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Abstract. The Ridge and Valley Province of eastern Tennessee is characterized by (1) 
substantial topographic relief, (2) folded and highly fractured rocks of various lithologies 
that have low primary permeability and porosity, and (3) a shallow residuum of medium 
permeability and high total porosity. Conceptual models of shallow groundwater flow and 
solute transport in this system have been developed but are difficult to evaluate using 
physical characterization or short-term tracer methods due to extreme spatial variability in 
hydraulic properties. In this paper we describe how chlorofluorocarbon 12, 3H, and 3He 
were used to infer groundwater flow and solute transport in saprolite and fractured rock 
near Oak Ridge, Tennessee. In the shallow residuum, fracture spacings are <0.05 m, 
suggesting that concentrations of these tracers in fractures and in the matrix have time to 
diffusionally equilibrate. The relatively smooth nature of tracer concentrations with depth 
in the residuum is consistent with this model and quantitatively suggests recharge fluxes of 
0.2 to 0.4 rn yr-•. In contrast, groundwater flow within the unweathered rock appears to 
be controlled by fractures with spacings of the order of 2 to 5 m, and diffusional 
equilibration of fractures and matrix has not occurred. For this reason, vertical fluid fluxes 
in the unweathered rock cannot be estimated from the tracer data. 

Introduction 

The estimation of groundwater velocities and recharge rates 
through fractured rocks is difficult. Conventional methods us- 
ing fluctuations in water levels require knowledge of specific 
yield. Methods involving measurement of hydraulic gradients 
require knowledge of hydraulic conductivity. Both of these 
parameters are difficult to measure in fractured rocks and may 
be extremely variable over small spatial scales. 

Groundwater dating using environmental tracers has been 
successfully used to estimate recharge rates in unfractured 
media [Solomon et al., 1993]. If sampling takes place near the 
water table in such aquifers, then the horizontal component of 
groundwater flow will be small. Hence the recharge rate (R) 
may be approximated by 

R =zO/t, (1) 

where z is the depth below the water table, t is the groundwater 
age, and 0 is the porosity. 

In fractured porous media, interpretation of groundwater 
tracer data is less straightforward. Solute transport in these 
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systems is usually characterized by advection through the frac- 
tures, with diffusion into the less mobile water in the matrix 
[Grisak et al., 1980]. Experiments performed over short time 
periods using microbial tracers which do not diffuse into the 
rock matrix have proven useful for estimating groundwater 
velocities in fractures [McKay et al., 1993]. However, unless the 
fracture porosity is well known, groundwater velocities within 
fractures cannot be used to calculate Darcian velocities or 

recharge rates. Lower tracer velocities are obtained using trac- 
ers able to diffuse into the matrix [Sanford et al., 1994]. This is 
because diffusion of solute into the matrix retards the tracer 

velocity. 
It is possible that if experiments are performed over very 

long time periods, and the spacing between fractures is suffi- 
ciently small, diffusion may equilibrate solute concentrations 
within the fracture and matrix. In this paper it will be shown 
that equilibrium is likely to occur at fracture spacings less than 
a few decimeters over time periods of 30 years or more. If this 
is the case, then the ratio of the apparent tracer velocity to the 
groundwater velocity within the fractures will be equal to the 
ratio of the fracture porosity to the total porosity (fracture 
porosity plus matrix porosity) [Maloszewski and Zuber, 1985]. 
The tracer velocity will then be equal to the Darcy velocity 
(volumetric flow rate through the system (L 3 T-•) divided by 
cross-sectional area perpendicular to flow) divided by the total 
porosity. 

