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Transport and Time Lag of Chlorofluorocarbon Gases in the Unsaturated Zone,
Rabis Creek, Denmark

Peter Engesgaard,* Anker L. Højberg, Klaus Hinsby, Karsten H. Jensen, Troels Laier,
Flemming Larsen, Eurybiades Busenberg, and L. Niel Plummer

ABSTRACT et al., 1995, 1996; Szabo et al., 1996), flow and ground-
water quality (Johnston et al., 1998; Böhlke and Denver,Transport of chlorofluorocarbon (CFC) gases through the unsatu-
1995), and groundwater–surface water interactions (Katzrated zone to the water table is affected by gas diffusion, air–water
et al., 1995). A critical component in such analyses is theexchange (solubility), sorption to the soil matrix, advective–dispersive

transport in the water phase, and, in some cases, anaerobic degrada- consideration of the transport and fate of the CFC tracers
tion. In deep unsaturated zones, this may lead to a time lag between in the overlying unsaturated zone. For example, what
entry of gases at the land surface and recharge to groundwater. Data are the CFC concentrations in recharge water and how
from a Danish field site were used to investigate how time lag is af- long were the CFC gases in the unsaturated zone before
fected by variations in water content and to explore the use of simple reaching the groundwater system? The residence time
analytical solutions to calculate time lag. Numerical simulations dem- of a CFC tracer in the unsaturated zone is also calledonstrate that either degradation or sorption of CFC-11 takes place,

the time lag (Cook and Solomon, 1995). An accuratewhereas CFC-12 and CFC-113 are nonreactive. Water flow did not
estimate of the age of a groundwater sample also reliesappreciably affect transport. An analytical solution for the period with
on an accurate estimate of the time lag.a linear increase in atmospheric CFC concentrations (approximately

For very shallow unsaturated zones of only a fewearly 1970s to early 1990s) was used to calculate CFC profiles and time
lags. We compared the analytical results with numerical simulations. meters thickness, diffusion and barometric pumping suf-
The time lags in the 15-m-deep unsaturated zone increase from 4.2 to ficiently mix the gases in the unsaturated zone so soil-
between 5.2 and 6.1 yr and from 3.4 to 3.9 yr for CFC-11 and CFC-12, gas CFC concentrations are similar to those in the tro-
respectively, when simulations change from use of an exponential to posphere. The input to the groundwater system is thus
a linear increase in atmospheric concentrations. The CFC concentra- very close to the atmospheric changes in CFC concen-
tions at the water table before the early 1990s can be estimated by trations. This simple approach often has been used fordisplacing the atmospheric input function by these fixed time lags. A

dating groundwater, where the concentrations measuredsensitivity study demonstrates conditions under which a time lag in
in groundwater are used directly together with the atmo-the unsaturated zone becomes important. The most critical parameter
spheric concentrations to estimate the time of recharge,is the tortuosity coefficient. The analytical approach is valid for the
thus neglecting any time lag of the CFCs in the unsatu-low range of tortuosity coefficients (� � 0.1–0.4) and unsaturated

zones greater than approximately 20 m in thickness. In these cases rated zone.
the CFC distribution may still be from either the exponential or linear In deeper unsaturated zones the time lag can be im-
phase. In other cases, the use of numerical models, as described in portant, and various processes affecting CFC transport
our work and elsewhere, is an option. become important. Gas diffusion and air–water exchange

(solubility) are especially important in controlling the
migration and attenuation rate. Both processes are a

C hlorofluorocarbons are volatile organic com- function of the water content and, thus, seasonal and
pounds used, for example, as aerosol propellants year-to-year changes in infiltration and depth to the

and refrigerants since the 1930s (Plummer and Busen- water table. Cook and Solomon (1995) investigated nu-
berg, 1999) and now found in the subsurface because of merically the conditions under which the time lag of
the release to the atmosphere. There are numerous ex- CFCs in the unsaturated zone is of importance by exam-
amples of the use of CFCs as tracers in groundwater ining the relative effects of various soil parameters on
studies, including studies of dating recharge water (Ek- the distribution of gases in the unsaturated zone. Bu-
wurzel et al., 1994; Plummer et al., 2000), dating young senberg and Plummer (2000) used the same model as
groundwater (�50 yr) (Busenberg and Plummer, 1992; Cook and Solomon (1995) to study lag times of SF6 in
Oster et al., 1996; Plummer et al., 2001), groundwater unsaturated zones and found that the lag times of SF6
flow and transport processes (Reilly et al., 1994; Cook are smaller than for CFCs because of its low solubility.

Oster et al. (1996) measured 57 profiles of both CFC-11
and CFC-12 in a 4.5-m-thick unsaturated zone in a forest
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stem that was augered down to just below the water table.merical model also included advective transport because
Fine- to medium-grained quartz sand was used as gravel packof the downward movement of the water table caused
around the screened intervals, and a mixture of quartz sandby increased pumping in the aquifer below. Weeks et al.
and silt was used as low-permeability plugs to reduce the gas-(1982) were able to demonstrate that the procedures
permeability between the samplers. The copper tubes werefor estimating tortuosity (and thus also gaseous diffusion equipped with fittings at the upper end for a convenient and

in soils) developed from theoretical considerations or air-tight connection to the CFC sampler. After installation, the
laboratory techniques apply for field conditions as well. copper tubes were purged simultaneously for 10 min by means
Busenberg et al. (1993) found that soil gas concentra- of a small soil gas pump connected to a manifold. The installa-
tions from two multilevel piezometers in a 46-m-deep tion then was left for one-half year before the first sampling

was performed in September 1995.unsaturated zone of sedimentary and basalt deposits
At the time of sampling, the copper tubes were connectedcould be explained by diffusion theory. Using the same

to the CFC sampler and the soil gases then were pumped throughmodel as Weeks et al. (1982) they were able to fit the
the borosilicate sampling ampoules by means of a small soiltortuosity coefficients for the sedimentary and basalt
gas pump. At least three (3–10) copper tube volumes weredeposits to CFC-11 and CFC-12 profiles. Severinghaus
flushed through the sample ampoule before the soil gas sampleet al. (1997) measured CFC-11, CFC-12, and CFC-113 was taken by fusing the ampoule with a small torch for an

profiles in relatively dry and deep (60 m) unsaturated air-tight seal. The ampoules were taken to the laboratory at
zones in sand dunes. A diffusion transport model simu- the Geological Survey of Denmark and Greenland (GEUS)
lated the profiles very well. The reported mean age of and transferred to the gas chromatograph and analyzed for
air (time lag) was 10 yr, and diffusion was found to be CFC-11, CFC-12, and CFC-113 as described by Busenberg and

Plummer (1992). A second set of samples was taken in Junemuch more important than advection. Recently, trans-
1996 and analyzed at the USGS Chlorofluorocarbon Labora-port of CFC gases in deep unsaturated fractured systems
tory in Reston, VA. The CFCs were measured using purge-was investigated to study recharge mechanisms in a re-
and-trap gas chromatography (GC). The CFCs were trappedgional aquifer (Plummer et al., 2000) and chemical and
at �30�C on a short Porasil C-Porapak T trap. The CFCs werephysical processes at Yucca Mountain, Nevada, USA
released by heating the trap at 100�C and separated with a 3(Thorstenson et al., 1998). by 3.13 mm o.d. stainless-steel column packed with Porasil C.

