10–15 min. The gas was then 
transferred over the getter and into the flask at liquid N2 temperature. 
The entire flood-retrieval procedure was repeated four times for each 
sample, resulting in an argon volume transfer of 1.5 L. 

This transfer procedure was slightly adapted for the dry and wet 
limestone samples that were irradiated in a helium matrix. For these 
samples, an additional activated charcoal (AC) trap was placed on the 
transfer line between the vessel and capture flask (Fig. 2C). In this 

manner, argon, which was trapped at liquid N2 temperatures, was 
separated from helium, which was not retained at this temperature and 
could be pumped out of the system. 

Selected powder samples from the sediment powders and the two 
pebbles were stored in evacuated alloy vessels for 1–3 additional months 
before repeating the entire transfer procedure. The purpose of this 
procedure was to assess the efficiency of the initial transfer and inves-
tigate long-term emanation (Section 3.2). 

For all samples, the gas was filled in proportional counters in the 
final step and measured by low-level counting (LLC) in the Deep Lab of 
the University of Bern (Riedmann and Purtschert, 2011). The decay 
corrected gross activities (Agross) are reported in Table 3. Subtracting the 
background activity, which is described in the following section, results 
in the net activities (Anet). The total emanation εT is then calculated as 
following: 

εT =
Anet

P37
(2)  

2.2. Blanks and background activities 

The pure carrier tank argon used to transfer the activity emanated to 
the counting system is subjected to 37Ar production from cosmic ray 
neutron interactions. The resulting equilibrium activity concen 
tration at sea level is 1.06 (±0.15) mBq⋅kg− 1

Ar (Saldanha et al., 2019). At 
20 ◦C [ρAr = 1.641 (±0.003) kg⋅m− 3], this corresponds to 1.3 (±0.1) ×
10− 6 mBq⋅cm− 3

STP, Ar. This is three orders of magnitude lower than the 
average tropospheric 37Ar activity concentration of 10− 3 mBq⋅cm− 3

STP,Ar 

Table 2 
37Ar production channels. The production rate (per atom of target) resulting from the folding of the cyclotron neutron flux and the reaction cross section (Fig. 3) is 
normalized for IBC = 1 μAh. The contribution from each neutron energy range to the total production rate is also detailed.  

Parent Isotopic abundance Reaction Production rate[37Ar s− 1 Ntg 
− 1] Contributing neutron energy ranges [%] 

Thermal (≤0.025 eV) Epithermal (0.025 eV–1 MeV) Fast (≥1 MeV) 
40Ca 0.9694 40Ca(n,α)37Ar 1.65 × 10− 22 1.2 37.6 61.2 
36Ar 0.0033 36Ar(n,γ)37Ar 1.06 × 10− 19 42.7 57.3 <0.1 
39K 0.9396 39K(n,3H)37Ar 2.88 × 10− 29 0 0 100  

Table 3 
Neutron fluence (nf), activity produced P37, gross and net activities (Agross, Anet), extrapolated background BGext, resulting emanation εT (Eq. (1)), and minimum 
detection activity (MDA) for all samples. The uncertainties on εT are absolute uncertainties. The activities are reported in mBq and corrected for decay between the end 
of the irradiation and the measurement. The P54-samples originate from Pleistocene glaciofluvial sediments.  

Sample nf [cm− 2] × 1011 P37[Bq] Agross[mBq] BGext[mBq] Anet[mBq] εT[%] MDA [mBq] 

Quartz tubes 
CaCO3 | 2.7 g 6.9 4.2 ± 0.3 1.0 ± 1.2 0.2 ± 0.9 0.8 ± 1.2 0.02 ± 0.03 0.3 
CaCO3 | 5 g 6.9 7.7 ± 0.5 2.3 ± 0.8 0.2 ± 0.9 2.0 ± 0.8 0.03 ± 0.01 0.2 
CaCO3| 8 g 6.9 12.3 ± 0.9 4.3 ± 1.0 0.2 ± 0.9 4.0 ± 1.0 0.03 ± 0.01 0.1 
CaCO3| 5 g | 200 ◦C 6.9 7.9 ± 0.6 5.2 ± 1.7 0.2 ± 0.9 4.9 ± 1.7 0.06 ± 0.03 0.3 
CaCO3| 5 g | 500 ◦C 6.9 7.6 ± 0.5 106 ± 3 0.2 ± 0.9 105 ± 3 1.4 ± 0.1 0.2 
CaCO3| 5 g | 800 ◦C 6.9 7.8 ± 0.6 776 ± 4 0.2 ± 0.9 776 ± 4 9.9 ± 0.7 0.2 
P54-2 6.9 1.5 ± 0.1 37 ± 2 0.2 ± 0.9 36 ± 2 2.4 ± 0.3 0.2 

Alloy vessels 
P54-1 13.1 20 ± 1 1230 ± 18 36 ± 20 1195 ± 38 6.0 ± 0.6 1.3 
P54-2 3.9 1.5 ± 0.1 61 ± 10 11 ± 6 51 ± 16 3.3 ± 1.3 1.4 
P54-3 3.9 2.0 ± 0.2 44 ± 9 11 ± 6 33 ± 15 1.7 ± 0.9 1.3 
P54-4 13.1 42 ± 3 550 ± 17 36 ± 20 514 ± 37 1.2 ± 0.2 1.2 
P54-5 3.9 2.2 ± 0.2 50 ± 8 11 ± 6 40 ± 14 1.8 ± 0.8 1.3 
P54-8 13.1 66 ± 4 966 ± 24 36 ± 20 930 ± 44 1.4 ± 0.1 1.5 