In this paper we present chlorofluorocarbon (CFC), tritium 
(3H), and 3He profiles from shallow, fractured rock aquifers 
near Oak Ridge, Tennessee. Tritium concentrations in rainfall 
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Figure 1. Estimated atmospheric CFC-12 concentrations 
and tritium concentrations in rainfall for Oak Ridge. Tritium 
data are weighted monthly averages and are interpolated from 
long-term measurements at Waco, Texas, and Hatteras, North 
Carolina [International Atomic Energy Agency, 1969, 1970, 
1971, 1973, 1975, 1979, 1983, 1986, 1990]. Where no measure- 
ment was available at either station, a linear regression rela- 
tionship to Ottawa monthly tritium concentrations is used. 
Chlorofluorocarbon data between !975 and 1985 are from 
measurements at the Pacific Northwest station. Between 1985 

and 1990, a linear rate of increase of 20 pptv yr -x has been 
assumed [Rasmussen and Khalil, 1986]. After 1990, a linear 
increase of 14 pptv yr -x has been used [Elkins et al., 1993]. 
Concentrations before 1975 are derived from the release data 

of McCarthy et al. [1977] normalized to concentrations mea- 
sured in 1975. 

were elevated during the 1960s as a result of testing of ther- 
monuclear devices. Concentrations of chlorofluorocarbons in 

the atmosphere have been increasing steadily over the past 50 
years (Figure 1). These environmental tracers are therefore 
analogous to applied tracer experiments carried out over pe- 
riods of several decades. Simple analytical modeling suggests 
that over this time period diffusional equilibration of fracture 
and matrix concentrations of these tracers should have oc- 

curred. This allows measured concentrations of these tracers to 

be used to estimate Darcy velocities and recharge rates to the 
fractured rock aquifers. To our knowledge, this is the first 
successful use of environmental tracers to estimate recharge in 
a fractured system. 

Site Description 
The study site is located on the Oak Ridge Reservation 

(ORR), in the Tennessee portion of the Appalachian Valley 
and Ridge fold and thrust belt. The region is characterized by 
a number of southeast dipping, overlapping thrust sheets and 
consists of interbedded shales, mudstones, limestones, and do- 
lomites. Small- and intermediate-scale folds and tear faults 

(10-100 m) are common [Solomon et al., 1992]. 
The geology of the study site has been described in detail by 

Lee et al. [1989, 1992]. Saprolite, developed on the Nolichucky 
Shale, extends from the surface to a depth of --•10 m. The 
Nolichucky Shale is a moderately hard shale and mudstone, 
interbedded with hard limestone. It overlies the Dismal Gap 
Formation, which consists of alternating thin beds of argilla- 
ceous limestone and calcareous shale, with some interbedded 
siltstone. The boundary between the Nolichucky Shale and 
Dismal Gap Formation occurs close to the base of the sapro- 

lite. (There is little or no unweathered Nolichucky Shale at the 
site.) The base of the Dismal Gap Formation was not encoun- 
tered in drilling at this site (>90 m). 

Long-term mean annual rainfall at Oak Ridge is 1370 mm, 
with all months receiving an average of at least 75 mm. The 
mean annual temperature is 14øC. 

Groundwater flow at the site is conceptualized as in Figure 
2. A storm flow zone ranges between 1 and 2 m in thickness 
and transmits water laterally during and shortly after rain 
events. Infiltration tests indicate that this zone is as much as 

1000 times more permeable than the underlying vadose zone 
[Solomon et al., 1992]. Most recharge through the vadose zone 
is episodic and occurs along discrete permeable fractures that 
may become saturated during rain events, even though sur- 
rounding micropores remain unsaturated. 

The position of the water table varies seasonally from ap- 
proximately 1.5 m depth in late winter to 5 m depth at the end 
of summer. Most recharge to the groundwater is transmitted 
laterally through a thin zone of closely spaced, connected frac- 
tures near the water table (Figure 2). Dreier et al. [1987] mea- 
sured an average fracture spacing of about 0.005 m in the 
saprolite. Results of column tracer experiments conducted in 
this material could be simulated using a fractured porous me- 
dium transport model with a fracture spacing of 0.02-0.03 m 
and aperture of 60-100 /•m [Shropshire, 1994]. Within the 
saprolite, horizontal flow velocities within fractures of up to 45 
m d -• have been observed using microbial tracers [McKay et 
al., 1995]. Although there has not been any previous attempt to 
measure vertical fracture velocities, they are believed to be 
much lower. 

