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CHLOROFLUOROCARBONS AS HYDROLOGIC TRACERS 
A NEW TECHNOLOGY 

by 

J. H. Randall and T. R. Schultz 

The nationwide research undertaken to study environmentally dispersed chlorofluorocarbons intro
duced into the atmosphere from aerosol cans and refrigeration systems has indicated that these compounds 
are potentially ideal hydrologic tracers, especially Freon-11 (Cl 3CF). The major advantages of Cl3CF as 
a tracer are its non-polluting conservative nature, extremely low toxicity and sorptivity on clays, 
quantifiable build-up in the atmosphere, and a detection limit of about l0-14 grams. Quick and inex
pensive detection of Cl3CF can be done using a field-operable gas chromatograph with a pulsed electron
capture detector system. The presence of Cl 3CF in ground water, indicating an age of less than 30 years, 
will permit delineation of recent recharge areas. The absolute age of the recharging water is propor
tional to the atmospheric concentration of Ct3CF at the time of recharge. The simple quantifiable 
increase of Cl~CF in the atmosphere should therefore yield more accurate ages than those determined by 
tritium analyHs. 

INTRODUCTION 

Initial interest in chlorofluorocarbons was among atmospheric scientists. Lovelock (1971) was first 
to report detectable atmospheric concentrations of these compounds. Since then several researchers 
(Cicerone and Stolarski, 1974; Turco and Whitten, 1974; Crutzen, 1974; Wofsy, et al., 1975) have postula
ted that stratospheric photodissociation of chlorofluorocarbons produces free chlorine that reacts with 
ozone, thereby depleting the ozone layer. An extensive survey of the global chlorofluorocarbon build-
up and mechanisms of ozone destruction was reported by Rowland and Monlina (1975). 

As a result of the intensive atmospheric research, Thompson et al. (1974) demonstrated the feasi
bility of chlorofluorocarbons as hydrologic tracers. Their research investigated both artificial intro
duction of a specific chlorofluorocarbon and "naturally occurring" trichlorofluoromethane (Freon-ll, 
Cl3CF) to trace surface and ground waters. 

The emphasis of current research has been with Cl 3CF as an environmental tracer. The major demon
strated advantages of Cl 3CF can be summarized as follows: non-polluting (a problem with large concen
trations of chloride); extremely low toxicity, thereby minimizing if not eliminating any health hazards; 
low sorptivity on clays due to its low surface energy (a problem with organic dyes); quick, economical, 
field-operable detection with equipment less expensive than for most other tracers; low detection level; 
a steady known build-up in the atmosphere (tritium's variability in time and space is a major problem); 
and no loss through decay as with radioactive isotopes. 

INTRODUCTION OF CHLOROFLUOROCARBONS INTO THE ENVIRONMENT 

The following generalized description should apply to most chlorofluorocarbons that become environ
mental tracers, but will be restricted to Cl3CF and Cl2CF2 (Freon-12, dichlorodifluoromethane). E. I. 
duPont de Nemours and Co., the largest manufacturer of these two compounds, began commercial production 
during the early 1930's (Rowland and Molina, 1975). These compounds plus other chlorofluorocarbons 
produced in smaller quantities are used as propellants in aerosol cans, working fluids in refrigeration 
systems, blowing agents in plastic foams, and as industrial solvents (E.I. duPont, 1970). Tables 1 and 
2 list estimated production and uses of several of these compounds. 

Tropospheric introduction of Cl 3CF and Cl2CF2 is a function of their intended usage. The residence 
time between manufacture and use of aerosol propellants is short. Rowland and Molina (1975) estimate 
that 90% of the propellants are released within 6 months. In refrigeration systems the residence time 
is longer and more difficult to estimate, probably several years. The residence time for blowing agents 
and solvents has been estimated to be near that of aerosol propellants. 