The main objective of this work has been to simulate The N2 carrier gas flow was 40 cm3 min�2. The GC oven tempera-
the historical input of CFC-11, CFC-12, and CFC-113 to ture was maintained at 70�C, and the CFCs were quantified
groundwater at the Rabis Creek field site in Denmark. with an electron capture detector held at 290�C (Busenberg
Observations of gas profiles in the 16-m-thick unsatu- and Plummer, 1992). During the second sampling, the soil gas

samplers and sampling ampoules were purged exactly threerated zone are used for investigating the important phys-
times with a 50-mL syringe before sample collection.ical-chemical processes affecting transport. In contrast

An approximately 14-m-long sediment core was analyzedto previous investigations, we explore the effect of non-
for its organic content (foc), water content (�w), and total poros-steady flow. As an outcome of the work, we also present
ity (�). The core was subdivided into 56 subsamples. Each sub-a new analytical solution for predicting the distribution
sample was classified according to grain size. Parts of each sub-of CFCs in the soil and the historical input of CFCs to sample from the same classification (five in total) then were

groundwater. Hinsby et al. (unpublished data, 2004) pooled and foc was measured, thus yielding average values of
used groundwater input functions to investigate CFC the organic content for each classification. The water content
transport and degradation in the underlying aquifer. and porosity were measured for each of the 56 subsamples

giving a vertical spatial distribution of the porosity and, at the
time of sampling, of the water content.MATERIALS AND METHODS

Site Description
THEORY

The site is situated just outside the main stationary line of the
last glaciation (Weichsel/Wisconsin) in Rabis Creek, Denmark. CFC Transport in the Unsaturated Zone
Mean annual precipitation and groundwater recharge are 710

Gas transport is distinctly different for fractured and non-mm yr�1 (Andersen and Sevel, 1974) and 439 mm yr�1 (Enges-
fractured media. For example, in a numerical study by Nilsongaard et al., 1996), respectively. The aquifer is unconfined,
et al. (1991), barometric transport rates were two orders ofand the water table fluctuates �1 m annually at a depth of ap-
magnitude greater than transport by molecular diffusion. Thisproximately 16 m below the surface. The subsurface hydro-
difference is due to the highly increased flow rate through thegeology consists of fairly homogeneous sandy deposits (Olsen
fractures. Plummer et al. (2000) found evidence of barometricet al., 1993) and can be regarded as a porous medium with
pumping in fractured basalt by observing high CFC concentra-no fracture flow. Postma et al. (1991) found O2 to a depth of
tions at the water table. These were inconsistent with mea-more than 10 m below the water table.
sured low tritium concentrations, indicating that the CFC gases
were transported rapidly through fractures.Field Investigations The 16-m-thick unsaturated zone at Rabis Creek is a homo-
geneous porous, nonfractured media. The primary mecha-Profiles of the CFC gases were from a single well. Sixteen
nisms affecting transport of CFCs in an aerobic unsaturated6-mm copper tube soil gas samplers with an approximately
zone is shown in Fig. 1 (Plummer and Busenberg, 1999). Gas50-mm screened section at the end were installed at intervals
transport in a variably saturated soil takes place as a combina-of 1 m from the surface to the water table. The copper tubes
tion of advective and diffusive–dispersive processes in both airwere attached to the outside of a 63-mm-diameter piezometer
and water. The water content changes over the season and dif-with a 2-m screen at the end. The piezometer with the copper

tube soil gas samplers then was placed through a hollow auger fusion in air and advective transport in both phases are sensitive
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methane concentrations in the lower part of the unsaturated
zone were observed.

Transport in the Water Phase

Transport of CFCs in the water phase of a variably saturated
porous media can be described by

�

�t
�R�w�wcw� �

�

�z
��w�wDw

�cw

�z
� �wqwcw� �

�R�w�wcw � ��ca

�t �exch [1]

where �w is the volumetric water content, �w is the water
density, cw is the concentration of gas dissolved in water, ca is
the concentration of gas in the air, Dw is the dispersion coeffi-

Fig. 1. Physical and chemical processes affecting CFC transport in cient, qw is the Darcy flux, t is time, and z is depth oriented
the unsaturated zone. positive downwards. The dispersion coefficient is given by

Dw � 	Lvw, where 	L is the longitudinal dispersivity and vw is
the pore water velocity given as qw/�w. In Eq. [1], it is assumedto the water content (Cook and Solomon, 1995). The simulated
that the CFC can be affected by linear sorption (R) and first-average yearly infiltration at the site ranges from 266 to 623
order decay (�). Sorption is modeled by the retardation factormm yr�1 (see Water Content in Results below). A high water
R � 1 
 �b/(�w�w)Kd, where Kd is the solid–water distributioncontent, which may occur close to the soil surface under peri-
coefficient and �b is the bulk density of the media. First-orderods of infiltration and close to the water table, leads to reduced
degradation may be specified as a function of depth. The lasttransport by gas diffusion by decreasing the effective area for
term on the right-hand side of Eq. [1] accounts for the massdiffusive flow and connectivity of gas-filled pores. However,
exchange between the water and air phases.at the same time, advective–dispersive transport in the water

The solution to Eq. [1] was based on steady or nonsteadyphase increases. Advective transport in the air phase also may
simulations of the flow field. A numerical code was used tooccur as a result of variations in barometric pressure, wind blow-
solve the Richards equation for one-dimensional nonsteadying across the surface, temperature gradients, water infiltra-
flow based on local climatic information. The same unsatu-tion and redistribution, and a moving water table. Weeks et al.
rated flow code was used by Engesgaard et al. (1996) to predict(1982) and Kimball and Lemon (1972) found that many of these
the average recharge from 1961 to 1970 at the same field site.mechanisms contributed little to advective transport at depths

of more than 1 m below the soil surface. On the other hand,
the analysis by Massmann and Farrier (1992) suggested that gas Transport in the Air Phase
can migrate several meters into the unsaturated zone by advec-