Fracture spacings of up to 0.2 m have been measured in the 

Saprolite 

Fresh rock 

Stormflow zone 

••:• Vadose zone Seasonal high 
water table 

Seasonal low 
water table 

Figure 2. Conceptual model of groundwater flow in aqui- 
tards on the Oak Ridge Reservation. Saprolite, developed on 
the Nolichucky Shale, is underlain by fresh rock of the Dismal 
Gap Formation. The water table occurs within the saprolite. 
Arrows indicate groundwater flow. After Solomon et al. [1992]. 
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fresh rock [Sledz and Huff, 1981]; however, many of these are 
filled or partly filled with secondary minerals. Groundwater 
movement in this zone is believed to occur primarily through 
thin (<1 m) permeable (possibly intensely fractured) regions 
that are poorly connected in three dimensions. The vertical 
spacing of permeable regions decreases from several meters 
immediately below the water table to tens of meters at 50 m 
depth [Solomon et al., 1992]. 

Methods 

Piezometers were installed at the study site between Decem- 
ber 1987 and March 1988. Ten-, 15-, and 25-cm diameter holes 

were drilled, and slotted PVC casing (2.5- or 5-cm diameter) 
was inserted to the required depths. Screen lengths ranged 
between 0.7 and 3 m. Silica sand was packed around the 
screens, and this was followed with at least 30 cm of bentonite 
pellets. The holes were backfilled with bentonite slurry. Many 
of the piezometers were constructed as triple completions, with 
bentonite seals located above and below each well screen. 

Thirteen piezometers, located within an area 10 m x 5 m 
and sampling depths between 2 and 35 m below the land 
surface, were sampled in June and July 1993 for chlorofluoro- 
carbons, 3H, 3He, and noble gases. Owing to the long time 
period between well construction and sampling we assume 
drilling fluids which were not removed in well development 
had migrated laterally away from the site and that we were able 
to sample formation water. At least two well volumes were 
purged from each well prior to groundwater sampling. (Slow 
recovery of some of the wells made additional purging diffi- 
cult.) Chlorofluorocarbon samples were collected using a 1/4- 
inch nylon tube bailer, and flame sealed in 50-mL borosilicate 
glass ampules. (Sampling methodology is described in greater 
detail by Cook et al. [1995].) Analytical methods for chlorofluo- 
rocarbon measurement were as described by Busenberg and 
Plummer [1992]. Concentrations of chlorofluorocarbons CFC- 
11, CFC-12 and CFC-113 were measured, although contami- 
nation of both CFC-11 and CFC-113 was apparent. This is 
thought to be due to local atmospheric releases of these com- 
pounds from the Oak Ridge Laboratory [Martin Marietta, 
1991]. Only results for CFC-12 are reported here. Noble gas 
and 3He samples were collected in copper tubes, as described 
by Solomon et al. [1993]. Analyses were carried out by mass 
spectrometry at the Rare Gas Facility of the University of 
Rochester. Tritium samples were collected in 500-mL glass 
bottles and were analyzed by the helium-ingrowth method 
[Clarke et al., 1976]. 

After sampling at the site was completed, mean hydraulic 
conductivities of screened intervals were estimated using Le- 
franc tests [Marsily, 1986]. This involves pumping water into 
the well at a constant flow rate until the water level stabilizes. 