P54–B|> 2 mm 19.6 13.1 ± 0.8 104 ± 7 53 ± 29 51 ± 37 0.4 ± 0.3 2.0 
P54–B|2 mm–600 μm 3.9 3.8 ± 0.3 27 ± 5 11 ± 6 27 ± 11 0.7 ± 0.4 1.7 
P54–B|600 μm–212 μm 4.2 2.9 ± 0.3 22 ± 2 12 ± 6 11 ± 9 0.4 ± 0.3 0.3 
P54–B|212 μm–63 μm 19.6 12 ± 1 127 ± 9 53 ± 29 127 ± 38 1.0 ± 0.4 1.3 
P54–B|< 63 μm 4.2 2.9 ± 0.3 27 ± 3 12 ± 6 16 ± 9 0.5 ± 0.4 0.9 

Gneiss 4.2 0.32 ± 0.04 33 ± 3 12 ± 6 22 ± 9 6.8 ± 3.8 0.3 
Siliceous limestone 4.2 20 ± 2 15 ± 2 12 ± 6 3 ± 8 0.02 ± 0.04 0.5 

Yellow limestone | Dry 1.2 8.8 ± 1.5 31 ± 2 3 ± 2 28 ± 4 0.3 ± 0.1 0.4 
Yellow limestone | Wet 1.2 9.1 ± 1.2 78 ± 3 3 ± 2 75 ± 4 0.8 ± 0.2 0.4  
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(Purtschert, 2017), for which the production by high-energy neutrons in 
the high atmosphere and stratosphere layers represents the most sig-
nificant source. The minimum detectable activity (MDA) is the activity 
allowing the detection of a peak with 95% confidence level. For each 
sample, the MDA is calculated as described in Riedmann and Purtschert 
(2011) (Table 3). In general, for typical measurement conditions (50 
cm3 counter filled at 10 bars, 0.47 counting yield), it is about 8 × 10− 4 

mBq⋅cm− 3
Ar . Thus, the specific activity concentration of the tank argon 

can be neglected. 
Several background measurements were performed in both types of 

irradiation containers without samples. Background counts could orig-
inate from filters, seals, air contamination, and cross-sample contami-
nation after cleaning and reusing the alloy containers. The activities 
measured in these blanks as a function of the neutron fluence from their 
irradiation runs are presented in Fig. 4. The quartz tube blank irradia-
tion resulted in an activity of 0.2 (±0.9) mBq (Table 3), which is in the 
order of the MDA for this sample. A first blank measurement of the 
empty alloy vessels resulted in an activity of 0.84 (±0.07) mBq, for a 
neutron fluence of 3.9 × 10− 11 n⋅cm− 2 (IBC = 1183 μAh), which is also 
in the MDA range. However, subsequent measurements in all vessels 
resulted in blank activities of up to 25 (±2) mBq, with some correlation 
with neutron fluence (Fig. 4). Contamination of the vessel filters or the 
different elements along the transfer line (getter and tubes) was 
excluded by subsequent laboratory tests. The linear dependency of the 
background activity on the neutron fluence points to the production by 
interfering reactions. The most critical one is 37Ar production on 36Ar 
contained in the remaining traces of air in the sample, or from the 
outgassing of filters and rubber sealings. In the neutron energy range <2 
MeV, the 36Ar(n,γ)37Ar reaction has a larger cross-section than that of 
40Ca (Fig. 3). To explain the observed scatter of background values, air 
volumes of 5–15 μLSTP (36Ar/Ar = 0.33%) are sufficient (shaded area in 
Fig. 4). This corresponds to a residual pressure of ~0.05 mb in the 180 
cm3

STP containers, which is slightly higher than the vacuum applied prior 
to irradiation (<0.01 mb). The reason for the marginally elevated 
background values could not be conclusively identified. Based on the 
neutron fluence nf for each measurement in the alloy vessels, back-
ground values were estimated as BGext [mBq] = 2.7 × 10− 11 ⋅ nf (solid 
line in Fig. 4 and values in Table 3). 

In the cyclotron, as well as underground, 37Ar is primarily produced 
by the 40Ca(n,α)37Ar reaction channel owing to the predominance of 

calcium atoms. Our emanations refer only to the calculated activity 
estimated for this production channel. Interfering reactions, defined as 
reactions occurring on targets other than 40Ca, would thus lead to an 
emanation overestimation. The possible reaction on potassium, 
39K(n,3H)37Ar, is insignificant owing to the very small reaction cross- 
section for neutron energies <9 MeV (Fabryka-Martin, 1988). 