Advective transport due to volumetric displacement, fortive transport caused by atmospheric pressure fluctuations.
example, from infiltration, is the only advective gas transportDiffusional transport in the gas phase generally is a rapid
process included in the numerical code. Advective transporttransport mechanism and typically faster than transport of
in air is approximated, as a complementary part of unsaturatedCFCs in the water phase. Nielsen and Ørbeck (1995) found
water flow as the water- and gas-filled pore volumes must equalon the basis of air–water exchange models of Schwarzenbach
the total porosity. Assuming that air is incompressible and thatet al. (1993) that the total transport times of CFC-11 and
the water table constitutes an impermeable boundary, advec-CFC-12 in air and water boundary layers (0.1–1 and 0.005–
tive transport in the numerical cell located just above the0.05 cm in thickness, respectively) are �6 min. Rapid exchange
water table is calculated from the volumetric changes in waterat the air–water surface (phase transfer), thus, can have a re-
and air from one time step to the next. If the air volume in-tarding effect on CFC transport.
creases, gas is transported into the cell from the cell aboveChlorofluorocarbon sorption–desorption may be controlled
and vice versa for a decreasing air volume. Advective transportby kinetics with a time scale much longer than for air–water
then can be calculated from the water table to the soil surfaceexchange. Little is known about CFC sorption. In the following
by keeping track of the volumetric changes and gas transportwe assume that sorption is an equilibrium process. Generally,
from the underlying cell. Using this procedure, a potentiallyit can be assumed that degradation of CFCs only occur in an-
important mechanism of advective gas transport is consideredaerobic environments (Plummer and Busenberg, 1999). There
and a CFC mass balance over the two phases in the system isare only a few small-scale studies that demonstrate the onset of
obtained. Variations in barometric pressure were not includeddegradation with a change in redox environment. For example,
in the simulations, but this mechanism was assumed to causeCook et al. (1995) found a significant decrease in CFC-11 con-
complete mixing of soil air in the upper 1 m. The CFC soil trans-centration coincided with a decrease in O2 concentration to
port simulations were thus performed from 1 m below the soilbelow 0.5 mg L�1. They estimated first-order degradation rates
surface giving a total length of 15 m unsaturated soil column.to 0.2 to 1.6 yr�1. Happell et al. (2003) observed that CFC-11,

The net transport of gas can be described byCFC-12, and CFC-113 disappeared with a significant increase
in methane concentration, which they attributed to the activity �

�t
(�aca) �

�

�z
��aDa

�ca

�z
� qaca� � ��cw

�t �exch [2]of methanogenic bacterial degradation of the CFC gases. The
decrease or increase in solute concentration of different redox
environment indicators may therefore point to the presence where �a is the volumetric air content; Da � �DCFC is the
of degradation. Anaerobic microenvironments where degra- effective gas diffusion coefficient, where � is the tortuosity of
dation occurs may exist in the unsaturated zone, although the the porous media and DCFC is the self-diffusion coefficient for
bulk part will remain aerobic without any degradation. First- the CFC gas into atmospheric air; and qa is the advective flux

of air as discussed above. The last term on the right-hand sideorder degradation is included in the model because detectable
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accounts for the mass exchange between the air and water flux, and mean advective flux of air. Equations [4] and [5]
through [7] are identical to the ones solved by Cook andphases. No sorption occurs in the air phase as all the solids

are assumed to be fully surrounded by water. No degradation Solomon (1995) in their steady flow analysis with no degrada-
tion and qa � 0.is assumed to take place in the air phase.

For a system controlled by diffusion (neglecting advective
flow of gas and water, qa � qw � 0) Weeks et al. (1982) andAir–Water Exchange
Cook and Solomon (1995) adapted an analytical solution from

Assuming equilibrium exchange of CFC between the air Carslaw and Jaeger (1959) to Eq. [4] using an upper boundary
and water phases, the relation between the air and water CFC condition of exponentially increasing atmospheric concentra-
concentrations can be expressed by Henry’s Law as tion. Cook and Solomon (1995) used the analytical solution

to define the time lag as the time it takes a CFC gas to movecw � Kwaca [3]
through the unsaturated zone. The time lag to an arbitrary

where Kwa is the water–air partitioning coefficient, or Henry’s depth is thus found from the relation
constant, that is a function of temperature and salinity and

ca(z, t) � c0exp[ke(t � t e
L)] [8]can be calculated from equations provided by Warner and

Weiss (1985) and Bu and Warner (1995). where t e
L is the time lag for the exponential phase, ke is the

rate of exponential increase in the atmospheric CFC function,
Numerical and Analytical Solutions and c0 is the initial concentration. By setting the depth to L,

the following is obtained (Cook and Solomon, 1995)Equations [1] and [2] are coupled through the water–air
exchange term that can be computed from Eq. [3]. Both [1]
and [2] were solved using a finite difference discretization and
the coupled system of equations was solved with an Iterative

t e
L �

ln[cosh�L�ke�*
D* ��

ke

[9]Operator Splitting technique (Steefel and MacQuarrie, 1996).
There were no meteorological data available for the site

before 1961. To estimate initial 1961 soil CFC concentrations, Equation [9] only is valid after a certain time has elapsed since
the mean water content and mean water flux for the period initial conditions (terms dropped in original solution).
1961 to 1996 was calculated and used as input in a CFC trans- The atmospheric input function has a linear increase since
port simulation based on steady flow from the start of atmo- the early 1970s to approximately the early 1990s for CFC-11 and
spheric CFC release (1940–1950) to 1961. The upper boundary CFC-12, and a much shorter period with a linear increase from
condition is that of specified concentration with the concentra- 1985 to 1990 for CFC-113 (see below). Equation [9] is not nec-
tion in the air phase equal to the atmospheric concentration. essarily valid for CFC profiles measured during the mid 1990s,
The upper boundary condition for the concentration in water such as in this study, and an analytical solution must, therefore,
then is cw (z � 1m,t) � caKwa. The lower boundary condition, be based on a linear increase at the top boundary. Carslaw and
at the water table, is assumed to be in the form of a zero- Jaeger (1959) provided an analytical solution for the case of
gradient in concentration, or (�ca/�z)(z � L,t) � (�cw/�z)(z � linear increase in atmospheric concentrations and zero initial
L,t) � 0, where L is the total length of the soil profile. For concentrations as
the air phase, this implies a zero-flux boundary (imperme-
able), and for the water phase a pure advective flux boundary ca(z, t) � k l t 


k l�*z(z � 2L)
2D*

[10]
(no dispersion).