The hydraulic conductivity is determined from the pumping 
rate, the well diameter and the change in water level. In large 
well screens the variation of hydraulic conductivity with depth 
was estimated using an electromagnetic borehole flowmeter 
[Molz and Young, 1993]. While the borehole flowmeter is bet- 
ter suited to open holes, it was able to identify hydraulic con- 
ductivity stratification within the well screens. While absolute 
hydraulic conductivity values obtained using these simple tests 
may not be very accurate [Kabala, 1994], the relative values are 
of most interest in this study. 
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Figure 3. Vertical distribution of horizontal hydraulic con- 
ductivity and hydraulic head. Hydraulic conductivity estimates 
obtained using Lefranc tests over the length of each well screen 
are indicated using vertical bars. In each case, the length of the 
bar indicates the length of the screened interval. The vertical 
distribution of hydraulic conductivity within four of the 3-m 
well screens was estimated using a borehole flowmeter. These 
results are shown in the form of horizontal bar graphs. Hy- 
draulic heads were measured on March 14, 1994. The depth is 
taken to be the midpoint of the well screen in each case. 

Results 

Hydraulic Measurements 

The vertical distribution of hydraulic head at the field site 
was measured on March 14, 1994. Response times of piezom- 
eters to changes in the position of the water table both locally 
and upgradient will depend on the location of the well screens 
relative to major fractures. Consequently, the hydraulic head 
profile may appear erratic in strongly fractured media. Fur- 
thermore, only limited information can be obtained from the 
head distribution measured at a single point in time. Notwith- 
standing, the vertical profile in Figure 3 shows an apparent 
downward gradient between the land surface and 5 m depth. 
(All depths are relative to an approximate land surface of 265 
m above sea level (ASL).) A gradient exists for both upward 
and downward flow from a depth of approximately 20 m, sug- 
gesting preferential horizontal water movement at this depth. 

Mean (horizontal) hydraulic conductivities for screened in- 
tervals range between 2.4 x 10 -8 and 1.3 x 10 -s m s -• (Figure 
3). Lowest values were measured in two wells screened at 
approximately 10 m depth (2.6-3.5 x 10 -7 m s -•) and below 
25 m (2.4 x 10 -8 m s-•). Conductivities above 10 m ranged 
between 1.4 x 10 -6 and 1.3 x 10 -s m s -•. As expected, 
variations in hydraulic conductivity were greatest in the shorter 
screened wells. 

Permeable intervals within well screens were identified at 

approximately 6.5 m, 11 m, and 17.5 m. Of particular note is 
the excellent agreement between the overlapping portions of 
wells screened between 15 and 20 m depth, both identifying the 
permeable interval at 17.5 m. Above 10 m depth, hydraulic 
conductivities of nonpermeable intervals appear significantly 
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higher than in the deeper wells. The lowest hydraulic conduc- 
tivity estimated for a 0.3-m interval above 10 m depth was 
5.7 X 10 -7 m s -•. In the deeper wells, conductivities away 
from permeable intervals were less than the resolution of the 
instrument at this site (•1 x 10 -7 m s-J). 

Noble Gases 

Concentrations of Ne and N 2 were measured in samples 
collected from nine of the wells and were used to estimate a 

mean recharge temperature of approximately 12øC. This is 
slightly colder than the mean annual air temperature, as little 
recharge is likely to occur during the summer months. Excess 0 
air was calculated to be between 1 and 4 cm 3 kg- • [Heaton and 
Vogel, 1981]. 

At the recharge temperature of 12øC the presence of 4 cm 3 5 
kg -• of excess air results in CFC concentrations in groundwa- 
ter being elevated above equilibrium concentrations by less 
than 4%. As this is less than measurement uncertainty, it has 
been neglected in the calculations. For helium calculations the 

E 15 
quantity of excess air in each sample has been estimated from 
excess Ne concentrations above equilibrium solubility at 12øC -r 
(192/x cm 3 kg- •). a. tlJ 20 

Chlorofiuorocarbons 
25 

An atmospheric CFC-12 concentration of 529 pptv was mea- 
sured at the site on September 15, 1993, which is close to that 
expected for 1993 air (Figure 1). On the basis of its solubility :3o 
at 12øC [Warner and Weiss, 1985], groundwater in equilibrium 
with this air should have a CFC-12 concentration of 320 pg 
kg -• The CFC-12 concentration measured in the groundwater :35 ß 0 

(Figure 4) decreases smoothly from 270 pg kg- • in the upper- 
most well screen (2.3 to 5.3 m depth) tO 10 to 30 pg kg -• 
between 10 and 15 m. The concentration increases to 30 to 60 

pg kg -• between 15 and 25 rn depth. At 30 m depth the 

concentration is 10 pg kg -•, which is close to measurement and 
sampling uncertainty. 