3. Results 

3.1. Emanation fractions 

The emanation fractions at room temperature for all the experiments 
are summarized in Fig. 5. The lowest emanation fractions in the 
powdered samples were observed for calcite, with a median value of 
0.03 (±0.01)%. In addition, the CaCO3 powder samples were used to 
confirm the constant production rate dependency on the mass of calcite 
at room temperature (Appendix E). For the sediment powder, an 
emanation of 1.8 (±0.6)% was obtained, whereas particle sizes ranging 
from 63 μm to 2 mm resulted in 0.5 (±0.3)% emanation (Table 3). The 
errors represent the standard deviations of the emanation values for 
each sample type and are absolute uncertainties. For the pebbles, the 
emanation was calculated from the activity measured directly after 
irradiation (Anet), as well as from the total activity after a storage time of 
approximately one month (described in Section 3.2, Table 4). These 
activities resulted in emanations of 7 (±4)% and 10 (±5)%, respectively, 
for the gneiss and 0.02 (±0.04)% and 0.07 (±0.06)%, respectively, for 
the siliceous limestone. Finally, the emanation fractions for the dry and 
wet limestone were 0.3 (±0.1)% and 0.8 (±0.2)%, respectively. 

3.2. Sample storage 

The results presented in the previous section correspond to the ac-
tivity released shortly after irradiation. Selected samples were stored in 
an evacuated irradiation container for 1–3 months before repeating the 
transfer procedure. The residual activity AS was then corrected for 
radioactive decay and compared to the net activity measured initially 
(Anet,Table 4). In the sediment powder samples, this residual fraction 
was between 0.3% and 12.6% of the previous net activities. In contrast, 
the residual fraction was 41% for the gneiss and 350% for the siliceous 
limestone. The sum of instantaneous and delayed released activities (last 
column in Table 4) is then compared with the calculated activity 

Fig. 4. Background measurements: 37Ar activity produced as a function of the 
neutron fluence (calculated from the IBC) during the irradiation of the empty 
containers. The solid line is the linear least squares regression with the neutron 
fluence. Air volumes of 5–15 μL would result in background values indicated by 
the shaded area [from the reaction 36Ar(n,γ)37Ar]. This also corresponds to the 
95% confidence interval of the linear fitting. The average MDA for the blank 
irradiation conditions is 0.44 mBq (not visible). 

Fig. 5. Emanation fractions at room temperature. Lines (with ranges) refer to 
measurements shortly after irradiation. The dashed line for the gneiss and the 
siliceous limestone corresponds to the total emanation after one month of 
storage (s) (Table 4; Sections 3.2 and 4.5). Limestone values were measured for 
dry (d) and wet (w) samples. n refers to the number of measurements and the 
dot for the sediment powder is an outlier. 

S. Musy et al.                                                                                                                                                                                                                                    



Journal of Environmental Radioactivity 251–252 (2022) 106966

7

produced P37 (Table 3), resulting in total emanation fractions of 9.5% for 
the gneiss resp. 0.07% for the siliceous limestone (dotted lines in Fig. 5). 
This delayed release is discussed in the context of diffusion emanation in 
Section 4.5. 

4. Discussion 

4.1. Conceptualization of the emanation process 

The emanation process from the macroscopic samples can be 
described using a two-step process. First, the nuclide was transferred 
from the solid mineral phase into a pore space by instantaneous recoil. 
This process is described by recoil theories [(Onstott et al., 1995); Sec-
tion 4.2] and is called the emanation power in the context of 222Rn 
emanation (Semkow, 1990). The volume and geometry of the pore space 
in which the nuclide, in our case 37Ar, is released, depend on the scale of 
the system considered. This can range from the internal structure of a 
grain (Fig. 6A) or a solid piece of rock (Fig. 6B) to a coarser porosity in 
the case of an aggregate of smaller sub-clasts (Fig. 6C). Herein, it is 
assumed that the production is homogeneous in all sub-compartments. 

In the second step, the released nuclides migrate by time-dependent 
diffusion from the internal pore space to an outer macroscopic pore 
volume, where it is eventually sampled and measured (Section 4.5). The 
transport process from the site of production (i.e. the rock) to the volume 
available for advective transport is especially important during 
groundwater extraction in aquifers and gas extraction in soils. These 
methods are carried out in boreholes and drain the most conductive 
parts of the system, and therefore inherently resulting in flow averaged 

concentrations (Musy et al., 2021). This is especially the case for 37Ar, 
where large sample volumes are required for analysis (Loosli and Purt-
schert, 2005). Assessing the emanation at the aquifer scale (Fig. 6D) is 
then essential to constrain the importance of underground production in 
the activities measured. 

In 222Rn literature, diffusion through the pores of macroscopic 
samples is called exhalation (Sakoda and Ishimori, 2017). This is not to 
be confused with solid-phase diffusion in the crystal lattice that occurs 
simultaneously with recoil emanation (Flügge and Zimens, 1939; Mar-
aziotis, 1996). This slow process can be neglected at ambient tempera-
ture for 37Ar because of its relatively short half-life but becomes 
significant at higher temperatures (Section 4.4). 

In nature, both the recoil and diffusion processes occur simulta-
neously in a production-decay-loss steady-state equilibrium. In contrast, 
in irradiation experiments, highly transient conditions prevail because 
production occurs over a much shorter timescale than the half-life of 
37Ar. We define the total emanation fraction εT, which is given by the 
product of the recoil emanation εR and macroscopic diffusion emanation 
(or exhalation) εD (Eq. (3)). Note that these two processes occur suc-
cessively and are therefore described as a product in Eq. (3) in contrast 
to simultaneous processes, which would be parameterized by a sum. In 
the following section, we interpret our data using this simple concept. 
For a spherical grain with radius r0 and recoil range R, the recoil 
emanation εR is described by Eq. (4) (Flügge and Zimens, 1939). When 
2r0 ≫ R, the second term can be neglected. Similarly, the steady-state 
diffusive emanation fraction εD can be defined from the particle size 
and effective diffusion coefficient D (Eq. (5)) for spherical conglomer-
ates with radii larger than the diffusion length (r0 > L). For short times t 

Table 4 
Activity measured shortly after the irradiation (Anet) and activities AS that emanated during an additional storage time of 1–3 months (decay corrected). The total 
activity is the sum of Anet and AS.   