A spatial discretization step of 0.1 m was used in all simula-
where kl is the rate of linear increase in the CFC atmospherictions, resulting in 151 node points over the 15-m-deep profile.
input functions. Here, z � 0 also is at the soil surface andThe simple procedure to calculate the advective component
positive downwards. As in Eq. [9], second-order terms havein air, qa, was affected by numerical oscillations if a time step
been dropped in Eq. [10], and the solution only is valid after atoo large was used. A time step of 1 d was used, matching the
certain period has elapsed since initial conditions. The solutionfrequency with which climatic input data were available. No
assumes the concentration at the boundary starts at zero andoscillations were found using this time step, and simulations
that the initial concentrations are zero. An initial concentra-using a time step of 1 h gave almost identical results. If the
tion of zero is not the case because the linear increase in at-advective component was not included, small oscillations were
mospheric concentrations starts in the early 1970s. However,seen simply because mass was not conserved during a time
because a solution for large t is adapted, sufficiently long afterstep when the simulated nodal water content changed.
the initial time, the effect of the initial concentrations can beIf degradation is neglected (typical in unsaturated zones),
neglected. Thus, the linear growth period can be assumed tothen transport of CFC for steady water flow can be described
start earlier than the 1970s. As an example, consider CFC-11,by adding Eq. [1] and [2], averaging all parameters, using Eq.
with an approximate linear growth rate after 1975 of k l � 9.3[3] and the definition of the retardation coefficient, yielding
pptv yr�1. Since the CFC-11 concentration was approximately
115 pptv in 1975 (Fig. 2), it can be assumed, when using Eq. [10],�*

�ca

�t
� D*

�2ca

�z2
� q*

�ca

�z
[4]

that the atmospheric and initial concentration was zero in
approximately t0 � 1962. Therefore, time in Eq. [10] is relative

where �*, D*, and q* are the average volumetric air content, to t0, or
bulk diffusion coefficient, and advective flux of air, respec-
tively, defined by

ca(z, t) � kl (t � t0) 

k l�*z(z � 2L)

2D*
[11]

�* � (� � �w) 
 �w�wKwa 
 �bKdKwa [5]
Following Cook and Solomon (1995) the time lag is defined asD* � (� � �w)� DCFC 
 	L�w qwKwa [6]

ca(z, t) � k l (t � t0 � t l
L) [12]q* � qa 
 �w qwKwa [7]

where �w, qw, and qa are the mean water content, mean Darcy where t l
L is the time lag in the linear phase. Substituting Eq.
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North American atmosphere input function is from Niwot
Ridge, Colorado (multi-sampler mixed continental air), typi-
cally used for groundwater dating in North America. The data
from Niwot Ridge is part of a program run by the National
Oceanic and Atmospheric Administration (NOAA)/Climate
Monitoring and Diagnostics Laboratory (CMDL) in Boulder,
CO (http://www.cmdl.noaa.gov/). The European atmosphere
input function is from Western Europe (Ireland/N. Atlantic
air), which is the long-term station closest to Denmark. To
extend the monitored CFCs as far back in time as possible,
the input function from Ireland was established by combining
measurements from two stations. The monitoring station at
Agricole, Ireland, operating from 1978 to 1983, was replaced
in 1987 by a new station at Mace Head, Ireland. The Mace
Head station is part of the ALE/GAGE/AGAGE global net-
work (Prinn et al., 2000), whereas the pre-1980 curve was cal-
culated from CFC production and release data of AFEAS (Al-
ternative Fluorocarbons Environmental Acceptability Study,
http://afeas.org) and was normalized to Niwot Ridge air. Simi-
larly, the CFC-113 data are consistent with the recently revised
AFEAS production and release data for CFC-113.

The three atmospheric CFC functions at the two sites are
shown in Fig. 2. The increases in CFC-11 and CFC-12 concen-
trations are roughly exponential from the time of initial release
to the early to mid 1970s. For CFC-113, the exponential growth
period continues to the mid 1980s. Following the exponential
period is a period of an approximately linear increase until the
late 1980s to early 1990s, where CFC-11 and CFC-113 concen-
trations level off and recently decline. The atmospheric con-
centrations measured at the two locations were almost iden-
tical for CFC-12 and CFC-113. However, some differences for
CFC-11 are found, especially for post-1985 concentrations. Al-
though the CFC concentrations measured at unpolluted sites
show little variation between monitoring stations on the north-
ern hemisphere, Oster et al. (1996) found significant differ-
ences in local atmospheric CFC concentrations at four sites
in geographically diverse regions in Germany and Switzerland.
They showed that the concentrations of CFC-11 and CFC-12
increased with closer proximity to urban (industrialized) re-
gions. At the Rabis Creek site no significant local sources
were expected.

Only a few observations of atmospheric CFC concentra-
tions are available at the Rabis Creek field site and in Den-Fig. 2. Measured and reconstructed (a) CFC-11, (b) CFC-12, and (c)
mark in general. The atmospheric CFC curves are comparedCFC-113 concentration curves for the atmosphere at monitoring
with the few atmosphere measurements at Rabis Creek instations in Ireland (solid line) and USA (dashed line). Two different
Fig. 2. The measurements by GEUS consistently are highermeasurements of the atmospheric CFC concentrations at the Rabis

Creek study site are included. than those by USGS, for CFC-11, with up to a 10% difference.
Even when disregarding these analytical differences, it is not[12] into Eq. [11] gives the time lag for the linear phase for possible from these few measurements to decide which inputany distance z below the soil surface:
function is the most appropriate to use at Rabis Creek. To
quantify the sensitivity to the choice of atmospheric inputt l

L �
�*z(2L � z)

2D*
[13] function, the CFC distributions in the unsaturated zone were

simulated with both input functions and compared with the
The time lag at the water table (z � L) is observations from the multilevel samplers. The results showed

that the simulations based on the Niwot Ridge curves gave
t l

L �
�*L2

2D*
�

L2

2De

[14] the best fit to the observed data. Therefore the Niwot Ridge
curves were used as input functions in the following analyses

where De is an effective diffusion coefficient. Equation [14] of CFC transport in the subsurface.
is a measure of the time scale for diffusion over the depth of
the unsaturated zone.