The apparent CFC age is obtained by multiplying the mea- 
sured concentration in groundwater by the solubility and then 
reading the date of recharge from the reconstructed atmo- 
spheric concentration curve (Figure 1). Apparent CFC-12 ages 
increase from 4 years in the shallowest piezometer to approx- 
imately 19 years at 8.5 m depth. Assuming that the water table 
occurs at 1.5 m depth, this gives an apparent vertical tracer 
velocity of 7 m in 19 years, or approximately 0.35 m yr -•. A 
decrease in apparent age (reflecting an increase in concentra- 
tion) is apparent below 10 m and is attributed to groundwater 
moving horizontally through a second flow system. Owing to 
dispersion, however, the tracer ages in this deeper flow system 
are not likely to represent water ages (see below). 

The 3H and 3He 

The concentration of 3He due to 3H decay (referred to as 
tritiogenic 3He) is estimated by subtracting that due to atmo- 
spheric solubility (61.7 pcm 3 kg -• at 12øC), excess air and 
radiogenic production from the measured 3He concentration 
[Solomon et al., 1993]. Both 3H and tritiogenic 3He profiles 
show highest concentrations at approximately 10 m (Figure 5). 
Although the 3He concentration in the shallowest well was not 
measured, the value should be close to zero as this well is 
above the seasonal low water table position. If the high con- 
centrations of both isotopes at 10 m correspond to the high 
tritium values measured in rainfall in 1963, then the vertical 
tracer velocity (assuming one-dimensional flow) is estimated to 
be 0.3 m yr -•. Tritium concentrations below the peak are 
somewhat erratic, which may reflect the larger fracture spacing 
at these depths. 

Tritium-helium ages are estimated from the ratio of tritio- 
genic 3He to 3H [Solomon et al., 1993]. The 3H/3He ages near 
the 3H peak range between 8 and 13 years and are considerably 
younger than CFC-12 ages. This is probably due to the diffusive 
loss of 3He to the atmosphere at times of low water table. This 
"resets" the 3H/3He clock to zero at the position of the low 
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Figure 5. Concentration profiles of 3H, 3He, and apparent 
3H/3He age. 
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water table [Solomon et al., 1993]. (The CFC clock does not 
reset to zero at the same point due to a lower diffusion coef- 
ficient and lower concentration gradients [Cook et al., 1995].) 
As the water table drops seasonally to around 5 m depth, this 
would give a vertical tracer velocity of 3.5 m in 10 years (based 
on a 3H/3He age of 10 years at a depth of 8.5 m), or --•0.35 rn 
yr-•. This is in good agreement with the vertical tracer velocity 
determined from both the CFC-12 and 3H profiles. Apparent 
3H/3He ages have been measured in three wells below 15 m 
and range between 5 and 28 years. 

Discussion 

Solute Transport, Matrix Diffusion, and Groundwater Ages 

The problems of groundwater dating in fractured porous 
media have been discussed by Neretnieks [1981] and Malosze- 
wski and Zuber [1985]. Solute transport through these systems 
is characterized by advection through the fractures, with dif- 
fusion into the less mobile water in the matrix. Diffusion of 

solute from the fractures to the matrix (matrix diffusion) causes 
an apparent retardation of the solute tracer relative to the 
water. The result will be solute velocities which are lower than 

water velocities in fractures (Vs < Vf) and solute residence 
times which are greater than water residence times (G > tf). 

