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Abstract. Laboratory for Measurements of Low-level Radioactivities, Ruđer Bošković Institute (RBI) from Zagreb, 
Croatia, and Laboratory for Nuclear Physics, Department of Physics of the University of Novi Sad (DP-UNS), Serbia, 
have performed inter-laboratory comparisons of measurements of tritium (3H) and radiocarbon (14C) activities in 
various environmental samples. Both laboratories have the same type of detector, ultra low-level liquid scintillation 
counter (LSC) Quantulus 1220, but use different sample preparation techniques. Both methods of 3H measurements, 
the direct measurement at DP-UNS and electrolytic enrichment at RBI, give comparable results, with better precision 
and lower MDA of the enrichment method. Direct comparison of methods for 14C measurement was not possible 
because in the DP-UNS sample preparation method the exact proportion of carbon in the sample is not known   
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1. INTRODUCTION 

Laboratory for Measurements of Low-level 
Radioactivities, Ruđer Bošković Institute (RBI), 
Zagreb, Croatia, and Laboratory for Nuclear Physics, 
Department of Physics of the University of Novi Sad 
(DP-UNS), Serbia, have started recently inter-
laboratory comparisons of tritium (3H) and 
radiocarbon (14C) activity measurements in various 
environmental samples within the bilateral research 
project. Both laboratories have the same type of 
detector, ultra low-level liquid scintillation counter 
(LSC) Quantulus 1220 (PerkinElmer Life Sciences), but 
the sample preparation techniques differ. Here we 
present short description of the respective preparation 
and measurement methods and we evaluate the results 
of intercomparison of tritium activity measurement in 
water samples and 14C activity measurement in wood 
and plant samples. 

2. TRITIUM 

2.1. Method at DP-UNS 

In DP-UNS a rapid tritium activity determination 
method was performed. This technique involves 
mixing the sample with a proper scintillation cocktail 
to be counted in a liquid scintillation counter according 
to the ASTM Standard Test Method [1].  

As a background sample distilled deep-well water is 
prepared. The commercial standard (DPM 3H Spec, 
PerkinElmer) of tritium activity 1.48 × 106 dpm/mL ± 

0.82% on the day 9.7.2008 is used. In each set of 
measurements it is important to measure background 
and standard prepared by the same method as 
samples, to obtain the same measuring conditions. 
Each water sample was filtered through a slow depth 
filter and then distilled. After the distillation, the 
samples (aliquots of 8 mL) were mixed with the 
Optiphase HiSafe 3 scintillator (12 mL) in standard 
20 mL polyethylene vials. The prepared cocktails were 
stored for one day in the LSC sample holders to allow 
full decay of chemiluminescence and photolu-
minescence. The samples were then measured by LSC 
counter Quantulus 1220. 

We calculated the minimum detectable activity 
(MDA) according to the used Standard Test Method 
[1]. The MDA was 2.1 Bq/L for a total counting time of 
300 minutes. The counting efficiency, ε, of (23.25 ± 
0.05) % was determined by using the DPM 3H Spec 
standard. The tritium activity concentrations were 
calculated according to [1] by using eq. (1) 
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where Ra and Rb are the sample and the 
background gross count rate, respectively, ε is the 
counting efficiency, F is the recovery factor (in our 
measurements it was determined to be 0.9), V is 
volume of the sample aliquot (8 mL), λ is decay 
constant for tritium (λ = ln2/T1/2; T1/2 = 4500 days, 
half life of tritium) and t is the elapsed time between 
sampling and counting (in days). 
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2.2. Method at RBI 

Tritium (3H) activity of natural waters 
(precipitation, groundwater, surface waters) has 
recently become too low to be directly measured by 
low-level liquid scintillation (LSC) techniques if one 
wants to apply the results in hydrogeological studies. It 
is therefore necessary to perform electrolytic 
enrichment of tritium in such waters prior to LSC 
measurements. Electrolytic enrichment procedure has 
been implemented in the RBI laboratory in 2008. The 
electrolysis system was obtained from AGH University 
of Science and Technology, Krakow, Poland. It consists 
of 20 cells of 500 mL volume. During electrolysis the 
cells are kept in a freezer/refrigerator at constant 
temperature (2-3°C). Water samples have to be 
distilled prior to electrolysis (primary distillation) and 
after the electrolysis (secondary distillation). After 
primary distillation the conductivity should be below 
50 µS cm-1. In each electrolysis run there are 15 
unknown samples, 3 "spike" samples (known activity) 
and two "background" samples (without 3H). 
Enrichment procedure takes 8 days, i.e., 1420 Ah. The 
initial water volume of 500 mL is reduced to (18 ± 
1) mL and the mean enrichment factor is (22.8 ± 0.8) 
[2,3]. 

