
Tracing groundwater movement  
using CFCs and SF6

CFC and SF6 analysis provides a method for characterizing groundwater flow and 
recharge rates on a time scale of the past 50 years. Atmospheric concentrations 
of CFCs reached their peak in the southern hemisphere 10-15 years ago and 
are now declining. This makes any interpretation over the past 20 or so years 
ambiguous. Atmospheric concentrations of SF6, on the other hand, continue 
to rise exponentially and hence this compound has complemented CFCs as the 
tracer of choice for groundwater recharged since the mid 1990s.

The use of isotopic techniques to 
trace young groundwater grew in 
prominence in the 1960s as the very 
large amounts of tritium and other 
radioactive isotopes released by 
atmospheric nuclear weapons tests 
became part of the hydrological cycle.

By the late 1990s, tritium concentrations 
in precipitation had declined to almost 
pre-bomb levels, particularly in the 
southern hemisphere where peak 
atmospheric levels were about 33% 
that of the northern hemisphere. 

A new class of anthropogenic compounds 
however emerged as being suitable for 
characterization and tracing of young 
groundwater. These have advantages 
as their concentrations are increasing 
and they are to a large extent inert in 
groundwater. Chlorofluorocarbons 
(CFCs) and sulfur hexafluoride (SF6) are 
synthetic compounds that have been 
used for refrigeration, aerosols and 
electrical insulation since the 1940s. Their 
concentrations in the atmosphere have 

increased steadily since then, reaching 
a peak in the late 1990s for (CFCs) and 
continuing to rise in the case of SF6 (Figure 
1). They can be measured down to levels of 
part per trillion using gas chromatography. 

How does the technique work?
All atmospheric gases present in the 
unsaturated zone will dissolve in water 
at the water table. CFC and SF6 are 
present in the unsaturated zone at 
about the same concentration as that of 
the atmosphere. The gases equilibrate 
with the soil water at the time of 
recharge imprinting the atmospheric 
concentration into the water table. This 
is permanently recorded in groundwater 
as it transits through the saturated zone.

Use of CFCs and SF6 in the first instance 
involves calculating the gas partial 
pressure of the dissolved CFC or SF6 – in 
other words working out what was the 
gas concentration dissolved in water at 
the time the water was recharged. This 
is a simple model based on Henry’s Law 

that converts the measured dissolved 
CFC or SF6 concentration using known 
values of solubility for each of the gases 
at the temperature at which the water 
equilibrated with the atmosphere at 
the time of recharge (usually the mean 
annual temperature) – see Figure 1.

An apparent recharge year for an 
ideal sample consisting only of water 
recharged at one point in time can 
be determined simply by relating 
a measured concentration on the 
vertical axis of the right plot of Figure 
1 to a year on the horizontal axis. 
This estimate of recharge year can be 
readily converted into an estimate of 
the vertical component of recharge 
rate (R) using the following equation:

R = n / (ts – tr)
where n is aquifer porosity, z is 
depth of sample below water table, 

LEFT Figure 1. CFC and SF6 concentrations in the 
atmosphere of northern hemisphere (NH) and 
southern hemisphere (SH) and in water at 10°C 
and 20°C.

One of the first studies using CFCs in 
Australia was in the Howard East River 
basin near Darwin, Northern Territory.  

CFC-11 and CFC-12 concentrations were 
measured at three different times for 25 
piezometers that penetrated 10-20 m 
below the water table. Several of the sites 
had two or three nested piezometers 
allowing profiles of tracer versus depth 
to be established. Unlike the idealized 
example shown earlier (Figure 3) rarely 
is one able to establish a very detailed 
depth specific profile at a given site. Most 
studies rely on existing well installations 
that are not constructed for the purposes 
of transport and tracer studies.

The results of CFC sampling are shown 
in the left panel of Figure 4 along with 
the calculated trend of CFC-11 and CFC-12 
concentrations that would be expected 
from water in equilibrium with the 
atmosphere at a temperature of 28°C 
(the mean annual temperature of the 
Howard River East area). The measured 
data falls to the right of the line which 
is interpreted as degradation of CFC-11 
which is not uncommon in environments 
with high organic matter such as here.  
There is not likely to be contamination 
of CFC-12 in this relatively pristine 
environment. The depth profiles shown 
in the RH panel in Figure 5 show only 
the CFC12 profiles and assuming a using 
a piston flow model yields an estimated 
recharge rate of ~200 mm yr-1 for the 
area. These results were consistent with 

a water balance approach in which this 
amount of recharge is about 10% of 
annual rainfall for this tropical region 
that experiences monsoonal rainfall.

