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Abstract 
 

A chromatographic method for measurements of concentrations of argon, neon 
and nitrogen in water developed in the Institute of Nuclear Physics in Krakow, is 
presented.  
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1. Introduction 

Chlorofluorocarbons (CFC-11, CFC-12) and sulphur hexafluoride have recently 
been used for dating of shallow groundwater in the USA and Switzerland [Peeters et al., 
1997; Busenberg and Plummer, 2000]. Their properties like stability and non-reactivity 
make them potentially very useful as hydrologic tracers. In CFC and SF6 dating 
techniques the temperature at the time of recharge and the amount of the so-called 
excess air should be known. The excess air, which is the result of dissolution of trapped 
air bubbles, contributes to concentrations gases exceeding the values expected for 
equilibrium solubility. Therefore, measured concentrations have to be corrected to the 
equilibrium values [Bauer et al., 2001]. The lower the tracer solubility, the greater the 
excess air correction. The excess air and the temperature of water at the recharge area 
can be determined by measuring the concentrations of noble gases in groundwater 
systems [Aeschbach-Hertig et al., 2000; Stute and Schlosser, 2001]. 

The purpose of this work is to present the progress in the development of a 
chromatographic method for the determination of neon, argon and nitrogen in water.  

This work was performed within the research contracts nr 6T12B04917 and nr 
8T12B 014 20 with the State Committee for Scientific Research (KBN). 

 

2. Noble gases in groundwater 

The noble gases dissolved in water are very useful as environmental tracers. 
Their concentrations deliver reliable information about the dynamics of surface water 
like lakes and oceans as well as groundwater systems. The major advantage of noble 
gases is the absence of chemical and biological reactions, which could affect the 
chemical state of the dissolved gas. Their behaviour is managed by simple physical 
processes. The concentrations of atmospheric noble gases dissolved in groundwater 
mainly depend on the water temperature, salinity of water and air pressure (altitude) at 
the recharge area. This fact allows to determine the physical conditions at the time when 
the water exchanged gases with the atmosphere [Stute and Schlosser, 2001].  

The noble gases in groundwater are used in paleoclimatology to reconstruct past 
climate conditions [Aeschbach-Hertig, 2000; Heaton and Vogel, 1981; Mazor, 
1972;Stute and Schlosser, 1993; Stute et al.1992]. The He/Ar and N2/Ar ratio in 
groundwater are used in earthquakes prediction [Sugisaki et al.1982]. N2 and He are 
squeezed out by stress preceding an earthquake and enhance these ratios. The 3H/3He 
ratio is used for dating young groundwater. The concentrations of 4He, 40Ar and 21Ne 
resulting from radiogenic production are used to determine the groundwater age up to 
millions of years. 

The presence of noble gases in groundwater is a result of three processes 
(Figure 1): 

• solution of atmospheric gases, 

• solution of trapped air bubbles (“excess air”), 

• solution of radiogenic gases. 
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2.1 Solution of atmospheric gases 

Solution of atmospheric gases is the main source of noble gases in water. The 
atmospheric equilibrium concentrations are the result of a gases exchange between air 
and water. For ground water systems, this process mainly takes place during the 
percolation through the unsaturated zone and at the water table of the saturated zone. 
Solution of gases in water is well describes by Henry’s law: 
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Where ni is the mole fraction of the gas i in the liquid phase, pi is its partial pressure in 
gas phase and ki is the Henry law constant. The concentration of dissolved gas Ci 
[cm3 STP/cm3 H2O] (STP - standard temperature and pressure) can be connected with 
its mole fraction ni by the formula: 
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where Vi is  the molar volume of the gas i (cm3), MH2O is the molar mass of water (g), 
ρH2O(T) is its density (g/cm3). 
Equations (1) and (2) give: 
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Where β is the Bunsen coefficient for the gas defined as the volume of gas at STP 
dissolved in unit volume of solution, when partial pressure of the gas is 1 atm. 

The Henry law constant and the Bunsen coefficient are the functions of 
temperature and salinity. Their values for different temperatures and salinities can be 
calculated from the formulas determined by several authors [Benson and Krause, 1976; 
Clever, 1979; Top et al., 1987; Weiss, 1970; Weiss, 1971]. Solubilities of noble gases 
decrease with temperature and increase with their atomic mass (Figure 2). The 
sensitivity to temperature also increases with the atomic mass. Thus, the knowledge of 
salinity, temperature and partial pressure of gas allows to determine its air equilibrium 
concentration. Weiss [1970, 1971] gives formulas, which directly enable to calculate the 
air equilibrium concentration eqC  at 1 atm (Po) in ml(STP)/l, or in ml(STP)/kg: 
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where the A’s and B’s are constants, T is the absolute temperature of gas exchange and 
S is the salinity in per mill. 
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For the atmospheric pressure different from 1 atm the following correction must 
be apllied: 

o
o
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where P is the atmospheric pressure.   

