
WATER RESOURCES RESEARCH, VOL. 31, NO. 2, PAGES 263-270, FEBRUARY 1995 

Transport of atmospheric trace gases to the water table: 
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Abstract. Chlorofluorocarbons and krypton 85 are trace gases whose atmospheric 
concentrations have been increasing over the past few decades. As 'they are soluble in 
water, they have been used as groundwater age indicators over timescales ranging from a 
few years to a few decades. In this paper we show that the time lag for transport of these 
atmospheric trace gases through the unsaturated zone is an important consideration when 
dating groundwaters that are recharged through thick unsaturated zones. The apparent 
time lag is largely dependent on the gas solubility, the gas diffusion coefficient, and the soil 
water content. In coarse-grained soils the lag time will typically range between 1 and 2 
years for a water table depth of 10 rn to between 8 and 15 years for a water table depth of 
30 m. For the shallower water tables (<10 m) the effect is not significant, as it is within 
the error of the dating methods. However, for deeper water tables (> 10 m), if this effect 
is not considered, the use of these gaseous tracers will overestimate the age of the 
groundwater. In very fine-grained soils where the soil water content in the unsaturated 
zone may be close to saturation, the effect will be much more pronounced. 

Introduction 

Atmospheric concentrations of a range of trace gases have 
been increasing over recent decades as a result of human 
activity. In particular, chlorofluorocarbons (CFCs) CFC-11 
(CFC13), CFC-12 (CF2C12) , CFC-113 (C2C13F3) , and 85Kr have 
relatively long atmospheric lifetimes, and their atmospheric 
concentrations have been documented at reference sites 

throughout the world [Rozanski, 1979; Prinn et al., 1983]. At- 
mospheric concentrations of these gases have increased signif- 
icantly over the past few decades (Figure 1). If mixing is neg- 
ligible, then the age of any air sample can be uniquely 
determined from the measured concentration of any one of 
these gases. As these gases are soluble in water, they can also 
be used as tracers of water movement. They have been widely 
used as tracers of oceanic circulation [e.g., Hammer and Hayes, 
1978; Wisegarver and Gammon, 1988; Smethie and Swift, 1989] 
and have been recently applied to groundwater dating prob- 
lems [e.g., Busenberg and Plummer, 1992; Smethie et al., 1992; 
Dunkle et al., 1993]. 

When used as age tracers in the ocean, there is an implicit 
assumption that surface waters are at equilibrium with atmo- 
spheric concentrations. However, this assumption is not nec- 
essarily valid for groundwater applications, particularly if a 
thick unsaturated zone separates the atmosphere from the 
water table. The concentration of these trace gases in the soil 
atmosphere immediately above the water table will depend on 
their rate of transport through the unsaturated zone. Ground- 
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water ages (defined as the time since the sample was re- 
charged, i.e., since it left the unsaturated zone) are usually 
obtained by comparing measured concentrations directly with 
the atmospheric growth curve (Figure 1). If the unsaturated 
zone is deep, the gas concentrations immediately above the 
water table may be lower than the atmospheric concentrations, 
and so these dating methods will overestimate the groundwater 
age. (This definition of groundwater age differs from that 
which might be used by someone dating groundwater using 3H 
or 36C1. For these tracers, which are dominantly transported in 
the liquid phase, the clock is set when the water infiltrates, and 
so the age date would include the travel time in the unsatur- 
ated zone.) 

The transport of gases through unsaturated soil can occur by 
diffusion and advection in the gas and liquid phases. Advection 
of soil air may occur in response to pressure variations in the 
soil resulting from wind eddies, changes in atmospheric pres- 
sure, and changes in soil temperature. Air movement may also 
result from changes in soil water content, which occur during 
infiltration, or from variations in the position of the water 
table. However, while transport of soil gas through advection 
appears important in the upper few meters of the soil profile, 
at greater depths, diffusive processes are likely to dominate 
[e.g., Kimball and Lemon, 1972; Farrell et al., 1966]. This con- 
clusion is supported by measured profiles of chlorofluorocar- 
bons obtained from deep (>50 m) unsaturated zones, which 
appear to be diffusion-controlled [Weeks et al., 1982; Busenberg 
et al., 1993]. An exception to this may be in low-permeability 
fractured rock systems, where fluctuations in barometric pres- 
sure may induce significant movement of air to great depths 
[e.g., Thorstenson et al., 1989]. 