If equilibration between fracture and matrix concentrations 
occurs, then the whole of the formation porosity is available to 
the solute, and so the age of the tracer is related to the age of 
the water in the fractures by the ratio of the total porosity to 
the fracture porosity [Maloszewski and Zuber, 1985] 

Ot 

ts= tf •f. (2) 
The tracer velocity will be equal to the Darcy velocity divided 
by the total porosity: 

Vs-- Vf o-•: Ot . (3) 

If the total porosity is known, then the recharge rate may be 
derived. 

The time required for solute concentrations in the fractures 
and matrix to reach equilibrium will depend on the fracture 
and matrix porosity and on the rate of change of the tracer 
concentration in the fracture. The latter is related to the input 
function of the tracer and the soil water velocity in the fracture. 
However, if we make the assumption that the tracer concen- 
tration in the fracture at any particular depth is not depleted by 
diffusion into the matrix, then we may greatly simplify the 
analysis (Figure 6). (The effect of making this assumption is 
discussed below.) With time, concentrations within the matrix 
(between fractures) will approximate a sine wave, with its mag- 
nitude decreasing in time. At very long times, concentrations 
within the fracture and matrix will reach equilibrium. Suppos- 
ing constant concentration boundary conditions at x = 0 and 
x = L, this diffusion process is represented by [Carslaw and 
Jaeger, 1959] 

C(x, t) 4 • 1 Co - 1 z' (2n + 1) exp [-Dt(2n + 1)2z'2/L 2] 
n=0 

ß sin [(2n + 1) rrx/L] (4) 
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Figure 6. Schematic representation of the diffusion process. 
The tracer concentration is initally equal to Co in the fracture 
and 0 in the matrix. As time increases, matrix diffusion will 
increase concentrations in the matrix, through t• and t2 and 
ultimately to t•. 

where L is the fracture spacing, Co is the concentration in the 
fracture, x is the distance into the matrix, t is time, and D is the 
effective diffusion coett•cient in the matrix. 

As we are interested in how long it will take for concentra- 
tions to reach equilibrium ((Co - C)/Co small), we may 
approximate (4) using the first harmonic. The difference be- 
tween the concentration in the fracture (Co) and midway be- 
tween fractures (x = L/2) will then be equal to 

(C0 - C) 4 
= -- exp [ -Dt •'2/L 2] (5) C0 yr 

Fracture and matrix concentrations will be in equilibrium when 
(Co - C)/Co is small, i.e., when e øt/L2 is large. (van der Kamp 
[1992] calculated that this term must be very small for solute 
concentrations in matrix and fractures to be in equilibrium, but 
did not relate its magnitude to the concentration gradient 
between the fracture and matrix.) 

The apparent velocity of a tracer (V•) will be equal to the 
mean water velocity (V) only if (Co - C)/Co is small for most 
of the tracers flow path. A reasonable condition might be that 
(Co - C)/Co < 10 - 2 aftef time t/10. This condition would 
be achieved for e øt/L2 > 102 (equation (5)), and would also 
give (Co - C)/Co < 10 -20 after time t. Hence we see that 
under this condition, fracture and matrix concentrations are 
equal for most of the travel time of the solute. Furthermore, 
we note that our assumption of constant concentration within 
the fracture will not seriously affect the calculations of equili- 
bration time. Depletion of the tracer mass within the fracture 
will only serve to decrease the concentration difference be- 
tween the fracture and matrix and so will decrease the equili- 
bration time. Hence it Will strengthen the above condition 
rather than weaken it. We should note also that this condition 

is independent of the water velocity within the fracture. While 
this may appear counterintuitive, it occurs because we are not 
interested in whether diffusional equilibration has occurred at 
some prespecified depth. Rather, we are interested in whether 
equilibration has occurred over most of the travel distance of 
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Figure 7. Simulations of the transport of CFC-12 through a system of vertical, parallel fractures. The 
apparent CFC-12 age in fractures (dashed line) and matrix (dotted line) is compared with CFC-12 ages in a 
one-dimensional porous media flow system with the same porosity and Darcy velocity (solid line). 

the tracer (whatever that distance may be). For environmental 
tracers 3H and CFCs (t = 30 years), in a highly porous matrix 
(0 = 0.4, •' = 0.6), this condition corresponds to fracture 
spacings less than approximately 0.2 m. 