The temperature at which air-equilibration of a groundwater occurs in the 
unsaturated zone is usually close to the mean annual air temperature at the ground 
surface for the geographical region of recharge [Andrews, 1991; Stute and Schlosser 
2001]. 

 

2.2 Excess air 

The concentrations of gases in ground water are often enhanced by the presence 
of the excess air. The excess air occurs when air bubbles are trapped by fluctuations of 
the water table or during rapid recharge (Figure 3). These bubbles dissolve partially or 
entirely when the hydrostatic pressure increases [Andrews, 1991; Heaton and Vogel, 
1981; Stute and Schlosser,2001]. Bubbles with diameter smaller than about 1µm 
collapse under their surface tension. Part of the excess air may be lost by diffusive re-
equilibration across the water table. The rate of this process depends on gas diffusion 
coefficients, temperature and matrix properties. The diffusive re-equilibration leads to a 
systematic fractionation of the residual excess air. Similar process occurs in case of 
partial dissolution of air bubbles because the heavier gases are dissolved preferentially. 
Because of low solubility, light noble gases (He, Ne) are more sensitive to excess air 
than heavy noble gases.  

Excess air is often described as the volume of dry air (cm3 STP) injected per 
gram of water. Since neon is a poorly soluble gas the excess air can be expressed as a 
relative Ne-excess [Stute and Schlosser, 2001]: 

 

%100⋅=∆
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Where Neex is the neon excess concentration and Neeq is the neon equilibrium 
concentration. Typical excess air in groundwater is about 10-100%.   

In young groundwater the amount of excess air is controlled by the lithology, 
precipitation rate and pore size [Wilson and McNeill, 1997]. 
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2.3 Solution of radiogenic gases. 

The third source of noble gases in groundwater is an accumulation of radiogenic 
gases produced in situ and also migrating from the Earth’s crust and mantle [Ozima and 
Peeters, 1983]. 4He from the α-decay of the U/Th series may enhance helium 
concentration by several orders of magnitude. The presence of radiogenic argon in 
groundwater is caused by diffusion of 40Ar from rocks which contain the parent 
radioisotope 40K, but in groundwater it is masked by high concentrations of atmospheric 
40Ar. Negligible amounts of 21Ne and 22Ne are produced in rocks as a result of 
interactions between α-particles and light elements (18O, 19F or 25Mg) [Stute and 
Schlosser, 2001)]. 

 

3. Techniques of excess air determination  

Different techniques are used to determine the excess air and recharge temperature: 

• graphical method, 

• iterative technique. 

 

3.1 Graphical method 

The graphical method is used when two gases are available (for example N2 and 
Ar). At first a graph of water concentrations of two gases versus each other is plotted. In 
the presence of excess air the measured data are placed to the right of the expected 
equilibrium concentrations (Figure 4). Assuming that the excess is not fractionated the 
data points are extrapolated towards the equilibrium line. It allows to determine the 
excess air concentration and the recharge temperature. In this method the concentrations 
of N2 and Ar are commonly used, because they are easy to measure [Heaton and Vogel, 
1981; Stute and Schlosser, 2001].  

 

3.2 Iterative technique 

For the iterative technique, several noble gases must be measured. Small 
amounts of excess air are subtracted from the measured concentrations and the 
temperature of recharge is calculated using the solubility data. All noble gases have 
equal weight. This procedure is repeated until agreement between all calculated noble 
gas temperatures is achieved. The measured noble gas concentration is a function of 
temperature, pressure, salinity and excess air concentration. Assuming a total 
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dissolution of trapped air bubbles and the lack of fractionation, (total dissolution model 
TD) the measured noble gases concentrations mC  are [Aeschbach-Hertig et al., 2000]: 

ieqm zAPSTCAPSTC ⋅+= ),,(),,,(                (7) 

Where A is the volume of excess air injected per g  of water [cm3/g], T is the 
temperature of gas exchange [K], S is the salinity of water, P is the atmospheric 
pressure of gas exchange, zi is the volume fraction of gas i in dry air and Ceq is the 
equilibrium concentration of gas i. 