In this paper we use a one-dimensional model to describe 
gas transport processes in the unsaturated zone. The model 
includes terms to represent diffusion and advection in both the 
liquid and gas phases, although advective gas transport has not 
been included in the simulations. 
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Figure 1. Atmospheric concentrations of CFC-11, CFC-12, 
CFC-113 (parts per trillion by volume (ppw)) and • (disin- 
tegration per minute per cubic centimeter) from 1940 through 
to 1992. Data for CFC-11 and CFC-12 be•een 1975 and 1985 

are from measurements at the Pacific Northwest station (Unit- 
ed States). For post-1985 a linear rate of increase of 10 and 20 
ppW yr-' has been assumed for CFC-11 and CFC-12, respec- 
tively [Rasmussen and •aEl, 1986]. Concentrations before 
1975 are derived from the release data of McCa•hy et al. 
[1977], normalized to concentrations measured in 1975. Atmo- 
spheric concentrations of CFC-113 are from W. M. Smethie 
(personal communication, 1994). The specific activi• of • is 
modified from Rath's [1988] •o-dimensional model simula- 
tion, which is fitted to atmospheric obse•ations. 

Theory 

The movement of atmospheric trace gases through unsatur- 
ated soil may occur both in the liquid and gas phases. Retar- 
dation may occur through sorption onto the solid phase. The 
total mass flux of a species may be represented by 

•5 [•aCg -[- OpICI -[- (1 -- 0- •a)psCs] 

- [A(1 - 0- 8a)psCs] , (1) 

where 0 is the volumetric water content of the soil; •a is the 
gas-filled porosity; Pt is the density of the liquid phase (in grams 
per cubic centimeter), Ps is the density of the solid phase (in 
grams per cubic centimeter); h is the decay or degradation 
constant (assumed to be the same in all phases); C l (in moles 
per gram), c a (in moles per cubic centimeter), and Cs (in moles 
per gram) are the concentrations in the liquid, gas, and solid 
phases, respectively; D e is the effective gas diffusion coefficient 
(in square meters per year); D l is the liquid phase dispersion 
coefficient (in square meters per year); qa and ql are the mean 
gas and liquid fluxes, respectively (in meters per year); z is 
depth; and t is time. (A simpler form of this equation is given 
by Weeks et al. [1982].) The effective gas diffusion coefficient is 
given by 

Og= O•O•aTg, (2) 

where De ø is the self-diffusion coefficient of the species in air, 
and 0 < z a < 1 is the gas phase tortuosity. The liquid phase 
dispersion coefficient is given by 

ql 

Di: DlOOT1 + ot -•-, (3) 
where D/ø is the self-diffusion coefficient of the species in water, 
0 < z I < i is the liquid phase tortuosity, and a is the disper- 
sivity (in meters). The first term on the right-hand side of (1) 
represents the contribution of the gas phase to the total mass 
flux, the second term represents the liquid flux, and the third 
represents the solid flux (decay/degradation only). 

Exchange between the gas, liquid, and solid phases is as- 
sumed to be instantaneous and is defined by the equilibrium 
partition coefficients 

K., = Cl/Cg (4) 

Ka = C s/C l. (5) 

Equation (1) can thus be rewritten 

where 

•O*Cg •2Cg •Cg 
•57 = O * •-•-z 2 - q * •-•- - O * X c g' (6) 

O* = •a q- OplKw q- (1 - 0- •a)psKwKd, (7) 

D* = Dg + DlPlKw (8) 

q* = qlPlKw + qa. (9) 

Equation (6) may be solved by numerical techniques. The 
concentration of atmospheric trace gases in the soil gas phase 
at the soil surface should be given by the atmospheric concen- 
tration at that time. Concentrations at greater depth will de- 
pend on past atmospheric concentrations, the vertical water 
velocity, soil water content, liquid and gas phase diffusion co- 
efficients, and partitioning between the three phases. 