After second distillation a sample aliquot of 8 mL is 
mixed with 12 mL of UltimaGold LLT scintillator in 20 
mL PET vials. Each measurement run consists of 20 
enriched waters and 4 original samples (2 
"backgrounds", a "spike" and a reference standard). 
Samples are measured in 6 - 10 cycles, 50 min each, 
resulting in total counting time of 300 - 500 min. The 
MDA of this method is 0.03 – 0.05 Bq/L [2,3]. 

The RBI laboratory participated in the 
international intercomparison TRIC2008, organized 
by IAEA and the results for all 6 samples were 
acceptable, the mean z-value for all samples was 0.28 
± 0.40 [3].  

2.3. Results of 3H intercomparison 

The results of measurement of 3H activity 
concentration in environmental water samples 
obtained at two laboratories by previously described 
methods are presented in Table 1. 

The z-values shown in the last column of Table 1 
are calculated as [4] 
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where ADP-UNS and ARBI are 3H activity 
concentrations measured in DP-UNS and RBI 
laboratories, and σDP-UNS is the reported error of the 
DP-UNS results (Table 1). It is commonly assumed that 
the z-score should have a normal distribution with zero 
mean. A z-score value near zero implies a perfect 
result. A z-score value between -2 and +2 is generally 
considered as complying with fitness for purpose [4].  

The obtained z-values for the presented set of 
results range from -1.06 to 0.76, with the mean value of 
(-0.1 ± 0.3), which is very close to the expected value. 
Therefore, it means that the DP-UNS measured 3H 
activity concentrations do not differ from the RBI 
results, taking into account their precision.  

Table 1 Comparison of measured tritium activity 
concentrations in environmental water samples: direct 

measurement at DP-UNS and after electrolytic 
enrichment (RBI).  

3H activity concentration 
A [BqL] Sample ID 

DP-UNS RBI 

z-
value 

T-4295 0.6 ± 0.8 0.78 ± 0.11 -0.23 
T-4235 3.4 ± 1.0 3.10 ± 0.38 0.30 
T-4268 3.0 ± 0.9 2.89 ± 0.41 0.12 
T-4292 3.2 ± 0.9 2.94 ± 0.40 0.29 
T-4234 4.0 ± 1.0 3.54 ± 0.43 0.46 
T-4231 3.6 ± 1.0 3.50 ± 0.41 0.10 
T-4294 0.8 ± 0.8 0.75 ± 0.12 0.06 
T-4291 4.4 ± 1.0 3.64 ± 0.48 0.76 
T-4303 < MDA 0.85 ± 0.12 -1.06 
T-4296 < MDA 0.85 ± 0.13 -1.06 
T-4293 < MDA 0.85 ± 0.12 -1.06 
T-4232 2.2 ± 0.9 2.94 ± 0.36 -0.82 
T-4126 < MDA 0.05 ± 0.02 -0.06 
T-4300 1.4 ± 0.9 1.49 ± 0.12 -0.10 
T-4269 3.6 ± 1.0 3.31 ± 0.48 0.29 
T-4310 1.6 ± 0.9 1.51 ± 0.19 0.10 
T-4233 4.8 ± 1.1 4.56 ± 0.54 0.22 

3. RADIOCARBON, 14C  

3.1. Method at DP-UNS 

14C in the samples was determined by combusting 
the samples in an oxygen atmosphere to carbon 
dioxide and water, absorbing the carbon dioxide with a 
special reagent and counting in the LSC Quantulus.  