Tropospheric introduction of these compounds is not uniform, being greatest around urban areas in 
industrial nations. Hester (1974) measured decreasing ground-level Cl 3CF concentration gradients with 
distance out of the Los Angeles Basin. The decrease 80 miles east of the downtown area was about 25%. 
The concentration range with time was from 3 X 10-9 toll X 10- 9 cm 3/cm 3 (volume Cl 3CF/volume standard 
atmosphere). However, global trophospheric mixing is rapid (on the order of months) and uniform. This 
has been demonstrated using radioactive 85Kr, produced only from nuclear reactors and atmospheric bomb
tests, as a Cl3CF analog (Telegradas, 1975). The distribution of 85 Kr indicates decreasing gradients 
from the equator toward the poles with only a 20% reduction in concentrations in the southern hemisphere. 

The introduction of chlorofluorocarbons into the hydrologic cycle occurs when they are partitioned 
during precipitation between the gas and liquid phases. The partition or distribution coefficient is 
identical to Henry's law constant. Henry's law (pi=XiKi) states that the partial pressure of the gas 
(pi) is directly proportional to the mole fraction (Xi) of the solution, where Ki (partition coefficient) 
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Compound 

F-ll 

F-12 

F-22 

F-ll3 

F-ll4 

F-ll5 } 
F-13Bl 

Table 1. Production 1 of fluorocarbons: 1958-19732 

(Adapted from IMOS Task Force, 1975). 

F-ll F-12 

3F-22 3F-142 
World world 

Year F-ll4 u.s. Total u.s. Total 

1958 51 51 131 131 
1959 60 60 157 157 
1960 72 89 166 191 

1961 91 ll4 173 208 
1962 22 ll 124 158 207 258 
1963 36 12 140 184 217 284 

1964 43 13 148 206 228 315 
1965 50 22 170 246 271 385 
1966 56 17 170 268 286 432 

1967 59 322 182 307 310 497 
1968 55 317 204 364 326 565 
1969 71 239 435 368 661 

1970 73 244 478 375 725 
1971 80 0.2 258 532 390 801 
1972 80 300 628 439 931 
1973 325 _§.2[ 487 1034 

Totals 4810 7575 

McCarthy estimated totals 5400 8400 

Production in millions.of pounds 
2 Data from U.S. Tariff Commission, 1961-1973, also from Stanford Research 

Institute, 1973, McCarthy, 1974; du Pont de Nemours & Company. 
3 Sales. 

Table 2. Broad end uses of fluorocarbon production1 2: 1972 
(Adapted from IMOS Task Force, 1975). 

3Sales 
Aerosol Foaming Fi re-fighting 

Production propellents 

285 300 215 

415 439 220 

80 80 
45o 
420 20 

410 0.6 

Refrigerants 

19 

132 

80 

10 

5 

0.2 

Solvents 

50 

agents agents 

50 

45 

4 

1 Production in mill ions of pounds. 
2
oata From U. S. Tariff Commission Reports, 1972; also from duPont de Nemours & Company. 

3Sales 5% less than production because of inventory buildups. 
4Estimated figures based on footnote2• 

is proportionally constant. This linear relationship holds for concentrations considered in thfs appli
cation. There are two possible mechanisms of incorporation in precipitation, rain-out and wash-out. 
Rain-out involves solution of the gas during drop formation. Wash-out involves solution of the gas as 
the rain drop falls. Based on other trace gases (SOx and NOx) in precipitation, rain-out is predominant 
(Moyers, 1976). If rain-out is the predominant mechanism, then the C1 3CF concentration in precipitation 
will be in equilibrium with the global atmospheric distribution rather than near surface anomalies in 
urban areas. This allows easier estimation of atmospheric Cl3CF concentrations at unknown points. 
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ANALYTICAL TECHNIQUES 

Cl 3CF is separated and quantitatively measured by a gas chromatograph with pulsed electron-capture 
detector. The technique was first described (Lovelock, 1957) and used by Lovelock (1971) to detect 
chlorofluorocarbons in the troposphere over Ireland. The system being developed at the University of 
Arizona is a modification of one developed by Leppo and Thompson (Leppo, 1975). Figure 1 illustrates 
the basic components of the instrument. The major advantages of the system are that it can be used for 
sample concentration, analytical quantification and is field operable. 