Climatic Data

Daily values of precipitation, potential evapotranspiration,DATA
and temperature collected at a nearby meteorological stationAtmospheric Input Functions were available. The same data were used by Engesgaard et al.
(1996) to study tritium transport in the unsaturated zone atTwo atmospheric CFC concentration input functions were

evaluated, one from USA and one from Europe. The applied Rabis Creek.
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Table 1. Physicochemical properties of CFC gases.†

CFC gas DCFC Kw Koc

m2 d�1 cm3 g�1 g g�1

CFC-11 0.71 0.55 100
CFC-12 0.77 0.14 235
CFC-113 0.63 0.17 175

† DCFC values for CFC-11 and CFC-12 are from Weeks et al. (1982) cor-
rected to 8�C. DCFC value for CFC-113 is taken directly from Cook and
Solomon (1995) (uncorrected). Kw values are computed from Warner
and Weiss (1985) (CFC-11 and CFC-12) and Bu and Warner (1995)
(CFC-113) at 8�C. Koc values are from Cook et al. (1995) at 25�C.

Physical and Chemical Parameters
for Soil and CFC Gases

Some of the main physicochemical parameters for the CFC
Fig. 3. Measured water content in the unsaturated zone (June 1995).gases are given in Table 1. DCFC values for CFC-11 and CFC-12

The mean water content is approximately 6%.were taken from Weeks et al. (1982) and corrected to the
ambient groundwater temperature of 8�C using the approxi-

of approximately 	L � 1 m by matching an analytical solutionmation D1/D2 � (T1/T2)m, where Di and Ti are the diffusion
to three observed tritium profiles in the unsaturated zone atcoefficient and temperature, respectively, and m was taken as
the Rabis Creek study site. The analytical solution assumed1.75 (Thomas, 1982).
that flow was steady over the considered time period of 1961The temporal and depth-dependent water content, �w, and
through 1970. The dispersive effects from nonsteady flow wereflux of water, qw, in Eq. [1] were obtained by solving the
incorporated in the calibrated value of 	L. The 	L value of 1 mRichards equation, as explained above. Hydraulic properties
must be an upper bound, and a lower 	L is expected.for the sandy soil at the study site were not measured. Instead,

measured properties for similar Danish coarse sand were spec-
ified. The soil was chosen so that the numerical simulations RESULTS
gave approximately the same mean water content as observed.

Water ContentA cubic spline function was fitted to measured retention data
in the range from wilting point to porosity. Changes in unsatu- The measured volumetric water content (June 1995)
rated hydraulic conductivity with �w were predicted using a is shown in Fig. 3. Average total porosity was measured
power function. The flow code was used to predict the varia- to 0.39. The average water content at this time of yeartions in �w and qw for 1961 through 1996.

is approximately 6%, but varies between 3 and 16%. ItThe only unknowns in Eq. [1] through [3] are �, Kd, �, and
is not possible to compare our numerical simulations	L. Both tortuosity and sorption will have a retarding effect
of the flow dynamics with the observed water-contenton CFC gas transport, and various combinations of the two
profile because not enough data are available to ade-can fit a CFC profile (Weeks et al., 1982). Both are regarded

as fitting parameters. Based on measured values for foc, a quately characterize the hydraulic properties of the soil.
theoretical distribution coefficient can be calculated from the Numerical results of the daily depth-averaged water
relation Kd � focKoc�w, where Koc is the water–organic C parti- content and yearly infiltration rate (at a depth of 1 m)
tion coefficient (Table 1). This relation is derived for sorbing are shown in Fig. 4. Infiltration varied appreciably with
of nonpolar chemicals to aquifer material with foc � 0.1%. time, with a below average infiltration of 387 mm yr�1

Although the CFCs are not strictly nonpolar chemicals, they in 1961 through 1979 and an above average infiltrationhave been observed to act as such with respect to sorption
of 507 mm yr�1 during 1980 through 1995. The mid 1970s(Ciccioli et al., 1980). For the soil at this site, Nielsen and
in particular were dry, with yearly infiltration rates �300Ørbeck (1995) measured a value of foc in the range of 0.005
mm yr�1. The depth-averaged water content varied muchto 0.014% below depths of 0.09 m and 0.129% for the top
less, between 9 and 12%. The average, over time, is0.09 m, representing an upper organic-rich layer. The depth-

averaged foc value for the profile below 0.09 m is 0.008%. approximately 0.1. This average is in reasonable agree-
Theoretical Kd values of 0.008, 0.019, and 0.014 g g�1 for
CFC-11, CFC-12, and CFC-113, respectively, can be calcu-
lated, although foc is �0.1% and the above relation is, thus,
not strictly applicable. Given the low organic C content we
anticipate little retardation and a starting assumption is Kd �
0 for all CFC gases.

Small amounts of methane (0.015% [v/v]) were detected in
the lower 4 m of the profile, indicating that degradation in
microenvironments is a possibility. Specifying a first-order rate
is not easy because of the lack data and because the model
uses a bulk rate (i.e., the effective rate should model degrada-
tion inside a numerical cell volume with primarily aerobic
zones and only small volumes of microenvironments). The
only source of information we could find is the study by Cook
et al. (1995), who estimated rates of 5 to 40 � 10�4 d�1 in a
groundwater aquifer with sudden depletion of O2. Fig. 4. Simulated results for daily depth-averaged water content and

yearly infiltration rate.Engesgaard et al. (1996) found a longitudinal dispersivity



R
ep

ro
du

ce
d 

fr
om

 V
ad

os
e 

Z
on

e 
Jo

ur
na

l. 
P

ub
lis

he
d 

by
 S

oi
l S

ci
en

ce
 S

oc
ie

ty
 o

f A
m

er
ic

a.
 A

ll 
co

py
rig

ht
s 

re
se

rv
ed

.

www.vadosezonejournal.org 1255

Fig. 5. Measured and simulated distributions of CFCs in the unsaturated zone. Note the small range in concentration scale. Horizontal lines
connect replicate analyses of separate ampoules.

ment with monthly measurements from 1966 through zone. However, a noticeable peak is present in the con-
1967 (Andersen and Sevel, 1974). However, note that centration profiles for CFC-11 in the upper 7 m of the
the simulation is not able to match the observed low profile, indicating instead that the rather uniform unsat-
mean water content of about 6% in June 1995 (Fig. 3). urated zone profiles are a result of the recent stagnation

and turnover of the atmospheric input functions (Fig. 2).
A comparison between numerically calibrated (basedCFC Profiles

on nonsteady flow and thus variable �w) and observedThe measured concentrations of the three CFC gases
CFC profiles is shown in Fig. 5. Transport of CFC-12in the unsaturated zone air are shown in Fig. 5. Most of
was simulated first because it was expected that CFC-12the samples were analyzed in duplicate. The differences
would be less affected by sorption and degradation.between the two sets of measurements may be explained
With no degradation and sorption for CFC-12 a tortu-by the differences in time of sampling and slightly differ-
osity coefficient of � � 0.10 was found. This value wasent sampling procedures. The CFC-113 concentrations are
used for CFC-11 and CFC-113 as well. For all gases,higher than the atmospheric concentrations observed at
the best match to the observations was obtained forany time, indicating CFC-113 contamination. Presently,
	L � 0.05 m. This value is less than the 1 m found bywe cannot explain the source of contamination and are
Engesgaard et al. (1996), which partly can be explainedunable to match the observed profile with our choice of
by inclusion of nonsteady flow. However, the simulationsinput function.
showed a lack of sensitivity to changes in 	L because ofThe concentrations of all three CFCs vary little with
the nature of the atmospheric input function, with a lineardepth: ≈5% for CFC-11 and CFC-12 and ≈20% for
increase in concentrations up to the early 1990s.CFC-113. The uniform concentration profiles indicate

that an efficient mixing takes place in the unsaturated Figure 5a shows the simulated profile for CFC-11