Results 

The relative effects of various soil parameters on the distri- 
bution of atmospheric gases in the unsaturated zone has been 
determined by numerical solution to (6) by using an explicit, 
finite difference scheme. We have modeled the subsurface as a 

two-layer system: an unsaturated zone, overlying a saturated 
zone (E: a -- 0). The upper boundary condition has been taken 
to be the atmospheric concentration of the relevant gas species 
at that time (Figure 1). The lower boundary condition has been 
chosen to be 

c• = 0 z = 200 m t-• 0. (10) 

The lower boundary at 200 m was chosen to be sufficiently 
deep so that it did not influence the simulations. 

To our knowledge, no measurements exist for the self- 
diffusion coefficients for CFC-11, CFC-12, or CFC-113 in wa- 
ter. However, for all reasonable values of the soil water flux 

(ql), De • DlPlK,•, and so profiles are not sensitive to values 
of D/ø and c•. In the following, the values D• = 0.03 m • yr -1 
and c• = 0.02 m have been used for all the gases. Approximate 

o 

values for D e may be obtained from various empirical and 
semiempirical equations [e.g., Cussler, 1984]. We have used the 
equation of Slattery and Bird [1958] to estimate gas diffusion 
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Figure 2. Modeled soil gas concentrations above a water ta- 
ble at the 30-m depth. 

coefficients of 260, 285, 230, and 440 m 2 yr -• for CFC-11, 
CFC-12, CFC-113, and 85Kr, respectively (diffusion into N 2 at 
283 K, 1 atm). The diffusion coefficient estimated for CFC-12 
is within 10% of the value determined experimentally by Mon- 
fort and Pellegatta [1991]. Values have not been experimentally 
determined for CFC-11 or CFC-113. 

Although subject to microbial degradation in anaerobic wa- 
ters, chlorofluorocarbons CFC-11, CFC-12, and CFC-113 may 
be considered as essentially stable ()t - 0) under aerobic con- 
ditions [Rowland and Molina, 1975; Lovley and Woodward, 
1992]. Krypton 85, though also not subject to microbial degra- 
dation, is lost through radioactive decay, with a half-life of 
approximately 10.76 years ()t = 0.0644 yr-•). 

The soil porosity has been modelled to be (0 + e a) = 0.35. 
Unless otherwise stated, the soil water content in the unsatur- 
ated zone has been chosen to be 0 = 0.15, and the liquid phase 
tortuosity has been chosen to be *l = 0.15 (ea = 0.20, *a = 
0.19). (The water content-gas tortuosity relationship is taken 
from Millington [1959].) Air-water partition coefficients have 
been taken to be 0.51, 0.13, 0.15, and 0.01 for CFC-11, CFC-12, 
CFC-113, and 85Kr, respectively, reflecting solubilities at 283 
Kelvin [Weiss and Kyser, 1978; Bu and Warner, 1994; Warner 
and Weiss, 1985]. Other parameters were varied as discussed 
below. 

Figure 2 depicts soil gas profiles of CFC-11, CFC-12, CFC- 
113, and 85Kr in 1992 for the above soil parameters, and a 

30-m-deep water table. In these simulations, both gas and 
liquid phases were considered to be immobile, to simulate 
conditions of low recharge (transport by diffusion only; q a = 
q l = 0), and sorption to the solid phase was considered 
negligible (Ka = 0). Concentrations in the unsaturated zone 
are given in parts per trillion (10-•2) by volume for chlorofluo- 
rocarbons and disintegrations per minute per cubic centimeter 
for 85Kr. For CFC-11, the concentration in the soil gas phase at 
the top of the water table is estimated to be 174 pptv, com- 
pared to a concentration of 292 pptv in the atmosphere (in 
1992). The soil gas concentration of 177 pptv is equivalent to 
the atmospheric concentration measured in 1980. Hence a 
water sample collected at the water table would appear 12 
years old, if dated by CFC-11. We say that the "apparent time 
lag" for transport of CFC-11 through the unsaturated zone is 
tL = 12 years. 