CARRIER GAS 

CLEANING 
TRAP 

SAMPLE BACKFLUSH 
CONTAINER VALVE 

Figure 1. Schematic of analytical instrument for chlorofluorocarbon measurement. 

A mixture of 95% Argon and 5% methane is used as a carrier gas in the chromatographic system. 
The chlorofluorocarbon impurities, which can be detected in trace quantities in virtually all commer
cially available gasses, are trapped on a Poropak R column imersed in a dry-ice acetone bath. In the 
concentration/backflushing mode, the cleaned carrier gas is bubbled through a 30-150 ml water sample 
for 10-15 minutes to strip the volatile components. After passing through a water trap the volatile 
species are trapped cyrogenically on a Durapak Low K column. In the analytical mode, the CCl3F sample 
on the trapping column is removed by heating the loop and transferred to the precolumn (Durapak Low K) 
where it elutes quickly, leaving the less mobile constituents on the column. After the CCl3F pulse 
has entered the analytical column (Durapak Low K), the system is switched back to the sample concentra
tion/backflushing mode. Thus, while the CCl3F is being further separated on the analytical column, the 
precolumn is cleaned by backflushing with carrier gas and the next sample is degassed into the trapping 
column. This reduces the time required for each analysis because a new sample can be injected imme
diately after the CCl3F peak has been recorded instead of waiting until all the volatile species in the 
water sample have eluted from the analytical column. 

The present theoretical detection limit of the pulsed electron-capture detector is near 10-14 grams 
per second of Cl3CF. The quantity detectable in the water sample is dependent upon the sample size 
because the component of interest is concentrated during analysis. 

The most serious limitation of the technology is contamination. For environmental tracers such as 
Cl3CF, a sample must be collected and analyzed without coming in contact with the atmosphere. This 
problem has been solved for water samples collected from the saturated zone by using a collection 
vessel that becomes part of the chromatographic system, thereby reducing the number of hand! i ng steps. 
The contamination problem does not exist for artificially introduced chlorofluorocarbons because one 
not found in the environment would be chosen as a tracer. 

UNIVERSITY OF ARIZONA CHLOROFLUOROCARBON RESEARCH 

AGE DETERMINATIONS 

Current research at the University of Arizona involves the use of environmental Cl3CF as an ab
solute age determinator. Cl3CF is not found in nature, but has steadily built up in the atmosphere 
since its introduction in the 1930's (Kirk-Othmer, 1974). Rowland and Molina (1974) reported that the 
increase in Cl3CF production has been exponential during the past two decades (c.f. Figure 2). The 
equation of the curve in Figure 2, as determined by linear regression, is: 

p 
ln ~ = 0.17(Y-1940) 
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Figure 2. Annual World Production of Trichlorofluoromethane (CC1 3F). 
After Rowland and Molina (1974), based on estimates by 
R. L. McCarthy (E. I. du Pont). 

where ~ll is the megaton production of Cl3CF during any given year, Y; 0.00112 is the megaton production 
of Cl3Cf in 1940, as extrapolated from Figure 2; and 0.17 is the slope of ln Py vs. Y. 

The total amount in the atmosphere at any given time, Ay. is given by; 

y 

where t = (y-1940). 

Ay = I P iY 0.00112 (exp (0.17 t) - 1) 
0 

Therefore, the ratio of the total atmospheric Cl3CF content for any two years is: 

A2 exp (0.17 t 2) - 1 

A] = exp ( 0. 17 t 1 ) - 1 

If it is assumed that the precipitation is in equilibrium with atmospheric Cl3CF, then the Cl3CF ratios 
in the sample to be dated (w2l and a sample of known age (wl) is given by: 

w2 exp (0.17 t 2) -

w1 exp (0.17 t 1) - 1 

If the date of a single sample is desired, the sample concentration must be adjusted by the Henry's law 
constant: 

wi 
K= A .• 

i 1 

Absolute ages are being applied to several portions of the hydrologic cycle as described in the following 
sections. 
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GROUND WATER 

About 30-40 million gallons per day of treated sewage effluent are being delivered to the Santa Cruz 
River bed in Tucson. The aquifer(s) above and below the discharge point has numerous wells of varying 
depths making this an ideal case study area for monitoring and modeling pollutant movement and esti
mating recharge volumes. 