R
ep

ro
du

ce
d 

fr
om

 V
ad

os
e 

Z
on

e 
Jo

ur
na

l. 
P

ub
lis

he
d 

by
 S

oi
l S

ci
en

ce
 S

oc
ie

ty
 o

f A
m

er
ic

a.
 A

ll 
co

py
rig

ht
s 

re
se

rv
ed

.

1256 VADOSE ZONE J., VOL. 3, NOVEMBER 2004

assuming no sorption and with and without degradation Cook and Solomon (1995) defined these 6.5 yr as the
in the bottom 4 m (where methane was observed). A “apparent time-lag” for the unsaturated zone. The pe-
good match to the observations below a depth of 5 m riod of linear increase in atmospheric concentrations
was obtained with a � of 0.0004 d�1, while assuming no starts in 1975 (with a start concentration of c0 � 115
degradation predicts concentrations that are too high. pptv) and ends in approximately 1991 (Fig. 2a). The
This rate is a factor of 1 to 10 less than that found by rate of linear increase is estimated to be kl � 9.3 pptv
Cook et al. (1995). The difference may be explained by yr�1, which gives a (synthetic) initial time of linear in-
the coexistence of aerobic and anaerobic microenviron- crease from zero concentration at approximately t0 �
ments. The rate is equivalent to a half-life of about 5 yr. 1962. The numerically computed time lag of 6.5 yr indi-
Notice that the simulated profile is affected over the cates that the observations closest to the water table
whole thickness of the unsaturated zone, even though are from the end of the linear growth phase. The ratio
degradation only occurs in the bottom 4 m. This is be- De � D*/�* in Eq. [11] thus is calibrated to match the
cause degradation only takes place in the aqueous phase, bottom of the profile (1–2 data points closest to the
which causes a transfer of CFC-11 from the air to the water table). The results of the analytical solution alsoaqueous phase in the bottom 4 m and, consequently, are shown in Fig. 5a, using De � 19 m2 yr�1. This estimatethen an increased diffusion from top to bottom. An

can be compared with the results from the numericalalmost similar fit can be obtained by neglecting degrada-
analysis using Eq. [5] and [6], if qa � qw � 0 is assumed.tion and instead allowing CFC-11 to sorb to the soil
The flow solution gave �w � 0.10, and using �b � 1.8,matrix with a Kd � 0.06. This Kd value is higher than the
� � 0.10, Kd � 0.0, and data from Table 1, a value oftheoretical Kd value. Given our observations, especially
De � 21.7 m2 yr�1 is obtained, close to the result of thewith the small changes in CFC-11 concentrations, we are
analytical calibration. Using Eq. [14] and De � 19 m2

not able to conclusively say if sorption or degradation
yr�1, t l

L � 5.2 yr is obtained. The time lag is lower thanaffects CFC-11 transport. The simulated concentrations
the apparent time lag of 6.5 yr, which is because degra-are higher than observed in the upper 5 m. This difference
dation or sorption is not included in the estimation. Ifcan be explained by the atmospheric input function (Fig.
we choose to use a Kd of 0.06, then De � 18.50 and2a), where the leveling off and decline in concentration
t l

L � 6.1 yr.began around 1992 to 1996. The simulation, therefore, is
The analytical solution overestimates the observedsensitive to the choice of input function. The input func-

concentrations of CFC-11 (Fig. 5a). The leveling off intion from Adrigole/Macehead, Ireland levels off too
early, whereas the input function from Colorado, USA, the CFC-11 atmospheric input function and even the
used in the simulation, levels off too late. decrease are therefore seen in the observed profile. The

For CFC-12, a good match to the observed profile was numerically simulated profile better matches the ob-
obtained assuming no sorption or degradation (Fig. 5b). served profile, but the actual decrease in concentrations
The fit between the simulation and observation for may have happened slightly earlier than simulated.
CFC-12 is better than that for CFC-11 mainly because For CFC-12, a reasonable fit of the analytical solution
of less uncertainty in the input function (Fig. 2b). How- to the lower half of the unsaturated zone results (Fig. 5b).
ever, the observations in the top 3 m indicate that the The analytical solution was fitted to a larger part of the
leveling off in atmospheric CFC-12 concentrations started observed profile, because the trend with a linear increase
earlier than used in the input function. The observation in atmospheric concentrations continues 2 yr longer than
at z � 15 m is higher than predicted by the model. The for CFC-11, and the leveling off is much less pronounced.
Kd value for CFC-113 also was chosen to be zero. Also, the onset of the linear phase is estimated from

Periodically wetting and drying of the soil leads to Fig. 2b to be in 1971 (at a concentration of 143 pptv).variable air- and water-filled pore space fractions and,
The start of the linear increase in the model is set atthus, to varying pore water velocities. The effect of
t0 � 1961 using a linear rate of increase of 16.0 pptvchanges in the water content will be greatest for the
yr�1. The fitted De of 29 m2 yr�1 is similar to the 28 m2

more soluble CFC-11 gas. Therefore, simulated CFC-11
yr�1 calculated on the basis of Eq. [5] and [6]. Theconcentration profiles based on steady and nonsteady
analytically estimated time lag is 3.9 yr, whereas theflow, respectively, may give different results. A simula-
apparent time lag based on the observed concentrationtion with steady flow using the long-term mean infiltra-
at the water table is approximately 4.3 yr.tion of qw � 439 mm yr�1 and �w � 0.1 is shown in Fig.

The simulated CFC-113 profile is shown in Fig. 5c.5a. Sorption was not included, but CFC-11 was allowed
Clearly, the high concentrations at depths of 3 to 9 mto degrade with the same rate as in the simulation with
cannot be simulated with the model. We suspect thatnonsteady flow. The maximum difference in concentra-
this may be caused by contamination during samplingtion (at the water table) is �2 pptv.