Simulations of CFC-12 transport through a fractured porous 
medium have been carried out using Sudicky and Frind's [1982] 
analytical solution for parallel fractures, modified to handle 
the time dependent upper boundary condition (Figure 7). 
CFC-12 age profiles in fracture and matrix (midway between 
fractures) for fracture spacings of 0.1, 0.5, and 2.0 m are com- 
pared with porous media simulations using the same porosit4 d 
(0.35) and Darcy velocity (0.1 rn yr-•). A dispersivity of i m 
has been used for the porous media simulations, which is 
typical of natural gradient tracer tests in granular porous me- 
dia. Plummer et al. [1993] have shown that if dispersivities are 
small, CFC-12 ages are similar to hydraulic ages. Our simula- 
tions show that fracture and matrix ages are similar to each 
other and also to porous media ages for the same recharge flux 
at fracture spacings of 0.1 m (e Dt/L2 -- 3 x 10 9) arid 0.5 m 
(e Dr/L2 = 2.4) but begin to diverge at larger fracture spacings 
(e Dr/L2 = 1.1 for L = 2 m). This confirms that the above 
condition for solute equilibration (e Dr/L2 • 10 2) is more than 
sufficient. 

Identification of Flow Zones 

Our field site on the Oak Ridge Reservation comprises in- 
terbedded shales and limestones, the upper portion of which is 
extensively weathered. Over a vertical distance of less than 35 
m, hydraulic conductivity values vary by more than 3 orders of 
magnitude. Horizontal flow velocities in fractures of up to 45 m 
d -• have been measured with injected microbial tracers over 
short time scales. Despite this, environmental tracer profiles 
are remarkably smooth. 

Hydraulic measurements at the field site suggest the pres- 
ence of relatively low hydraulic conductivity zones below 25 m 
and at approximately 10 m depth. Chlorofluorocarbon concen- 
trations are low at these depths, suggesting the presence of old 
(pre-1970) water. Active groundwater flow appears to occur in 
two distinct zones: one above 10 m and the second between 10 

and 25 m depth. Concentrations of CFC-12, 3H, and 3He are 
highest within these intervals. 

Groundwater and Tracer Velocities in the Upper Flow System 

In the upper flow system, which consists of highly weathered 
material, fractures appear to be very closely spaced (<0.05 m). 
Because of this, concentrations of CFC-12, 3H, and 3He in 
fractures and matrix are likely to be in equilibrium. Chlo- 
rofluorocarbon and 3H/3He ages agree (after correction for 
loss of helium at times of low water table), and both suggest a 
mean vertical tracer velocity to 8.5 m depth of approximately 
0.35 m yr -•. Assuming a porosity of 0.4, the mean Darcy 
velocity to 8.5 m is estimated to be approximately 0.12 m yr -•. 
Assuming a fracture porosity of 3 x 10 -3 [Shropshire, 1994], 
the mean water velocity through the fractures to 8.5 m depth is 
estimated to be approximately 0.12 m d -•. 

Because groundwater flow is two-dimensional in cross sec- 
tion, the vertical water velocity will decrease with depth. Flow 
lines are horizontal at the base of the flow system, where the 
vertical water velocity approaches zero. Equation (1) can be 
used to estimate the recharge rate (the Darcy velocity at the 
water table) only if sampling occurs close to the water table. At 
our site, sampling took place close to the base of the flow 
system (10 m depth), and so the recharge rate will be greater 
than 0.12 m yr -•. 