Water samples are being collected areally and with depth from wells located near the Santa Cruz 
River, both above (for control) and below the discharge point of the City of Tucson's Sewage Treatment 
Plant. The samp 1 es are being analyzed for Cl3CF and the co111110n ions inc 1 udi ng nitrate and ch 1 ori de. 
The Cl3CF distribution will be compared to the nitrate and chloride distributions using a finite-state 
mixing-cell model (Campana, 1976) to account for mixing of recharging and native waters. The model will 
be calibrated using measured and historic water chemistry data. The results will be valuable to the 
City of Tucson and Pima County water resources planners for prediction of water quality changes as 
effluent recharge and ground-water pumping increase in the area. 

Accurate verification of a new technique requires comparison with an accepted one. Tritium, 
introduced into the atmosphere from bomb tests during the last 20-25 years, has become an accepted 
tracer for studying the movement of recharging waters. Widespread use of tritium tracing-techniques 
has not occurred because of expense and complexity of analytical measurement. 

The Edwards Limestone near San Antonio, Texas has been chosen for verification of the Cl3CF age
dating technique. The Edwards Limestone has confined and unconfined zones with flow in some sections 
through large solution conduits. Until recently, an accurate flow model has not existed for the Edwards. 
Campana (1975) successfully simulated the Edwards flow regime using a finite-state mixing cell model 
calibrated with tritium data from 1963-1972. · 

The concentration of Cl3CF in well and spring water samples will be inputed to the flow model. Com
parison of the Cl 3CF and tritium age distributions will test the applicability of the Cl 3CF technique in 
carbonate aquifer systems. 

Verification of the Cl 3CF technique will also include a test in a porous-media flow regime (probably 
alluvial). Several aquifer systems have accepted flow models that would be suitable, although one has 
not been singled out. These models have accounted for dispersion with numerical schemes different from 
the mi xi ng-ce ll method. 

UNSATURATED ZONE 

The rate of deep seepage is a critical variable in arid regions where the water table may be 
several hundred feet below land surface. This rate of movement should be quantifiable using chloro
fluorocarbons as tracers. 

Because of the extreme sensitivity of the Cl3CF detection system, contamination from atmospheric 
sources either during installation or with subsequent sampling cannot be over-emphasized. We hope to 
minimize this contamination by power augering to several feet above the desired sampling depth and then 
completing the access hole with a grouted drive point. Atmospheric gasses will be excluded from the 
drive point assembly during final installation by displacement with some inert, clean (Cl3CF free) gas 
that is easily detected. After completion of the access hole, the drive point system will be evacuated 
and the concentration of inert gas will be monitored until the detection limit is reached. At that time, 
it will be assumed that almost all contamination has been removed. 

Soil gas samples from an area of assumed zero deep seepage (desert floor) and an area of recent 
recharge (Rill ito River in Tucson) will be collected with depth. Any Cl 3CF in the samp 1 es should be in 
equilibrium with the Cl 3CF in the soil moisture. The behavior of the Cl 3CF will be investigated in the 
upper few meters of soil where atmospheric "mixing" can take place. Once below this zone, the remaining 
Cl 3CF will remain in equilibrium with the soil moisture. Knowing the inputs of Cl3CF below the "mixing" 
zone, seepage rates will then be estimated based on the distribution with depth of the atmospheric Cl 3CF. 
The input function of Cl3CF will be modified to account for losses (if any) in the upper few meters of 
the soil. 

AREAS OF FUTURE RESEARCH 

An independent "absolute" method of determining chlorofluorocarbon concentrations in precipitation 
for any year would be beneficial. This would be analogous to determining 14 C concentrations in dated 
tree rings to adjust the 14 C dating scale. It has been suggested (Moyers, 1975 and others) that polar 
ice may incorporate Cl3CF which would allow more precise determination of historical concentrations. 
Davis (1975) has suggested several other independent checks on the atmospheric build-up of chlorofluoro
carbons. For example, measuring Cl3CF concentrations in dated wines and civil defense sealed water 
containers. 