Based on the results described above, it seems appro- or by an unknown local source. Thus, analytical model-
priate to test the simple analytical models for diffusion ing has not been pursued.
in soil air. For CFC-11, the simulated concentration in
the gas phase at the water table in September 1995 was Input of CFC to Groundwater260 pptv (Fig. 5a). This concentration corresponds to

The atmospheric and numerically simulated rechargean atmospheric concentration in January 1989. Thus the
soil gas appears to be 6.5 yr old if dated with CFC-11. input functions in the air phase at the groundwater table
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Table 2. Time lags for exponential and linear increases in atmo-
spheric CFC concentrations at Rabis Creek. The linear period
is from 1975 to 1991 (CFC-11), 1971 to 1993 (CFC-12), and
1985 to 1990 (CFC-113). The time lags are calculated from the
analytical models.

Time lags

Model CFC-11 CFC-12 CFC-113

yr
Exponential 4.8 3.6 3.8
Linear 5.2†–6.1‡ 3.9 na§

† CFC-11 is conservative.
‡ Kd � 0.06 is applied.
§ Not applicable.

longer time lag than the numerically simulated time lag
for times �1990. For example, the time lags for the 1983
atmospheric concentration show a 0.5-yr longer time
lag, which is 10% more than the numerically simulated
time lag of 4.7 yr. For CFC-12 and CFC-113, shifting
the atmospheric input function with a period equal to
the analytically calculated time lags results in a ground-
water input function that matches well with the numeri-
cally simulated up to about the early 1990s (Fig. 6).
Dating water infiltrated later than early 1990s requires
numerical simulations for CFC-11 and CFC-12 because
the time lag cannot be assumed constant. For CFC-113,
only water infiltrated earlier than the late 1980s may be
assumed to have a constant time lag.

Sensitivity Study

Figure 7 shows the results of changing the infiltration
rate on the CFC-11 time lag for two water contents (0.1
and 0.15). All other parameters are the same as be-
fore. The infiltration rate, qw, was varied between 0 andFig. 6. Simulated (numerical as solid line and displaced by time lag

as solid-dot) CFC concentrations at the water table beneath a 16- 600 mm yr�1. Thus, it was assumed that the water con-
m-thick unsaturated zone at the Rabis Creek site compared with tent was the same at all infiltration rates. The time lag
atmospheric concentrations (Colorado, USA). was calculated for the 1983 atmospheric concentration.

For reference, the time lags calculated with the fully
for all three gases are shown in Fig. 6. The smaller dynamic model and the analytical solution [14] also are
apparent time lag for CFC-12 is a result of the higher shown. The case of �w � 0.10, which corresponds to the
rate of increase in the atmospheric input function (the Rabis Creek conditions, is first discussed. Ideally, the
slope of linear growth being 16 pptv yr�1 compared with numerical model simulation should match the analytical
9.3 pptv yr�1 for CFC-11) leading to a higher concentra- solution for qw � 0. However, there is a difference of
tion gradient. CFC-113 concentrations differ from the 0.1 yr, which is explained from differences in the upper
two other gases during the exponential growth period, boundary condition in the two solutions. The numerical
which continues to 1985. The input function, therefore, model uses the observed atmospheric input function,
has a linear growth period of only 5 yr (to 1990) before whereas the analytical model uses an exact linear input.
the growth rate decreases. The difference of 0.1 yr represents the uncertainty in

Figure 6 also shows a plot of the simulated input of assuming a linear increase and estimating kl from the
CFCs to groundwater derived by displacing the atmo- atmospheric curve. For qw � 439 mm yr�1 (long-term
spheric function by the analytically derived time lags average), the difference is 0.05 yr between the computed
during the exponential and linear growth phases, Eq. time lags using steady and nonsteady flow. This result was
[9] and [14]. The analytical estimates of De were used. also shown in Fig. 5a. The infiltration rate was higher
For CFC-113, we estimated De from Eq. [5] and [6] and (≈500 mm yr�1) than the average in the period 1980 to
shifted the atmospheric curve with the time lag for the 1995, Fig. 4. If 500 mm yr�1 is used, there is no difference
exponential phase only. For the exponential growth between the calculated time lag using steady or non-
phase, ke is found as 0.15, 0.13, and 0.13 yr�1 for CFC-11 steady flow simulations. In the range 0 to 600 mm yr�1,
(ending in 1975), CFC-12 (ending in 1971), and CFC-113 the difference in time lag always is less than half a year;
(ending in 1985), respectively. The kl growth rates are thus, flow has had little effect on the historical input of
as given before. The time lags are given in Table 2. CFC-11 to groundwater. Also, the analytical estimate

of time lag is adequate for displacing the atmosphericThe displaced input function for CFC-11 shows a
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data must be from before approximately 1992 or 1994
for the analytical solutions to apply.

The case with L � 15 m, �w � 0.10, and � � 0.10
corresponds to the conditions at the Rabis Creek site
(assuming qa � qw � 0), which shows time lags �1 yr.
The time lags in the linear phase for CFC-11 and CFC-12
were calculated to 5.2 to 6.1 and 3.9 yr, respectively
(Table 2). Sampling after 1998, therefore, would not
detect this period, and the analytical solution would
not apply.

The time lag is important for larger depths (L 
 50 m).
In the case of � � 0.1 and a water content of 0.15, the
time lag for CFCs after the start of the linear phase (early
to mid 1970s) is about 50 (CFC-12) and 80 (CFC-11)
years. CFCs from after the mid 1970s can likely be found
in 50-m-deep unsaturated zones. In the exponential phase
the time lags are 20 to 30 yr. The time lags in the two
different phases now are different, about 30 to 50 yr.
In reality, there will be a much smoother transition in

Fig. 7. Simulated time lag for 1983 atmospheric CFC-11 concentration the time lag. So although the calculated time lags of theas a function of steady infiltration qw. Two cases of constant water
exponential phase indicate that sampling today wouldcontent are shown: �w � 0.1 and 0.15. The corresponding simulated
not detect this phase, it is likely that a 50-m-deep unsatu-time lag for nonsteady infiltration is 4.7 yr. The analytical time lag

under linear atmospheric increase in concentration is 5.2 yr. rated zone would be a mixture of CFC gases from both
the linear and exponential phases. This would make it
difficult to use the analytical approach. For the case ofinput function because the difference between the two
� � 0.36, sampling today only would detect the linearis only 0.5 yr. If the unsaturated zone is thicker than
phase for CFC-11 because the time lags for the other15 m, then the decrease in time lag by including water
cases are about 10 yr and the linear phase ended moreflow still may be a small fraction of the total time lag.
than 10 yr ago.However, this decrease may be so large that it must be