Anet 

[mBq] 
Activities after storage AS [mBq] Residual fraction [%] Total activity 

[mBq] 
1 month 2 months 3 months 1 month 2 months 3 months 

P54-1 1195 7.8 ± 2.0    3.3 ± 1.9 0.65 ± 0.17    0.27 ± 0.16 1206 ± 40 
P54-2 51    3.1 ± 3.0       6.05 ± 6.27    53.7 ± 17.1 
P54-3 33    4.2 ± 2.3       12.59 ± 8.94    37.5 ± 15.4 
P54-4 514 4.6 ± 1.7       0.90 ± 0.34       519 ± 33 
Gneiss 22 8.9 ± 2.4       41.4 ± 20.6       30.5 ± 8.2 
Siliceous 

limestone 
3.2 11.2 ± 2.7       350 ± 255       14.4 ± 9.4  

Fig. 6. Conceptualization of the emanation process on different spatial scales. A) Recoil emanation from a spherical grain with a radius r0 and recoil range R followed 
by B) diffusive migration from macroscopic samples (particle) of size S1 and diffusion length L or C) from conglomerates of dimension S2 in D) natural systems. Our 
experiments provide information about the scales A) and B). 
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≪ T = λ− 1, the diffusion length L can be replaced by the depletion layer 
xd [Eq. (6), Jourdan et al. (2007)]. 

εT = εR⋅εDwith εT ≤ εR (3)  

εR =
3
4

R
r0
−

1
16

(
R
r0

)3

for 2r0 ≤ R (4)  

εD = 3⋅
L
r0

with L =

̅̅̅̅
D
λ

√

(5)  

xd =
̅̅̅̅̅̅̅
D⋅t

√
(6) 

The recoil range R of particle B, produced in a nuclear reaction of 
type A(a,b)B, depends on the momentum of the incident particle a, the 
masses of the reaction partners involved (A, b, and B), the reaction en-
ergy, and the density of the surrounding media. The recoil range of the 
reaction 40Ca(n,α)37Ar in a medium with a density ρ = 2.6 g cm− 3 has 
been estimated to be in the range of 0.1–0.3 μm (Onstott et al., 1995). 

4.2. Recoil-dominated emanation 

In irradiated pulverized samples, recoil emanation is likely the 
dominant process to consider, while diffusion is of minor importance. 
For a given recoil range, it is expected that the finer the powder, the 
larger the emanation fraction. The higher emanation observed in the 
sediment powder than in the calcite powder is attributed to the grain 
size difference. The average grain size (= 2r0) of the calcite powder was 
17 μm and only 1.9 μm in the sediment powder samples (Table 1). Using 
Eq. (4) with R = 0.2 μm, the theoretical recoil emanation was 18% for 
the sediment powder and 1.7% for the calcite powder. However, these 
values must be regarded as upper estimates because the process of im-
plantation in the adjacent grain is not considered. If a recoiled atom has 
sufficient energy to cross the pore space, it can eventually end its course 
in the opposite grain, thereby reducing the fraction of recoil emanation 
(Fleischer, 1983). Therefore, assessing the effect or an average longer 
recoil range, associated for instance with a larger fraction of activity 
produced by high energy neutrons (as it is the case in the cyclotron, see 
Section 2.1.3) requires consideration of the pore geometry and satura-
tion conditions. 

The expected smaller emanations with increasing grain size seem to 
contradict the relatively uniform emanation values observed in the 
sieved material over a grain size range of 63 μm – 2 mm (Table 3, Fig. 7). 
The different sieved fractions can be seen as diversely sized aggregates 
of the same material (Fig. 6A and B). The recoil emanation is similar for 
all particle sizes of the same material because it depends on the grain 

packing, that is, the inner particle porosity (Peng et al., 2012). Assuming 
an effective pore diffusion coefficient of Deff = 10− 11 m2 s− 1 (see below), 
the depletion layer over one week is xd ≅ 2 mm (Eq. (6)), which is 
sufficient for the total diffusion of the activity out of the particles, even 
for the largest ones. 

After the first 37Ar extraction procedure, the powdered sediment 
samples were stored for a second time for several weeks to investigate 
delayed release owing to diffusion out of the samples. Only a very minor 
fraction of total production resided in the samples after 1–3 months 
(0.2–12.5%, Table 4), which indicates that the yield of the extraction 
procedure (Section 2.1.4) was high, but also that emanation after irra-
diation occurred predominantly by recoil in the powdered samples. A 
different situation can be expected for the macroscopic samples (Section 
4.5). 