Table 1 gives soil gas concentrations immediately above wa- 
ter tables between 5 and 40 m depth. Also shown is the appar- 
ent time lag for each water table depth. The apparent time lag 
generally becomes significant at water table depths greater 
than approximately 10 m. 

Effect of Water Content 

Increases in soil water content (and thus decreases in gas- 
filled porosity) will usually result in retardation of tracer move- 
ment as the cross-sectional area available for gas diffusion is 
reduced and the tortuosity of the flow path is increased. If the 
tracer is soluble in the liquid phase, the effect of variations in 
water content will be enhanced, as increased water content will 
also lead to increased partitioning into the less mobile liquid 
phase. The simulation results shown in Table 1 are for a water 
content of 0 = 0.15 (ea --- 0.20, •'a = 0.19). For soil water 
contents of 0 = 0.10 (•a = 0.25, % = 0.32) and 0 = 0.20 
(ea = 0.15, *a = 0.10), the time lag for CFC-11 and a 30-m 
water table becomes 6.3 years and 18.8 years, respectively. For 
a 10-m water table the time lags for CFC-11 become 0.7 and 
3.3 years, respectively. 

While unsaturated zone water contents in sand and loam 

textured soils will usually be less than 0.20 (away from the 
influence of the water table), higher water contents may be 
encountered in clay soils. At water contents of 0 = 0.25 (•a 
= 0.10, *g = 0.04) and 0 = 0.30 (•a --- 0.05, l'g = 
0.0075), the time lag for CFC-11 to a 10-m water table in- 
creases to 11.3 years and 32.2 years, respectively. For a 5-m 
water table the time lags become 3.3 and 18.9 years, respec- 
tively. 

Effect of Recharge Rate 
Because chlorofluorocarbons and 85Kr are soluble in the 

liquid phase (K}, > 0), higher recharge fluxes will result in 

Table 1. Simulated Unsaturated Zone Concentrations of Atmospheric Trace Gases 
Immediately Above Water Tables Between 5 and 40 m Depth (0 = 0.15) 

Water Table 

Depth, m Fll, pptv F12, pptv Fl13, pptv 85Kr, dpm cm -3 

0* 292 523 86 59 

51- 289 (0.4) 519 (0.3) 85 (0.3) 59 (0.1) 
10 278 (1.5) 504 (1.0) 79 (1.4) 56 (0.6) 
20 237 (5.6) 445 (3.9) 57 (4.4) 48 (2.2) 
30 174 (12.4) 356 (8.6) 35 (8.2) 37 (4.6) 
40 117 (17.2) 263 (14.1) 20 (12.7) 28 (7.3) 

*Atmospheric concentration in 1992. 
?Apparent time lag (tL, in years) for transport through the unsaturated zone is given in parentheses. 
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deeper penetration of the tracer into the soil. For a recharge 
flux of ql = 300 mm yr -• the concentration of CFC-11 in the 
gas phase immediately above a 30-m water table increases 
from 174 pptv to 189 pptv, and consequently, the time lag 
decreases from 12.4 to 10.5 years. As solubility decreases, the 
effect of variations in recharge rate become less pronounced. 
For CFC-12 the apparent time lag to a 30-m water table de- 
creases from 8.6 years to 8.3 years as the recharge rate in- 
creases from zero to 300 mm yr-•. 