The time lags for CFC-11 are higher and more variabletaken into account when predicting the historical input
than for CFC-12 (and CFC-113) because of CFC-11’sto groundwater. The effects discussed here are less for
higher solubility. One of the greatest uncertainties inCFC-12 and CFC-113 because these gases are less solu-
estimating time lag is associated with the tortuosity coef-ble than CFC-11. Water flow, however, becomes more
ficient. For the linear phase, the time lag scales linearlyimportant at water content of 0.15. Zero infiltration
with the inverse of the tortuosity coefficient (see Eq.gives a time lag of 6.4 yr. Infiltration rates need to be
[14]). In our study and the studies by Weeks et al. (1982)�600 mm yr�1 to reduce the time lag by more than 1 yr.
and Busenberg et al. (1993), the tortuosity coefficientThus, the analytical solutions are applicable for a
has been a fitting parameter. It is difficult to estimatebroad range of conditions. A limited sensitivity analysis
this parameter independently except for well-definedwith the two analytical solutions Eq. [9] and [14] was
conditions, such as in the sand dunes investigated byperformed to demonstrate when a lag time in the unsatu-
Severinghaus et al. (1997). These dry sand dunes wererated zone becomes important. The time lags were only
70 m deep, receiving about 50 mm yr�1 precipitation.computed for CFC-11 and CFC-12 because they are
They found that diffusion model results with a tortuosityrepresentative for a range of self-diffusion coefficients
coefficient of 0.6 for a dry soil (uncalibrated; see Milling-and Henry’s constants. We chose to focus the sensitivity
ton [1959] and Weeks et al. [1982]) fitted observed CFCanalysis on the effects of changing the water content
profiles. Another case where a relatively high tortuosity(0.05–0.15), the tortuosity coefficient (� � 0.10 and 0.36),
coefficient was found was reported by Oster et al. (1996).and the depth of the unsaturated zone (5–50 m). � �
The forest soil was described as well aerated, which0.10 is equal to the calibrated value for Rabis Creek,
could explain the high effective diffusion coefficient (wewhereas � � 0.36 is calculated from the expression pro-
estimate � � 0.44 on the basis of the effective diffusionposed by (Millington, 1959), � � �a

7/3/�2, where � is the
coefficient). In the general case, the tortuosity coeffi-total porosity (0.39) and �a is calculated as � � �w with
cient will be a complex function of time-dependent�w � 0.1. Kd � 0.06 was assumed for CFC-11, whereas
changes in water content, pore connectivity, and otherCFC-12 was nonsorptive. No degradation was included.
physical properties of the soil.The analytically computed time lags for three depths

(5, 15, and 50 m), with two different tortuosity coeffi-
cients during the phases of linear and exponential in- CONCLUSIONScrease in atmospheric concentrations are shown in
Fig. 8. If the unsaturated zone is shallow, L � 5 m, then A numerical model was used to simulate observed

CFC gas profiles in the 16-m-thick unsaturated zone atthe time lag is very small (�1 yr) for both gases. Because
the linear phase ended in approximately 1991 and 1993 Rabis Creek, Denmark. A low tortuosity coefficient of

� � 0.1 was fitted to the observed profiles. CFC-11 wasfor CFC-11 and CFC-12, respectively, this means that
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Fig. 8. Effect of water content, depth of unsaturated zone, and tortuosity coefficient on calculated time lags for CFC-11 and CFC-12 during
exponential and linear increase in atmospheric concentrations. (a–c) � � 0.1; (d–f) � � 0.36.

shown to be slightly affected by either degradation or coefficient. The analytical solutions agreed well with the
numerical solution.sorption, whereas CFC-12 and CFC-113 were found to

move conservatively through the unsaturated zone. Deg- For the conditions at the Rabis Creek field site, the
results show that it is possible to neglect water flow whenradation of CFC-11, with a first-order rate of 0.0004 d�1,

in the bottom 4 m is likely because of the presence of quantifying transport of the three gases through the un-
saturated zone. For the most soluble gas, CFC-11, themethane at these depths. The degradation rate corre-

sponds to a half-life of 5 yr in the bottom 4 m. In compar- error in the calculated time lag is on the order of 1 yr,
when neglecting water flow. For CFC-12 and CFC-113ison, the time lag in air is 5.2 to 6.1 yr for the 15-m-thick

unsaturated zone. Sorption of CFC-11, however, was the error is less than for CFC-11. The analytically de-
rived time lags will suffice to displace the atmosphericmodeled with a high Kd value of 0.06, which was not

expected due to the very low organic content. input function by fixed time lags to predict the historical
input to groundwater. However, water flow becomesAnalytical models for diffusion and time lags were

adapted from Cook and Solomon (1995) for the case important at a mean water content of 0.15 and infiltra-
tion rates �400 mm yr�1.of exponential increase and from Carslaw and Jaeger

(1959) for linear increase in atmospheric CFC concen- A sensitivity analysis using the analytical models dem-
onstrates the importance of the depth of the unsaturatedtrations. The model for linear increase was fitted to

CFC-11 and CFC-12 profiles in the lower part of the zone, the water content, and tortuosity coefficient on
the estimated time lag. The most critical parameter isprofile, providing an estimate of the effective diffusion
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	L longitudinal dispersivity (meters)the tortuosity coefficient. For the model with a linear
�w water density (grams per cubic centimeter of water)increase, the time lag scales inversely with tortuosity
�b bulk density of the media (grams per cubic centimeter)coefficient. High tortuosity coefficients (� � 0.36) mean
� total porosity (cubic centimeters of porous medium perthat only the linear phase can be found today in deep

cubic centimeter)(�20 m) unsaturated zones. The analytical solution pre-
�w volumetric water content (cubic centimeters of water

sented in this work (Eq. [14]) for the linear phase then per cubic centimeter)
may apply. Low tortuosity coefficients (� � 0.10) result �w mean volumetric water content (cubic centimeters of
in a large difference in time lags in the linear and expo- water per cubic centimeter)
nential phases (30–50 yr), which is not realistic. It is, �a volumetric air content (cubic centimeters of gas per

cubic centimeter)therefore, difficult to predict if, for example, gas concen-
�* averaged volumetric air content (cubic centimeters oftrations from the exponential phase are no longer pres-

air per cubic centimeter)ent in the a deep unsaturated zone or whether a gas pro-
� tortuosity of the porous media (no unit)file is a mixture of concentrations from both the linear
� first-order degradation rate (per day)and exponential phases. The use of analytical methods

is therefore questionable. Numerical simulations may be
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