An example of CFC in groundwater from the Northern Territory
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LEFT Figure 4. Top panel; CFC-11 and 
CFC-12 concentrations measured in 
groundwater from the Howard East 
Basin of Northern Territory and the 
theoretical trend for calculated ages 
shown on a line. Most of the results 
indicate degradation of CFC-11 possibly 
because of high organic matter in 
these waters (Cook et al. 1998 CSIRO 
Land and Water Tech. Rep. 13/98). 
Bottom panel: Depth profiles of CFC-
12 at nested piezometer sites in the 
Howard east region. (Cook et al.,  
1998. J. Hydrology, 210, 161-177).
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and ts and tr are the sample year 
and recharge year, respectively.

In reality however, groundwater samples 
usually consist of components or mixtures 
of water that was recharged at different 
times, so the desired approach is to use 
two (or more) CFC species as well as SF6 
to get more information on the ages of 
components present. Hydrogeological 
and sampling information and various 
“lumped-parameter” models that account 
for mixing and dispersion are used to 
describe the determined concentrations 
with a simple but realistic flow scenario. 
This allows conclusions on the average 
age and the different age components 
present in the sample because each of the 
tracers has slightly different characteristic 
and limitations. In the example shown in 
Figure 2 one can see the benefits of using 

multiple tracers (in this example CFC-12 
and SF6), because different combinations 
of measured concentrations require 
different models and different average 
flow velocities to describe the measured 
values. For instance 1 fmol/L for SF6 
and 1.2 pmol/L for CFC-12 in Figure 2 
correspond to a binary mixture (BM) of 
40% old water with 60% very young 
water. The same value for SF6 combined 
with 2.6 pmol/l for CFC-12 corresponds 
to a piston flow model (PFM) with an 
average age of 50 years. The decision 
which of these models is appropriate 
for a specific case needs a combined 
interpretation of the hydrogeologic 
setting and sampling conditions, if 
possible supplemented by hydrochemical 
reasoning. State of the art software tools 
for the modeling and interpretation of 
CFCs, SF6 and a variety of other tracers 

are available from 
the CSIRO IAS team.

The application 
of CFCs and SF6 is 
usually for shallow 
phreatic aquifers 
where groundwater 
infiltration may 
be expected to 
have happened 
less than 50 years 
ago. The depth 
depends on the 
local hydrological 
conditions and for 
very high recharge 

rates the depths at which CFCs or SF6 
are able to be detected can be up to 
several tens of meters. Figure 3 shows 
CFC-12 results for an experimental site in 
eastern Canada that has uniform sands 
and relatively high recharge rates – an 
excellent site to test new techniques. 
In a study done in the mid 1990s, when 
CFC dating was in its infancy, a group 
from University of Waterloo installed a 
series of piezometers with very short 
screens at 15 discrete depths below 
the water table. They measured CFC 
concentrations as function of depth and 
by comparison with the expected depth 
profile assuming a constant infiltration 
rate they could determine the recharge 
rate (~130 mm/yr) and even elaborate 
on redox processes in the aquifer. This 
illustrates that the quality of sampling 
conditions is a crucial parameter in the 
application of CFCs and SF6 and that a 
more detailed system understanding 
needs several measurements.

Advantages and limitations
The advantages for using the trace 
gases CFCs and SF6 for studying young 
groundwater – young meaning here 
recharged after 1950 - is that they are 
the most readily available tracers for 
this time range in Australia. 3H-3He 
dating is used routinely in the northern 
hemisphere, but this is seldom done in 
Australia due to the absence of analytical 
facilities. Similarly there are no readily 
available facilities for 85Kr, although this 

radioactive noble gas provides the most 
robust methodology available at present.

The main limitations in using CFCs 
are contamination from local sources 
of CFCs, which often precludes their 
use in urban or industrialized areas. 
Degradation of CFC-11 is often observed 
in groundwater environments particularly 
those with high organic matter or sub-
oxic conditions (see Figure 3). The use of 
CFCs are best suited to waters infiltrated 
earlier than about 1995 because of the 
plateau and decline in atmospheric 
concentrations over the past 20 years.

The main advantage of SF6 is that its 
concentration in the atmosphere has 
been increasing exponentially for the past 
thirty years and still has a unique relation 
between atmospheric concentration 
and year. The main limitation is its very 
low solubility and the potential for air 

entrainment during sampling, causing 
over-estimate of the concentration and 
under-estimate of the age. This can be 
partly overcome by making an excess air 
correction using the concentration of 
other natural atmospheric gases such as 
N2, Ar and Ne (see fact sheet on noble 
gases). Some recent studies of SF6 use 
in groundwater have suggested that 
natural amounts of SF6 may be present, 
particularly in volcanic or fractured rock 
environments. If this finding is verified, 
this would be a problem for some 
situations where concentrations are 
approaching background levels unless 
the natural component can be quantified.