4.3. 37Ar emanation in soil 

The measured emanation fractions of the powdered sediment 
showed a clear trend with the depth from which the samples were 
collected (Fig. 8A, Table 3). Soil is defined as unconsolidated organic or 
mineral material on the immediate surface of the Earth. In our case, this 
likely represents the top few decimeters of the sediment core. The 
chemical and structural soil constitution is strongly influenced by 
weathering processes, which decrease with increasing soil depth (Burke 
et al., 2009; Suther et al., 2021). The degree of soil-weathering can be 
parameterized by chemical weathering indices (CWIs), which are 
commonly characterized by measuring the ratios between “immobile” 
and “mobile” oxides (Delvaux et al., 1989; Price and Velbel, 2003). 
Fig. 8B shows that the emanation fractions increase with Vogt’s residual 
index V (Liu et al., 2014), which characterizes the degree of weathering 
and hence the fraction of fine clay minerals in the shallow soil horizons. 
The positive correlation can be understood by the high cation exchange 
capacity (CEC) of clay minerals (CUCE, 2007; Radulov et al., 2011). 
Thereby, negatively charged sites on clay minerals and organic matter 
surfaces adsorb cations, including Ca2+, and prevent their downwards 
leaching. This results in the agglomeration of Ca2+ ions at the external 
surface of the grains, thus enhancing 37Ar production by the 40Ca(n, 
a)37Ar reaction at sites from which 37Ar easily escapes. 

4.4. Diffusion in crystal lattices 

In a mineral grain, the radionuclides that did not escape by recoil 
may still diffuse in the crystal lattice. This so-called “solid diffusion” 
contributes to the total activity emanated in the pore space and is thus 
available for pore diffusion (i.e. exhalation). To constrain the solid 
diffusion coefficients, a heating experiment was performed using CaCO3 
powder samples (m = 5.0 ± 0.1 g). After irradiation, the samples were 
placed in a furnace for 8 h at either 200 ◦C, 500 ◦C, or 800 ◦C before 
being transferred. The total emanation fraction εT was measured for 
each temperature (Fig. 9A). As solid diffusion and recoil emanation 
occur concurrently, εT is the sum of the constant recoil emanation εR and 
temperature-dependent diffusion emanation εDs(T) (Eq. (7)). 

εT( T)= (εR + εD s ( T)) (7) 

For a heating time much shorter than the half-life (t ≪ T1/2), Eq. (8) 
applies to the relationship between diffusive emanation εDs(T) and the 
diffusion parameter DS (Flügge and Zimens, 1939). DS(T) was then 
calculated for each temperature (Fig. 9B) using Eq. (9) and fitted using 
the Arrhenius equation (Eq. (10)). The activation energy Ea and fre-
quency factor D0 can be derived from the slope and y-intercept of the 
regression line, respectively, and εR is a free-fitting parameter for the 
regression. The resulting εDs(T) calculated from DS(T) in Eq. (8) are 
shown in Fig. 9A. 

Fig. 7. Dependency of the emanation on the particle size in samples of 
differently sieved fractions. 
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εDs(T) = (εT(T) − εR ) =
3
r0

⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Ds(T)⋅t

√
= C⋅

̅̅̅̅̅̅̅̅̅̅̅̅
Ds(T)

√

with C =
3⋅

̅̅
t

√

r0

(8)  

Ds( T)= (εT( T) − εR)
2⋅C− 2 (9)  

Ds( T)=D0⋅e−
Ea
R ⋅1

T (10) 

The linearity of the data (R2 = 1) indicates a single-domain diffusion 
of Ar in calcite over the tested temperature range (Harrison and Lovera, 
2014). The εR = 0.026% resulting from the linear fitting agreed with the 
median value for calcite powders at room temperature (Fig. 5). The 
activation energy Ea = 81.7 kJ mol− 1 derived from the slope of the 
Arrhenius equation is comparable to the values concluded for plagio-
clase [85 kJ mol− 1 (Schwarz, 2001);] or quartz [51 kJ mol− 1 (Watson 
and Cherniak, 2003);]. The diffusion coefficient at room temperature 
was Ds = 5.3 × 10− 29 m2 s− 1, which is consistent with previous estimates 
in the order of 10− 26 – 10− 28 m2 s− 1 (Riedmann and Purtschert, 2011; 
Watson and Cherniak, 2003). These values resulted in a diffusion length 
of <1 nm, therefore not allowing any significant solid-diffusion 
emanation in a grain >1 μm before 37Ar decays. 

4.5. Emanation from macroscopic samples 

In contrast to the powder samples, the pebbles showed much larger 

remaining activities after a one-month storage (Table 4), indicating 
diffusive transport at a larger scale. After the atoms are released by 
recoil, this macroscopic diffusion may take place along crystal imper-
fections, grain boundaries, or in an inner network of nanopores (Rama 
and Moore, 1984) like for instance, alpha-recoil tracks (so-called “ra-
diation damages”) (Guenthner et al., 2013; Morawska and Phillips, 
1992). Consequently, the resulting effective diffusion coefficient Deff in 
the pore space is scale-dependent (Lehmann and Purtschert, 1997). For a 
given scale and radioactive tracer, a slower diffusion (linked with a 
smaller Deff) leads to a delayed emanation process, allowing more time 
for the radioactive decay and therefore an overall lower emanation 
fraction. 

The delayed release observed during sample storage was interpreted 
in the framework of a transient diffusion transport model for spherical 
grains with radius r0. The concentration CP of 37Ar within the micropore 
space after recoil is given by Eq. (11), with the initial condition CP(r, 0) 
= C0 = P37 ⋅ εR being the activity concentration recoiled in the pore space 
instantaneously after the irradiation. The activity at the outer pebble 
boundary was assumed to be constant CP(r = r0, t) = 0. The differential 
equation was solved numerically using the R-Package ReacTran 
(Soetaert and Meysman, 2012). The flux J(t) escaping the pebble with 
surface area S, as described by Fick’s first law (Eq. (12)), decreased 
exponentially with time owing to mass conservation and radioactive 
decay. 