The combustion of the samples was performed by 
using the 307 Sample Oxidizer (PerkinElmer). The 
dried samples were weighed and added to combustion 
cups. The cups are made of potato starch (80%) and 
natural cellulose fiber (20%) and give off no residue in 
the combustion process and have no effect on the 
sample measurements. A few hundred milligrams of 
dried sample material, varying between 0.4919 and 
0.7385 g dry weight (d.w.), were combusted until no 
visible residue was seen, which usually took 1 to 2 min. 
After the combustion, two separate samples (a sample 
of 3H [water] and 14C [carbon dioxide]) were trapped at 
ambient temperature, thus reducing the cross-
contamination. The CO2 formed in the process is then 
directly absorbed into the 10 mL of Carbo-Sorb E in 
the 20-mL LSC glass vial, which is placed in the 
designated position in the combustion instrument 
beforehand. Carbo-Sorb E is an amine, accepting up to 
4.8 mM CO2 per mL with a trapping efficiency of 97% 
at a minimum. After absorption of the CO2, the 
instrument automatically adds 10 mL of the 
scintillation solution Permafluor E+ to the sample, 
making the sample ready for measurement [5].  

The counting time with the Quantulus 1220 was 
600 min for each sample. The optimal counting 
window, corresponding to the highest figure of merit, 
was determined to be between channels 100 and 450. 

Because 14C is a low-energy beta emitter, its 
measurement is strongly prone to chemical quenching. 
A quench calibration curve was therefore performed to 
determine the counting efficiency of each sample 
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measurement. The curve was obtained by preparing 6 
calibration samples with different amounts of Carbo-
Sorb E (2, 4, 6, 8, 9, and 10 mL) and with the same 
amount of carbon standard (9.19·105 dpm/mL ± 3% on 
the day 9.7.2008.). The combustion times of the 
calibration samples were 0.2, 0.2, 0.3, 0.5, 0.7, and 1.0 
min, respectively. Each calibration sample was 
measured for 20 min [6]. The counting efficiencies of 
the calibration samples were calculated and plotted 
against the quench parameter SQP(E) of the LSC 
Quantulus. The efficiencies of the samples were then 
obtained from this quenching curve on the basis of the 
SQP(E) for each sample. Each measured SQP(E) 
parameter corresponds to the appropriate detection 
efficiency of the sample measurements that varied 
between 60% and 80%. 

In every set of samples, also a background sample 
was combusted with similar reagent amounts as in the 
samples, as recommended by the instrument producer 
[7]. This was found problematic because practically no 
Carbo-Sorb was used in the combustion process due to 
the low carbon content in the cellulose cups used as 
sample containers. Thus, the background sample 
consisted of 10 mL of pure Carbo-Sorb and it was 
strongly quenched; the background count rates in the 
beginning of the spectrum (where the 14C was 
recorded) were increased. 

One of the problems in the Sample Oxidizer 
process is the relatively small sample size that can be 
used. The maximum Carbo-Sorb E amount (10 mL) 
can take up 48 mM of carbon (0.58 g C), which limits 
the sample size for environmental samples to about 1 g. 
With such a small sample size, it is very challenging to 
create a representative environmental sample, 
whereupon the homogeneity of the sample material 
must be carefully checked and parallel samples must 
be measured. 

3.2. Method at RBI 

Radiocarbon Laboratory of the RBI was established 
in 1968, started with the gas proportional counting 
(GPC) technique and later introduced liquid 
scintillation counting (LSC) [8]. Recently preparation 
of graphite for accelerator mass spectrometry (AMS) 
has been implemented [9]. Laboratory performs 14C 
measurements for dating in archaeology and 
geosciences, and for various environmental 
applications, in approximately equal proportions, as 
well as for some art-historic or forensic applications. 

Two different sample preparation techniques for 
LSC measurement have been developed [8], depending 
on the kind of application and required precision 
[10,11]. For dating purposes benzene is prepared from 
the sample [8] resulting in low detection limit and 
good precision (± 0.5 pMC1, i.e., ± 1 Bq/kg C), but the 
procedure is rather complicated and requires 
considerable analytical skills. For general 
environmental monitoring, however, the detection 
limit is not of great importance, and even the 
requirement for precision and sensitivity is not so 
strict. Additionally, monitoring requires measurement 
of a lot of samples in a short time. Therefore, a simpler 

                                                           
1 pMC = percent Modern Carbon, a unit for radiocarbon relative 
specific activity a14C, 100 pMC = 226 Bq/kg C; 100 pMC is 
equivalent to the natural equilibrium atmospheric 14C activity . 

and faster preparation technique was developed mostly 
for 14C monitoring, i.e., a direct absorption of CO2 in a 
mixture of Carbo-Sorb E and Permafluor E [8,10] with 
a precision of ±3 pMC, i.e., 6 Bq/kg C. 