If the water content is very high, however, then the flux of 
dissolved gas in the liquid phase may be much greater than the 
diffusive flux in the gas phase. In particular, for a soil water 
content of 0 = 0.30, the time lag for CFC-11 and a 30-m water 
table decreases from more than 100 years (no atmospheric 
CFC-11 in the groundwater) at a recharge flux of ql = 0 to 
tz• = 34.3 years at a recharge flux of ql = 300 mm yr -•. The 
latter is very close to the residence time of water in the unsat- 
urated zone (30 years). 

Effect of Sorption 
Increased sorption onto the immobile solid phase results in 

retardation of tracer movement. However, in unsaturated zone 
gas transport the effect is usually minor, as the gases must first 
partition into the water phase (which is usually assumed to 
completely surround the solid phase particles). The sorption of 
CFCs on the solid phase of soils was studied in column exper- 
iments by Ciccioli et al. [1980]. They found negligible retarda- 
tion (Ka = 0) of any of CFC-11, CFC-12, or CFC-113 during 
passage through a column of ground Ottawa Sand. For trans- 
port through ground limestone, significant retardation of 
CFC-11 and CFC-113 was observed. Solid-liquid partition co- 
efficients are estimated to be Ka = 0.0, 0.02, and 0.1 for 
CFC-12, CFC-11, and CFC-113, respectively. Krypton is as- 
sumed to be nonsorbing. 

For CFC-113, the strongest sorbing of the CFCs, a partition 
coefficient of Ka = 0.1 increases the apparent time lag for a 
30-m water table from 8.2 years to 9.0 years. 

Effect of Temperature 
Both the diffusion coefficients and the gas-liquid partition 

coefficients of the gases are temperature dependent. Values 
used in the above analysis are appropriate for a soil tempera- 
ture of 10øC. Diffusion coefficients are directly proportional to 
temperature; however, they vary by less than 1% for a 2øC 
change in temperature. Solubility is more strongly dependent 
on temperature, increasing as temperature decreases. Gas- 
liquid partition coefficients for CFC-11 range from Kw = 0.88 
at 0.1øC to Kw = 0.31 at 20øC [Warner and Weiss, 1985] and 
result in variation in the time lag to a 30-m water table between 
14.4 years at 0øC and 10.9 years at 20øC (12.4 years at 10øC, 
Table 1). Solubilities of the other gases show similar variability. 

Variations in Time 

The apparent time lag is relatively constant in time for those 
tracers whose atmospheric concentrations follow an approxi- 
mately exponentially increasing trend (see (16) and preceding 
discussion). For CFC-11 the apparent time lag to a 30-m water 
table in 1992 is estimated to be 12.4 years (water recharged in 
1992 will appear 12.4 years old). For recharge which occurred 
in 1977 the apparent time lag was 8.4 years, and in 1982 it was 
9.2 years. The time lag has increased in recent years as the 
atmospheric growth rate has declined. For a 10-m water table 
the time lag has varied only between 1.4 and 1.6 years. For 85Kr 
the apparent time lag to a 30-m water table has varied between 

Table 2. Parameters Used in the Two-Dimensional Flow 

and Transport Simulations 

Parameter Value 

Recharge 500 mm yr -• 
Longitudinal dispersivity 1 m 
Transverse dispersivity 0.01 m 
Porosity 0.35 
Hydraulic conductivity n.a. 

Not applicable, n.a. 

approximately 5.3 years for water recharged in 1974 and 4.4 
years for water recharged in 1982. 