Fig. 8. Emanation dependency on A) depth bellow surface in the sediment powder samples; B) Vogt soil weathering index determined from the measured soil 
composition in Table A-1. 

Fig. 9. A) Relationship between the emanations εT (black squares) and εDs (pink dots) of the heated CaCO3 measurements and the temperature (T) ; the pink line is 
the linear regression of εDs with εR = 0.026%. B) Arrhenius plot (Eq. (10)); the linear relationship between the solid diffusion coefficient DS calculated with Eqs. (9) 
and 1/T. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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∂Cp(r, t)
dt

=Deff
∂2Cp(r, t)

∂r2 − λCp(r, t) (11)  

J( t) = S ⋅ D ⋅
∂Cp

∂r

⃒
⃒
⃒
⃒

r=r0

(12)  

∂Cv( t)
dt

= J( t) − λCv( t) (13) 

The build-up of activity CV in the storage container (Eq. (13)) was 
then fitted to the measured data with free parameters εR and D. The 
transfer procedure resets the activity in the container; therefore, the 
total emanated activity CV,tot is the sum of the activities measured before 
and after storage (at t1 and t2). The measured activities from Table 5 
were not decay-corrected because radioactive decay is included in the 
model. 

In the fitting procedure, εR controls the initial activity in the pore 
space C0; thus, the magnitude of the signal is released, whereas Deff 
controls the kinetics of the gas, that is, the time of maximal activity. Both 
εR and Deff were optimized for the model to reproduce the activities 
measured within the uncertainties (95% confidence interval). The 
highest possible recoil emanation (εR = 100%) is associated with the 
lower limit of the diffusion coefficient Dmin. Equivalently, the upper limit 
Dmax is projected with the minimum εR, which is restricted by the lowest 
possible C0 that allows the simulation of the measured activities. 

The resulting ranges of Deff were 2.2 × 10− 12 – 2.5 × 10− 11 m2 s− 1 

and 1 × 10− 16 – 9 × 10− 12 m2 s− 1 for the gneiss and siliceous limestone, 
respectively. The εR for the gneiss was 45–100% and for the limestone 
0.4–100% (colored ribbons in Fig. 10). These values are in good 
agreement with the order of magnitude of radon diffusion coefficients in 
sandstones and granites reported by Liu et al. (2014) and Lehmann and 
Purtschert (1997), and many orders of magnitude larger than Ds 
concluded for CaCO3 (Table 5). 

In the simulation, a spatially and temporally constant diffusion co-
efficient Deff was assumed. However, diffusion occurring in larger pores 
(with larger Deff) in the first place, might be followed by diffusion in 
smaller pores in a second step. Such scale-dependent diffusion might be 
the reason for the increasing trend observed in the data, in contrast to 
the simulation. 

4.6. Water influence on emanation 

The influence of the presence of water on the emanation values was 
assessed by comparing the values of dry and wet limestones. Special 
attention was paid to the fast transfer of the wet sample in a helium 
atmosphere to avoid contact with air. In addition, the time between this 
transfer and the irradiation was minimized to avoid the drying of the 
sample. The emanation values were 0.3 (±0.1)% and 0.8 (±0.2)% for 
the dry and wet limestone samples, respectively (Fig. 5). This 
enhancement is explained by the higher stopping power of water 
compared with air, resulting in shorter recoil ranges. Therefore, recoiled 
atoms are more likely to be trapped in the pore space before implanta-
tion in the adjacent grain. Adler and Perrier (2009) and Sun and Furbish 
(1995) demonstrated that radon emanations reach maximal values from 
moisture contents of 20–40%. Radon emanation coefficients in saturated 
residues were reported to be 2–6 times higher than in dry residues 

(Fleischer, 1983; IAEA, 2013; Sakoda and Ishimori, 2017; Semkow, 
1990), which is in agreement with the value we observe. 

Therefore, water has two counteracting effects, and the prevalence of 
one or the other depends on the saturation conditions and the scale 
considered. For example, in small particles in aquifers, where recoil 
dominates, water enhances the emanation. On a macroscopic scale, 
where diffusion in the pore space is important, water slows down the 
diffusion process. Diffusion coefficients in water are approximately four 
orders of magnitude smaller than those in air, leading to an overall 
reduced emanation in water filled pores. The observed apparent recoil 
emanation enhancement in the presence of water might therefore be 
partly masked by diffusive retardation. 

5. Summary and conclusion 

Using underground produced radioactive gas tracers for ground-
water dating or nonproliferation purposes relies on knowledge of the 
production rate and the transfer process from the production site to the 
sampling point. The latter process is characterized by emanation, that 
can be described by a two-step mechanism, where the atoms produced 
are first recoiled into the pore space where diffusion occurs. As both 
processes are significant for the interpretation of field data, we 
addressed not only the recoil emanation fractions on the microscopic 
scale, but also the delay of 37Ar escape owing to diffusive transport on 
macroscopic scales in our experiment. 