In this work only two noble gases (Ar and Ne) are measured. Therefore two 
assumptions have been made to reduce the number of parameters in equation (7). The 
salinity S in equation 6 can be neglected for fresh water systems. The atmospheric 
pressure P used in equation 6 can be calculated by a barometric altitude formula: 
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where Po is the pressure at sea level and H is the altitude of the water surface in meters. 

Thus the equation 7 changes into equation 9: 

 ieqm zATCATC ⋅+= )(),(                (9) 

 

4. Measurements of N2, Ar and Ne in groundwater 

The noble gases in groundwater can be determined by mass spectrometry [Bauer 
et al., 2001; Beyerle et al., 2000; Heaton and Vogel, 1981; Mazor, 1972)]  or gas 
chromatography [Hofer and Imboden, 1998; Sugisaki and Taki, 1987]. For mass 
spectrometry, either a sector field spectrometer or a quadrupole spectrometer can be 
used. Mass spectrometry allows to determine gas concentrations as well as isotopic 
ratios of noble gases. The disadvantage of the mass spectrometry is a relatively high 
price of analysis. Dissolved nitrogen measurements are usually done by gas 
chromatography.  

In the first step of the method developed within this work, gases dissolved in 
water must be transferred into a gas phase. There are several methods of gas extraction 
from water samples. Bubbling a carrier gas through the sample [Busenberg and 
Plummer, 2000], headspace method [ Sugisaki and Taki, 1987; Sliwka and Lasa, 2000] 
and degassing into evacuated volume.  

For degassing into evacuated volume, the water is transferred from the sample 
container into an evacuated vessel and shaken, boiled or stirred until all gases degas 
[Beyerle et al., 2000]. This method is commonly used for mass spectrometry analyses 
and can also be applied in analysis by gas chromatography [Hofer and Imboden, 1998].   

In the headspace method, a volume is created in the sample container with pure 
gas (N2, He, H2). In the next stage, the container is shaken mechanically until 
thermodynamic equilibrium between liquid and gas phase is reached. Then the gas 
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concentration in the gas phase is measured. The initial concentration of gas in water 
sample Cl can be calculated using formula [Sliwka and Lasa, 2000)]: 

 
)( rKCC gl +=              (10) 

where Cg is the concentration of gas in headspace volume measured by means of gas 
chromatography [g/ccmH2O], K is the partition coefficient between the gas phase and the 
water and r is the ratio of the gas phase volume to the water volume in the container. 
 

4.1 Chromatographic analysis of argon in water 

For the gas chromatographic measurements of permanent gases (He, Ne, Ar, H2, 
O2, N2, CH4 and CO), a helium ionization detector (HID) and a thermal conductivity 
detector (TCD) can be used. The gases are usually separated in a column filled with 5Å 
molecular sieve. Since Ar retention time is the same as that of O2 the chromatographic 
separation between them is very difficult at room temperature. In literature several 
solutions of this problem can be found. The use of a very long column (7-10 m) packed 
with molecular sieve 5Å at 0 °C, or a somewhat shorter one meter at –75 °C [Kaiser, 
1963], allows to separate argon from oxygen. The disadvantage of this method is a very 
long time of analysis. Another proposal is to use a 2.5 m long column filled with 
molecular sieve 4Å and 5Å in the ratio of 1 to 1 at 0°C.  The Alltech company offers 
column type CTR III which consists of two concentric columns (length 1.8 m, outer 
with the diameter of ¼ in. and inner with the diameter of 1/8 in.). Such a construction 
permits to use two different packings for the analysis of the sample. The outer column is 
filled with activated molecular sieve, the inter with molecular sieve and oxy adsorbent. 
During analysis the following gases are eluted: Ar from the inter column, N2 from the 
inter column, O2+Ar from the outer column and N2 from the outer column. The use of 
oxygen as the carrier gas and a TCD detector allows to determine argon [Sugisaki et al., 
1982)]. The drawbacks of this method are a low sensitivity of argon determination and a 
significant risk of the detector damage by oxidation. In another method, O2 is reduced to 
CO2 with the help of additional column packed with activated charcoal and held at the 
temperature of 450 °C [Hofer and Imboden, 1998].  

Within the present work a catalyst is used for the removal of oxygen. The 
measuring system consists of a TCD detector (SRI model 116) with hydrogen as a 
carrier gas and a catalyst. Hydrogen generator is used as a source of hydrogen 
(Figure 5).  