An Approximate Analytical Solution 
For the low-solubility chlorofluorocarbons, diffusion in the 

gas phase will usually be the dominant transport process. In 
this case, a simple analytical expression for the apparent time 
lag can be derived (see the appendix). Using this approxima- 
tion, time lags to a 30-rn water table (using the same parame- 
ters as for Table 1) are estimated to be 10.6, 8.0, and 8.5 years 
for CFC-11, CFC-12, and CFC-113, respectively. These values 
all agree with the numerical solutions to within 20%. This 
analytical solution does not include a decay term so it will 
overpredict 85Kr concentrations above the water table. How- 
ever, the estimated time lags for 85Kr will still be approximately 
correct. The analytical solution for a 30-m water table for 85Kr 
gives a time lag of 5.0 years (same soil parameters as for Table 
1), which compares with a value of 4.6 years obtained with the 
full numerical solution. However, because it does not include 
advective transport, the analytical solution may be inaccurate 
where the recharge flux is very high (>300 mm yr-•; see 
above). (We have chosen exponential growth rates of 0.05, 
0.05, 0.11, and 0.04 yr -• to reflect CFC-11, CFC-12, CFC-113, 
and SSKr atmospheric concentrations over the past 20 years.) 

Variations in Unsaturated Zone Thickness 

In areas where the topography is undulating, diffusion of 
trace gases through an unsaturated zone of variable thickness 
may lead to a complex geometry of gas concentrations in the 
unconfined aquifer. This has been simulated using a two- 
dimensional, steady state groundwater flow model, based on 
the dual formulation of flow utilized by Frind and Matanga 
[1985]. Concentrations of CFC-11 at the water table interface 
have been calculated for unsaturated zone thicknesses between 

5 and 40 m by using the numerical solution to (6). Lateral 
diffusion of chlorofluorocarbons in the unsaturated zone has 

been neglected. These have then been used as the time-variant 
upper boundary condition for a two-dimensional solute trans- 
port model described by Sudicky [1989]. The left and lower 
boundaries are no flow, and the right boundary is constant 
head. Parameters used in the transport simulations are shown 
in Table 2. The solution domain is 500 m horizontally by 25 m 
vertically, and the finite element grid consists of 10,000 trian- 
gular elements and 5151 nodes. 

Figure 3 shows a large plume of high CFC-11 concentrations 
(low apparent CFC-11 ages) emanating from beneath the low 
water table region and moving downgradient. Within this 
plume, apparent CFC-11 ages are close to true groundwater 
ages. Elsewhere, however, apparent CFC-11 ages are older 
than true groundwater ages by 10-15 years, which is the time 
lag for the gas to be transported through a 40-m unsaturated 
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Figure 3. Two-dimensional groundwater flow model, showing CFC-11 concentrations in an unconfined 
aquifer below an unsaturated zone of variable thickness: (a) unsaturated zone thickness, groundwater flow net, 
and groundwater travel times; (b) CFC-11 apparent ages; and (c) CFC-11 concentrations (in parts per trillion 
by volume). CFC-11 concentrations are expressed in terms of equivalent gas concentrations (concentrations 
in air in equilibrium with the water). 

zone. Downstream of the shallow water table region (at x = 
300 m, for example), a vertical profile of CFC-11 would reveal 
an apparent age inversion. Here, groundwater immediately 
below the water table has an apparent CFC-11 age of approx- 
imately 15 years, while water at the 7-m depth has an apparent 
age of 8 years. 

Discussion 

In order for chlorofluorocarbons and 85Kr to be reliably 
used as groundwater dating methods, the concentration history 
of the trace gases at the bottom of the unsaturated zone needs 
to be known. It usually will not be. If the atmospheric concen- 
tration history (which is known) is used instead, then errors 
may arise. Because the soil gas concentration at the top of the 
water table will be lower than the atmospheric concentration at 
that time, the age of groundwater samples will be overesti- 

mated. However, because the rate of atmospheric increase of 
these gases has been approximately exponential, the unsatur- 
ated zone concentration profile (expressed as c(z, t)/c(O, t)) 
will be relatively stable, and so the error will be relatively 
constant in time. Hence all groundwater samples, regardless of 
their actual, hydraulic age, will appear "older" by a constant 
factor tL (termed the time lag). A corollary to this is that the 
age gradient observed within the groundwater will be unaf- 
fected. The magnitude of this "error" or "time lag" will vary 
directly with the depth to the water table and inversely with the 
air-filled porosity of the soil. 