Instantaneous 37Ar recoil emanations ≤ 1% were observed in 
powdered dry sediments and CaCO3 samples. This is at the lower edge, 
but consistent with previous estimates (Johnson et al., 2021; Krishnas-
wami and Seidemann, 1988; Loosli et al., 1989). In soils, a clear 
depth-related systematic is observed with increased emanation fractions 
owing to weathering processes close to the surface. This effect induces 
differences of almost one order of magnitude over a few meters and has 
implications for the interpretation of the natural soil gas 37Ar back-
ground (Carrigan et al., 1996; Haas et al., 2010; Riedmann and Purt-
schert, 2011). The first proof of principle assessment of the effect of 
water on recoil emanation indicates an enhancement of the recoil 
emanation fraction of at least a factor three in wet limestone compared 
to dry rock. 

Surprisingly, the recoil emanation fraction in rock pebbles was not 
necessarily smaller than that in the powdered samples. This is likely the 
result of nanopores and structural imperfections within the macroscopic 
mineral rock samples. At this scale, the release of 37Ar to the outer 
sample boundary was controlled by diffusive transport. We estimated 

Table 5 
Net activities CV,m measured before and after the storage of the pebble samples 
[group (iv)]. t1 = 17 days is the time elapsed between the end of the irradiation 
and the first measurement; t2 = 48 days is the time between the end of the 
irradiation and the second measurement. The total activity CV,tot(t2) = CV,m(t1) 
+ CV,m(t2).   

CV,m(t1) [mBq] CV,m(t2) [mBq] CV,tot(t2) [mBq] 

Gneiss 21.4 ± 2.7 3.6 ± 1.0 25.0 ± 7.4 
Siliceous limestone 8.0 ± 2.1 3.9 ± 0.9 11.9 ± 4.2  

Fig. 10. Activity measured in the irradiation containers for the gneiss (green) 
and siliceous limestone pebbles (purple) (Table 5). The curves are calculated 
with the numerical solution of Eq. (13) for an inner porosity of φ = 1%, a radius 
r0 = 1 cm and for produced activities P37 = 20.4 Bq in siliceous limestone and 
P37 = 0.317 Bq in gneiss. The areas represent the feasible range of Deff and εR. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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diffusion coefficients in the range 10− 12 > D > 10− 16 m2 s− 1 and 
diffusion lengths of 2 mm ≥ L ≥ 20 μm for gneiss and a siliceous lime-
stone pebble. This implies that only a fraction of the rock volume con-
tributes to its total emanation. This delayed diffusion emanation may 
explain why the significance of underground production (e.g., for 39Ar) 
is relatively weakly correlated with the U and Th concentrations of the 
host rock but is linked to the aquifer type (Purtschert, 2012). 

Diffusion emanation from the solid CaCO3 mineral phase was 
investigated using a heating experiment. The resulting diffusion coeffi-
cient of the order of 10− 29 m2 s− 1 at 20 ◦C confirms that solid-phase 
diffusion emanation can be neglected for 37Ar (and 39Ar) applications. 
In addition, our diffusion parameters and activation energies for argon 
in CaCO3 are consistent with literature values. This indicates that the 
proposed experimental procedure provides a coherent framework for 
the assessment of the emanation fractions in natural samples. In our 
experiments, we used a neutron field produced in a routinely operated 
medical cyclotron for the first time. The relatively easy access to such 
facilities offers promising and innovative possibilities for addressing 
transdisciplinary research questions. Similar experiments could be 
realized in the future by using higher-energy neutrons, for example, for 
39Ar emanation experiments. 
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A. Rock composition  

Table A-1 
Elemental composition for the natural sediment and rock samples (group ii-v).  

Group Sample SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 LOI Si Al Fe Mn Mg Ca Na K O Th U 

[wt.%] [wt.%] [ppm] 

(ii) P54–1 62.0 8.7 3.2 0.1 1.2 8.1 1.0 1.6 0.4 0.1 13.0 29.0 4.6 2.3 0.1 0.7 5.8 0.7 1.3 41.7 6 1.8 
P54–2 65.2 5.4 2.2 0.1 0.9 12.6 0.8 1.1 0.2 0.1 11.5 30.5 2.9 1.5 0.1 0.5 9.0 0.6 0.9 42.4 5.3 1.6 
P54–3 61.9 4.4 1.5 0.1 0.6 16.1 0.8 1.0 0.2 0.1 13.4 28.9 2.3 1.0 0.1 0.4 11.5 0.6 0.8 40.8 5.8 1.8 
P54–4 61.8 3.7 1.5 0.1 0.6 17.0 0.6 0.8 0.1 0.1 14.1 28.9 2.0 1.0 0.0 0.4 12.1 0.5 0.7 40.6 4.1 1.1 
P54–5 54.4 4.4 1.8 0.1 1.1 18.8 0.7 0.8 0.2 0.1 16.5 25.4 2.3 1.2 0.0 0.7 13.4 0.5 0.6 37.8 3.1 1 
P54–8 44.3 3.2 2.2 0.2 1.0 26.5 0.5 0.6 0.1 0.1 22.2 20.7 1.7 1.5 0.1 0.6 18.9 0.4 0.5 34.1 3.4 1.1 

(iii) P54–B 63.5 4.9 1.8 0.1 0.7 14.4 0.8 1.1 0.2 0.1 12.5 29.7 2.6 1.3 0.1 0.4 10.3 0.6 0.9 41.6 3.8 1.2 
(iv) Gneiss 74.3 12.1 4.1 0.1 1.3 0.6 2.5 2.9 0.5 0.1 1.9 34.7 6.4 2.9 0.0 0.8 0.4 1.9 2.4 48.6 9.6 2.2 