Samples are collected in 700 ml glass containers. Argon is extracted from water 
sample using headspace method. A headspace volume is created using H2. The 5 ml 
loop is used to inject headspace gas into system. The gases are separated in 3 m long 
column filled with 5Å molecular sieve. Then the oxygen is reduced to H2O with the 
help of catalyst. The water vapour is removed from the system by nafion tube. Several 
catalysts have been tested (NiO, PdO, Pd/asbestos, Pt/asbestos). The catalysts were 
operated at a temperature of 100-200°C. The best results have been obtained for NiO, 
which completely removes oxygen (Figure 6). This system also allows the 
determination of nitrogen concentration in water.    
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4.2 Chromatographic analysis of neon in water 

Gas chromatographic determination of neon in air and groundwater is difficult. 
The main reason of this situation is the lack of a detector with a sufficient sensitivity for 
this gas. Therefore, the neon analyses in water are usually carried out by mass 
spectrometry [Bauer et al., 2001; Beyerle et al., 2000]. By gas chromatography the 
measurements of neon in groundwater were performed by Sugisaki [Sugisaki and Taki, 
1987] with the use of a TCD detector. Within this work the determination of neon in 
water is performed using the Pulse Discharge Helium Ionization Detector (PDHID). 

Neon from water sample is extracted using the headspace method. The 
headspace volume is created with the help of nitrogen 6.0 (99.9999%). When the 
thermodynamic equilibrium is reached the head space gas (about 50-100 ml) through 
the nafion tube is injected into evacuated freezing trap (-196°C). The trap is made of 
stainless steel and filled with active carbon. The gas is exposed to the cold trap for 5 
min and all the condensable gases are adsorbed. Whereas He, H2 and Ne as the non-
condensable gases remain in the gas phase. Next all the non-condensable gases are 
introduced into the 10 ml sample loop (See Figure 7). 

The chromatographic system consists of VICI Pulse Discharge Detector type D-
2-I supplied with helium 6.0 (99.9999%) and the 10-way valve connected with two 
chromatographic columns (1.5 m and 3 m long) filled with molecular sieve 5Å (Figure 
7). The 10-way valve allows the performance of the back flush flow. Consequently, 
only neon and hydrogen, which are first eluted, are analysed (Figure 8).  

The PDHID is a kind of helium ionization detector (HID), where the source of 
ionization and excitation is a high voltage pulsed discharge. In the PDHID the 
compounds are not allowed to go directly through the discharge. Thus ionization occurs 
by reactions of the analyte with the long-lived helium metastables. The helium 
metastable state is 19.7 eV above the ground state so it is capable of ionizing any 
compound except Ne, which has an ionization potential of 21.5 eV [Vasmin et al., 
1992]. Thus the PDHID detector seems not to be suitable for neon analyses, but in 
chromatograms in publication [Wentworth et al., 1994] small neon peaks can be 
noticed. Therefore, within this work an attempt has been made to adapt PDHID detector 
to groundwater neon analyses. Beside low neon sensitivity, the dependence of the 
PDHID signal on the mass of Ne is non-linear. Adding of neon to the discharge gas 
enhances neon sensitivity [Ogino and Aomura, 1994]. Therefore, the diffusion chamber 
and neon cylinder (Ne 3.5 – 99.95%) have been used to add neon to discharge gas. 
Neon doping not only enhances neon sensitivity but also makes the dependence of the 
detector signal linear in the range g68 105.1105.1 −− ⋅−⋅ of dosed masses. 

 

5. Conclusion 

The researches show that it is possible to make quantitative measurements of 
concentrations of neon, argon and nitrogen in water by gas chromatography. For 
measurements of neon sample enrichment is required. Further researches must be 
carried out to improve sensitivity and repeatability of the methods.   
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Figure 1 Typical noble gas composition in old groundwater sample [Stute and 
Schlosser, 2001]. 

 

Figure 2 Solubility of atmospheric noble gases as a function of temperature 
[Ozima and Peeters, 1983]. 
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Figure 3 Formation of excess air. 
 

 

 

Figure 4 Concentrations of dissolved nitrogen and argon in water in equilibrium  
with atmosphere (bold line) and in presence of excess air [Heaton and Vogel, 1981]. 
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Figure 5 Scheme of gas chromatograph for the argon and nitrogen 
measurements in water. Kat – catalyst, nt – nafion tube 
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Figure 6 An example of Ar and N2 analysis in surface water. Volume of 
container V=702 ml, head space volume Vg=70 ml, sample loop V=5ml. 
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Figure 7 Scheme of the gas chromatograph for the neon measurements in water. 
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Figure 8 An example of the Ne analysis in surface water. Volume of container 
V=686 ml, head space volume Vg=50 ml. Sample loop V=10ml. 

 

 