In areas where the topography is undulating, however, dif- 
fusion of trace gases through an unsaturated zone of variable 
thickness may lead to a complex geometry of gas concentra- 
tions in the unconfined aquifer. While the example we present 
may be exaggerated, it illustrates how the apparent time lag 
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may vary both horizontally and vertically within the aquifer, 
reflecting the unsaturated zone thickness where the ground- 
water was recharged. This may lead to apparent age inversions 
within vertical groundwater profiles. Along a flow line, how- 
ever, apparent age gradients should still reflect the true 
groundwater age gradient. 

In relatively coarse-textured soils, the time lag will usually be 
significant only where the unsaturated zone thickness is greater 
than approximately 10 m. It will usually be of the order of 1-2 
years for a 10-m water table depth, which is within the error of 
the dating techniques. The time lag increases to between 8 and 
15 years for a 30-m water table depth and is highly significant. 
The effect will be even greater than this in highly sorbing soil 
materials, although in this case, chlorofluorocarbons are un- 
likely to be considered for groundwater dating. The effect will 
also be more pronounced in fine-textured soils, where the 
gas-filled porosity will usually be low. 

Although most of the simulations described in this paper are 
for an immobile water phase, the estimated time lags are rel- 
atively insensitive to the recharge flux unless the recharge rate 
is very high (>300 mm yr-•) and the unsaturated zone water 
content is very high (>0.25). Because of the low solubility of 
these gases, at low recharge rates the diffusive flux in the soil 
gas phase will usually be greater than the advective flux in the 
liquid phase. 

Definitive studies that corroborate our modeling results 
have not been conducted. However, data from several field 
sites provide some interesting results. At a site in southern 
Ontario, where the unsaturated zone is 30 m thick and consists 
largely of sands and silts, chlorofluorocarbon (CFC-11) ages in 
groundwater are consistently 10 ___ 2 years older than 3H/3He 
ages. (The 3H/3He ages are not affected by a thick unsaturated 
zone because the atmospheric concentration of 3He has been 
constant with time.) The difference is equal to the estimated 
time lag for CFC-11 at the measured water content of 0.10 and 
recharge rate of 250 mm yr -• [Johnston, 1994]. At a site in 
eastern Tennessee, where the unsaturated zone is composed 
largely of fine silts and clays (P. G. Cook et al., Inferring 
shallow groundwater flow in saprolite and fractured rock using 
environmental tracers, submitted to Water Resources Research, 
1994), the CFC "clock" appears to be set at the land surface, 
and concentrations decrease exponentially with depth, with no 
apparent effect at the water table. Our simulations suggest that 
this may be the case whenever the gas-filled porosity in the 
unsaturated zone is less than approximately 0.05. In this case, 
the flux of dissolved gas in the liquid phase dominates the 
diffusive flux in the gas phase. (However, these simulations are 
extremely sensitive to the gas-phase tortuosity, which at these 
high water contents is difficult to estimate and probably highly 
dependent on the soil structure.) 

At the Delmarva site on the Atlantic coastal plain, Dunkle et 
al. [1993] found no significant time lag for CFC transport 
through unsaturated zones up to 5 m in thickness. Ekwurzel et 
al. [1994] found good agreement between CFC, 85Kr, and 
3H/3He ages at the same site, also suggesting that the process 
is not important at this site. As the soils at this site are 
predominantly sands (unsaturated zone water contents 
likely to be less than 0.20), this is in agreement with our 
modeling results. 

At a site in central Idaho, Busenberg et al. [1993] measured 
concentrations in the unsaturated zone air at a depth of 90 m 
that suggest a time lag of more than 20 years. However, CFC 
concentrations in water samples from the saturated zone were 

close to present atmospheric values (apparent age of between 
4 and 5 years), suggesting that groundwater was not in equi- 
librium with soil air in the overlying unsaturated zone. 
Groundwater recharge that occurs as rapid preferential flow 
through the unsaturated zone or recharge that occurs at distal 
locations (where the unsaturated zone thickness may be less) is 
a possible explanation for the difference between unsaturated 
and saturated zone concentrations. 