One of the caveats in using any of the 
tracers of young groundwater is mixing 
of groundwater with different flow 
paths especially when sampled from 
long screen intervals. Such sampling 

conditions imply components with 
different flow paths are mixed within the 
well. Results can then only be interpreted 
assuming a distribution of ages, reflected 
by the different lines in Figure 2. In these 
cases the shape of the age distribution 
(the choice of the model) has more 
influence on the result than the average 
age. The combination of several tracers 
(CFCs & SF6 together with for example 
tritium, 3He, radiocarbon, etc.) then can 
give further insights on the ages present 
in the sample, since each tracer has its 
highest sensitivity in a different age 
range. What this means is that tracers 
cannot be used in isolation but need 
to be interpreted in a hydrogeological 
context, either with a sound conceptual 
or numerical model of the system.

LEFT Figure 3: Depth 
profile for CFC-12 in 
groundwater from the 
Sturgeon Falls aquifer 
of Canada as a function 
of depth. By comparison 
with theoretical 
infiltration curves the 
recharge rate for this 
experimental site was 
determined to be about 
130-170 mm/yr from 
CFC-12 (left side). Below 
3m depth CFC-11 was 
degraded and rates were 
estimated to 0.4-0.8/yr 
(right side). (Cook et al., 
1995. Water Resour. Res., 
31, 425-434).

ABOVE Figure 2. Trends for SF6 and CFC-12 for four different 
models (Binary Mixing, Exponential Mixing Model, Exponential 
Piston Flow and Piston Flow) (Darling et al., 2012. Applied 
Geochem, DOI: 10.1016/j.apgeochem.2012.02.005). 

FAQs
Q:  How are samples collected? 

A:  Sampling for CFCs and SF6 is 
straightforward and requires 
purpose designed glass bottles 
(supplied by the laboratory) to 
eliminate air space and minimize 
potential contamination from 
the atmosphere. About one or 
two hours of training is all that 
is needed for proper sampling 
procedure. The laboratory will 
supply 3 x 125 ml glass bottles 
with screw top metal lids for CFCs 
and a 1 1L bottle for each sample 
for SF6. Most submersible pumps 
are suitable for sampling for 
CFC and for SF6 analysis but soft 
plastic hose (garden hose) should 
be avoided when sampling for 
CFC (contact laboratory for more 
information). Normally replicate 
samples are collected for CFC 
analysis to make sure results are 
consistent. The groundwater being 
sampled should have minimal 
contact with air. A pump rate of 
at least a few litres per minute 
will help ensure this. If water 
degasses spontaneously and gas 
bubbles build-up during sampling 
this has to be reported on the 
submission sheet. Further details 
are available at: http://www.
clw.csiro.au/services/isotope/ 

Q:  How soon can I expect results? 

A:  The CSIRO laboratory endeavours to 
have results within 4-6 weeks. There 
are no other laboratories in Australia 
capable of CFC and/or SF6 analysis 
in water, therefore throughput 
time depends on sample load and 
measurement capacity of the lab.

Q: How can I know if the sample is 
contaminated or degraded? 

A: Heavily contaminated samples 
will have concentrations of CFC 
or SF6 above that of equilibrium 
with modern air, for instance 
more than 2.5 fmol/l in SF6 and 
more than 3.2 pmol/l for CFC-12 
in Figure 2. No interpretation of 
recharge year is possible in these 
cases, but obviously the water 
contains a large component that 
was recharged later than 1950. 
One can avoid contamination by 
avoiding collecting samples in or 
near urban areas or areas where 
there are known landfills or old 
industrial sites. A more common 
problem is that of CFC degradation 
(Figure 3). This is quite often seen 
with CFC11 analysis and less so 
(but also possible) with CFC12 and 
usually attributed to groundwater 
from reducing environments. 
Both cases of contamination or 
degradation can often be detected 

from a tracer versus tracer plot like 
Figure 2 and would give values 
far away from the model curves.

Q: How much does it cost?

A: For actual price information see 
the homepage of CSIRO Isotope 
analysis Service http://www.clw.
csiro.au/services/isotope/ For SF6 
analysis it is advisable to collect a 
sample of water to be analysed for 
Ar and Ne to determine excess air 
correction (see separate fact sheet). 
Depending on the project, it may be 
possible to only collect a noble gas 
sample for every 4 or 5 SF6 samples.

Q: Are there any alternative methods?

A: At present not for dating young 
groundwater in Australia.  
Overseas laboratories are capable 
of measuring tritium and its 
daughter product 3He. Other 
methods such as 85Kr involve more 
cumbersome sampling and gas 
stripping in the field. A device for 
this sampling will be available in 
CSIRO in 2013. For the near future 
this will also require sending 
samples overseas for measurement. 
CSIRO is willing to provide the 
necessary contact, sampling 
information and contribute to 
scientific interpretation within 
joint scientific projects.
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