AGE DETERMINATIONS 

Several other halocarbons (carbon plus a halogen) have been considered as environmental tracers. 
Cl2CF2 is present in concentrations at least 2 times that of Cl 3CF. Until recently the accurate quanti
fication of ClzCFz appeared to be possible only with mass spectrometry, however recent advances (Anon, 
1976) allow ClzCFz to be detected with the same instrumentation as previously described. The ratio of 
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Cl 3CF to Cl2CF2 may be useful for tracing and age detenninations. The ratio of the two compounds would 
be unique for any 9iven time due to their different production rates (both increasing). If there are un
detennined losses (such as sorptivity) within the system, the ratio of the two would yield an age 
detennination independent of absolute concentrations assuming similar behavior of the two compounds. 
Carbon tetrachloride (CCl4) may be a possible tracer because it has approached a nearly constant con
centration in the atmosphere. It should be possible to utilize a ratio of CC1 4 to some other chloro
fluorocarbon, such as Cl3CF. 

SURFACE AND GROUND WATERS 

For some applications an artificially injected tracer is necessary, e.g., stream flow measurements. 
The use of fluorescene dyes (Wilson, 1968) and slugs of NaCl are accepted techniques for gaging streams, 
though not widely used. Dye and salt techniques have several disadvantages: pollution, loss of tracer, 
and inability of measuring large flows because of the prohibitive quantity of tracer necessary. 

To date only one chlorofluorocarbon compound (perfluoro-1, 3-dimethylcyclohexane) has been tried 
successfully (Thompson, 1974). In addition to a potentially better gaging technique, the possibility 
exists for several new applications. Remote gaging stations could be set up for continuous or ephemeral 
streams. In the case of ephemeral streams the stations could be turned on only during flows. It 
appears feasible to gage the Amazon River with this technique. Theoretically, the measurement would 
require releasing only one liter per hour, more feasible than kiloliters per hour in the case of flu
orescene dyes. 

Investigation of mixing of large water bodies is possible with either environmental or artifi
cially introduced tracers. Deep mixing in Lake Mead could be determined by measuring Cl3CF concentration 
gradients and incorporating them into available hydrodynamic m6dels. Ocean currents are being studied 
effectively with the use of Cl3CF by the Naval Research Lab (Smith, 1976). 

Chlorofluorocarbons have the potential for tagging surface or ground water pollutants so that 
multiple pollution sources can be identified. This could work in the following way. Several industrial 
polluters would be required by the EPA to inject a chlorofluorocarbon, different than for the other 
companies, into their liquid effluent. This would allow tracing of a pollution problem and deter
mination of the offender. 

ATMOSPHERE 

Chlorofluorocarbons have been demonstrated as effective conservative tracers in the troposphere 
(Lovelock, 1971; Hester, 1974; and others). With the intense interest concerning destruction of the 
stratospheric ozone layer, modeling with chlorofluorocarbons as the tracer, is sure to increase. 
The areal distribution of chlorofluorocarbons as well as better descriptions of their incorporation in 
precipitation will aid their application as an environmental t~acer. 

The detection, measurement, and application of chlorofluorocarbons as a new hydrologic tool has 
been described. The source and movement of chlorofluorocarbons within the hydrologic cycle was indi
cated. Current applications at the University of Arizona are in subsurface flow regimes of the Tucson 
Basin and Edwards Limestone. These applications rely on chlorofluorocarbons ability as an age deter
minator for saturated and unsaturated flow. Future applications are expected to encompass artificial 
injection of suitable tracers in surface and subsurface water, age detenninations based upon chloro
fluorocarbon ratios, and the tagging of pollutants. The attributes of Cl3CF were emphasized: non
polluting, low toxicity, low sorptivity, quick and economical field-operable detection, known atmospheric 
build-up, and no radioactive decay losses. 
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