Our analysis has neglected several additional effects, which 
may be important in some cases. In particular, it neglects the 
effects of barometric pumping, which will cause enhanced ver- 
tical gas transport within the upper few meters of the soil 
profile [Massmann and Farrier, 1992]. However, this effect 
should not significantly effect gas concentrations above the 
deeper water tables. Our examples have also ignored deeper 
advective gas transport, which may be important if pumping 
has significantly lowered regional water tables [Weeks et al., 
1982] or if deep wells induce topographically driven air circu- 
lation [Thorstenson et al., 1989]. Large variations in the water 
table may also complicate the analysis. 

Conclusions 

Atmospheric gaseous tracers CFC-11, CFC-12, CFC-113, 
and 85Kr have considerable potential as groundwater age in- 
dicators. However, where these tracers are used to date 
groundwaters that are recharged through thick unsaturated 
zones, the time lag for transport of the atmospheric gases 
through the unsaturated zone becomes significant. The mag- 
nitude of the time lag is largely dependent on the diffusion 
coefficient of the gas, its solubility in water, the soil water 
content of the unsaturated zone, and the water table depth. 

Appendix: An Approximate Analytical Solution 

If diffusion in the gas phase of the unsaturated zone is the 
dominant transport process, equation (6) reduces to 

•O*c•/•t = D*•2c•/•z •. (11) 

An analytical solution exists for the case of exponentially in- 
creasing atmospheric concentrations [Carsla• and Jaeger, 1959; 
Weeks et al., 1982]: 

c• =coe • z = 0; (12) 

and negligible transport of chlorofluorocarbons into the 
groundwater: 

•c•/•z = 0 z = H (13) 

where H is the water table depth. The concentration profile is 
given by 

cg(z, t) = coekt{ cosh [(H - z)2kO*/D*] ø'5 cosh [H2k 0'/D*]ø'5 

z'e kt n + 40*kH•-/z'2nD * • -1) ("-•)/2 exp (-D*n2•2t/4H20 *) 
n=l,3, 

ß cos (n z'(H - z)/2H) }. (14) 
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For large t the second term becomes very small. The apparent 
time lag t z• is defined by 

cg(z, t) = Co ek(t-tL) (15) 

Substituting into (14) and ignoring the second term, the ap- 
parent time lag at the water table (z = H) becomes 

In {cosh [H(kO*/D*)•/2]} 
tL = k . (16) 

Notation 

c a concentration of species in the gas phase, mol cm -3. 
C l concentration of species in the liquid phase, mol g-1. 
c s concentration of species in the solid phase, mol g-3. 

D• self-diffusion coefficient in air, m 2 yr -1. 
D/ø self-diffusion coefficient in water, m 2 yr -1. 
D a effective gaseous diffusion coefficient, m 2 yr -1. 
D1 liquid phase dispersion coefficient, m 2 yr-a. 

D* lumped dispersion parameter; see equation (8), m 2 
--1 

yr . 

H water table depth, m. 
k exponential growth rate, yr-a. 

Ka solid-liquid partition coefficient, dimensionless. 
Kw liquid-gas partition coefficient, gcm -3. 
qa advective gas flux, m yr-1. 
q l advective liquid flux, m yr-a. 

q* lumped advection parameter; see equation (9), m 
--1 

yr . 

t time, years. 
t z• apparent time lag, years. 
z depth, m. 
a dispersivity, m. 
A decay constant, yr -1. 

e a gas-filled porosity, dimensionless. 
0 volumetric water content, dimensionless. 

0* lumped water content parameter; see equation (7), 
dimensionless. 

Pl density of the liquid phase, gcm -3. 
Ps density of the solid phase, gcm -3. 
•'a gas-phase tortuosity, dimensionless. 
•'l liquid-phase tortuosity, dimensionless. 
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