Siliceous limestone 30.5 0.2 0.3 0.0 0.5 37.0 0.1 0.0 0.0 0.0 29.1 14.2 0.1 0.2 0.0 0.3 26.4 0.0 0.0 27.2 0.3 0.3 
(v) Yellow limestone 9.5 0.9 1.5 0.1 0.3 47.1 0.1 0.3 0.1 0.1 30.6 4.4 0.5 1.0 0.0 0.2 33.7 0.0 0.2 19.6 1.57 2.53 

The oxide forms and the trace elements Th and U were measured using ICP-MS (Actlabs, 2020). The elements Si to O were calculated stoichiometrically from the oxide 
form. 

B. Petrographic thin sections of sample group (iv)

Fig. B-1. Backscattered electron (BSE) images of petrographic thin sections of a) the gneiss pebble and b) the siliceous limestone pebble. The thin section pictures are 
produced using ZEISS EVO50 scanning electron microscopy (SEM). 

(a) The gneiss pebble consists of quartz and feldspars (dark grey), different micas (intermediate grey values) as well as oxides/hydroxides (rare 
bright spots). Some pores (black spots highlighted by the yellow circles) are visible at the micrometer scale. The elongated quartz and feldspars 
interlayered by micas form gneissic textures. (b) The siliceous limestone consists of a mixture of quartz and calcite. Veins are frequent (bright bands 
are pure calcite in the image). Calcite is estimated to represent ~65% of the rock composition, thereby explaining the relatively high 37Ar activity 
produced (P37 = 20.4 Bq). The remaining 35% mainly consists of quartz (SiO2 = dark grey areas in the BSE image). The black areas (circled in yellow) 
represent isolated pores on scales of 10–30 μm. Diffusive transport, as observed in the pebbles, was reported to take place at the nanometer scale 
(Rama and Moore, 1984). Such small pores are not visible in these pictures. 
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E. Mass dependent production 

A set of samples from group (i), ranging in mass between 2.7 g and 8 g, were simultaneously irradiated in pure quartz tubes with the same neutron 
fluence. The released atoms, without any heating, were collected and the activities were measured. These data revealed a linear relationship between 
the sample mass and activity (Fig. E-1). The regression line indicates an activity release of 0.5 mBq/gCaCO3. The intersection with the y-axis corre-
sponds to the tank argon activity (6.5 × 10− 7 mBq in a 50 cm3 counter filled at 10 bars). Compared to the activities produced during irradiation, this is 
regarded as zero.

Fig. E-1. Relationship between the irradiated CaCO3 mass [g] and the gross activity measured [mBq]. The shaded area indicates the average minimum detection 
activity (MDA) for the CaCO3 samples (0.24 mBq). The dashed line is the linear least squares regression model fitted to the data.. 

C. Cross-control experiment between irradiation containers 

For an evaluation of the reproducibility several aliquots of the sediment powder samples (core P54-2), were repeatedly irradiated in alloy vessels 
(Table C-1, Fig. C-1). y. In addition, results of different types of irradiation vessels were compared. The obtained emanation values all agreed within 
the range of uncertainties demonstrating the equivalence of different containers. The average emanation in the stainless steel vessels was 2.0 (±0.8)%. 
This is consistent with the emanation observed from the quartz tube irradiation of 2.4 (±0.3)%.  

Table C-1 
Results for multiple measurements of sample P54-2.  

Container Run nf [cm− 2] × 1011 P37[Bq] Agross [mBq] BGext[mBq] Anet[mBq] εT[%] 

Alloy 2 3.9 1.5 ± 0.1 61 ± 10 11 ± 4 51 ± 14 3.3 ± 1.3 
Alloy 3 19.6 6.9 ± 0.4 173 ± 7 53 ± 19 119 ± 26 1.7 ± 0.6 
Alloy 3 19.6 7.1 ± 0.4 177 ± 9 53 ± 19 124 ± 27 1.7 ± 0.6 

Quartz Tube 7 6.9 1.5 ± 0.1 37 ± 2 0.2 ± 1.0 36 ± 2 2.4 ± 0.3  

Fig. C-1. Emanation fractions for different irradiation runs and container types.  
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D. Symbols and units of the parameters used in the equations 

Table D-1  

Symbol Unit Parameter 

P37 atoms s− 1 = Bq 37Ar production rate or produced activity 
Ntg atoms Number of atoms of the target nuclide 

σ(E) barns = 10− 24 cm2 Energy-dependent cross section 
Φ̇(E) n cm− 2 s− 1 eV− 1 Neutron flux 

εT % Total emanation fraction 
εD % Diffusion emanation fraction (in pore space) 
εR % Recoil emanation fraction 
r0 m Spherical grain radius 
R m Recoil range 
L m Diffusion length 

Deff m2 s− 1 Effective diffusion coefficient in the pore space 
εDs % Solid diffusion emanation fraction 
Ds m2 s− 1 Diffusion coefficient in crystal lattice 
λ s− 1 Radioactive constant for37Ar: λ = 2.3 × 10− 7s− 1 

AT, ADs , AR Bq Activities emanated: total, by solid diffusive emanation, by recoil 
Ea kJ mol− 1 Activation energy  
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