The procedures of sample preparation at RBI can 
be briefly described as follows. Samples are first 
mechanically cleaned and then treated by standard 
acid-base-acid method that should remove all possible 
contaminants containing either modern or fossil 
carbon. Organic samples are then combusted in a 
vacuum line in a stream of pure oxygen and CO2 is 
obtained. If appropriate, samples (wood, charcoal, 
some biological samples) can be first carbonized at 
600ºC and then combusted. A separate vacuum line 
for the “direct absorption” method (LSC-A) has been 
constructed and the optimal preparation procedure 
determined [7,10]. The CO2 obtained by combustion is 
absorbed in an absorbing-scintillation cocktail (Carbo-
Sorb E and Permafluor E, ratio 1:1, total volume 20 mL, 
low-potassium glass vials). About 2.2 g of CO2 (0.6 g of 
carbon) can be absorbed in such a cocktail. The mass of 
absorbed CO2 is determined by weighing the vial with 
the cocktail before and after absorption of CO2. The 
obtained masses are close to the theoretical value, but 
can range between 1.9 and 2.4 g CO2, although the 
absoprtion procedure is the same.  

A counting run of absorbed-CO2 samples consists of 
two standard samples (reference activity and 
background), both in duplicates and prepared at the 
same time as the unknown samples, and usually 10 
unknown samples prepared in duplicates. Samples are 
measured in 20 intervals of 30-minutes resulting in 
total of 600 min per sample. 

3.3. Results of 14C intercomparison 

Although both methods for 14C measurements at 
DP-UNS and RBI use the same absorption-scintillation 
cocktail and samples are measured with the same kind 
of the counter, the obtained results can not be directly 
compared. The RBI method allows exact determination 
of the absorbed quantity of CO2, and thus also the 
quantity of carbon in the cocktail, and the results can 
be expressed as specific 14C activity in absolute units 
(Bq/kg C). The method used at DP-UNS is simpler and 
faster, but one knows only the exact amount/mass of 
the dry sample. With this method, either a fresh or 
dried sample can be taken for analysis. The mass of 
CO2 absorbed cannot be measured directly [12]. The 
measured results are expressed in units "Bq/kg d.w.". 
Therefore, to compare the 14C activity concentrations 
obtained using both methods; an independent 
measurement of the carbon content of the samples was 
required. Further complication presents the 
dependence of quenching, i.e., of the SQP(E) 
parameter, on the mass of absorbed CO2, because 
unreacted Carbo-Sorb is a very strong quenching 
agent. In addition, the limited quantity of the dry 
sample than can be combusted in the Sample Oxidizer 
(<1 g d.w.) can not produce the optimal amount of CO2 
to be absorbed by Carbo-Sorb up to saturation thus 
reducing the quenching. In the combusion line at RBI, 
on the contrary, one can combust larger amount of 
samples, up to 10 g of dry sample, and thus the 
obtained CO2 quantity is sufficient for producing at 
least two sample cocktails under complete saturation 
of CO2. 
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In order to be able to compare the DP-UNS 14C 
results with the RBI results, one should know the 
proportion of carbon in the dry sample that is 
combusted. 

In this study, the total carbon content in the 
samples was not measured, but if the carbon content is 
assumed to be 50%, most results are in a good 
agreement with the present environmental 14C activity 
of 250 Bq/kg of carbon.  

4. CONCLUSION 

In this paper we presented comparison of the 
results of measurement of 3H activity concentration in 
environmental water samples and that of 14C activity 
measurements in several environmental samples 
obtained in two laboratories (DP-UNS at RBI). Both 
laboratories have the same kind of liquid scintillation 
counter (Quantulus 1220), but their sample 
preparation methods differ. 

The electrolytic enrichment of water samples that is 
used for water sample preparation at RBI results in 
lower minimum detectable activity and better 
precision. However, the simpler direct method at DP-
UNS gives comparable results with the mean z-value of 
(-0.1 ± 0.3). 

Direct comparison of the methods for 14C 
measurement is currently not possible, because in the 
DP-UNS sample preparation method the exact 
proportion of carbon in the sample is not known.   
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