If matrix and fracture concentrations are in equilibrium, 
then it should be possible to model the distribution of solute 
concentrations using a porous medium model with the same 
porosity as the fractured porous medium. We have attempted 
to reproduce chlorofluorocarbon concentrations in the upper 
flow system using a two-dimensional, steady state, porous me- 
dium flow model, based on the dual formulation of flow uti- 
lized by Frind and Matanga [1985]. (We have not attempted to 
simulate 3H profiles because tritium releases from the nearby 
Oak Ridge Laboratory result in rainfall concentrations which 
are considerably above ambient, and are not well known.) The 
upper boundary is taken to be the position of the water table 
in late winter (--•1.5 m). The concentration at the upper bound- 
ary is specified to be equal to the chlorofluorocarbon concen- 
tration in the atmosphere. It is assumed that no significant 
chlorofluorocarbon transport occurs in the gas phase when the 
water table falls in summer [Cook and Solomon, 1995]. A 
no-flux boundary is used at a depth of 10 m, to simulate the low 
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hydraulic conductivity strata which occur at this depth. The left 
boundary is no flow (representing a groundwater divide), and 
the right boundary is constant head. 

Longitudinal and transverse dispersivities have been chosen 
to be 0.07 m and 0.02 m, respectively. However, as the rate of 
CFC increase in the atmosphere over the last 40 years is ap- 
proximately linear with time, the simulations are extremely 
insensitive to these parameters. The total porosity has been 
chosen to be 0.4. The solution domain is 600 m horizontally by 
8.5 m vertically, and the finite element grid consists of 10,000 
triangular elements and 5151 nodes. 

Figure 8 compares the observed CFC-12 profile with model 
simulations for recharge fluxes between 0.1 and 0.4 m yr -•. 
Simulations have been carried out with the flow divide located 

both 250 m and 500 m upgradient of the sampling site. Most of 
the data fall between curves generated by recharge rates of 0.2 
and 0.4 m yr -•. The fit between the measured data and the 
model is consistent with our supposition that fracture and 
matrix concentrations of CFC-12 are in equilibrium. However, 
it is not in itself proof that this is the case. Concentrations at 
the base of the aquifer are extremely sensitive to the position 
of the flow divide, which is not well known. Although the 
recharge rate would also be sensitive to variations in porosity, 
this parameter is reasonably well known from other studies 
[Wilson et al., 1992; Shropshire, 1994] and so we have chosen 
not to vary it here. The agreement between vertical velocities 
obtained with CFC-12, 3H, and 3H/3He supports our equilib- 
rium hypothesis. 

Groundwater and Tracer Velocities 

in the Lower Flow System 

In the lower flow system, which is largely fresh, unweathered 
material, the fracture spacing is much wider. Borehole flow- 
meter measurements suggest that the spacing of permeable 
fractures may be on the order of 2 to 5 m. It is assumed that 
this flow system is dominated by horizontal or subhorizontal 
fracture zones such as those shown at depths of 11 and 17.5 m 
(Figure 3). Diffusion occurs from these zones in both upward 
and downward directions. (The horizontal fractures may be 
connected vertically at locations other than the study site.) At 
this wide spacing, tracer concentrations in the fracture and 
matrix are not likely to be in equilibrium. Chlorofluorocarbon 
ages in the lower flow system range between 25 and 31 years. 
This suggests a mean vertical solute velocity of between 0.5 and 
1 m yr-•. However, because tracer concentrations in the frac- 
ture and matrix are not expected to be in equilibrium, the 
solute velocity is not easily interpreted in terms of a water flux. 
The water velocity within the fractures (V f)_ will be much 
greater than this, and the mean water velocity (V) will be much 
less. Tritium concentrations for the lower system are somewhat 
erratic, which is consistent with transport in fractures with little 
diffusional equilibration. The 3H/3He age of 5 years at 23 m 
depth is attributed to the retardation of helium through matrix 
diffusion along the flow path. Tritium has a lower diffusion 
coefficient than helium and so is less retarded. Because the 

3H/3He age is proportional to the ratio of 3He to 3H, this 
results in artificially young 3H/3He ages. 

Conclusions 

Chlorofluorocarbon and 3H/3He profiles from fractured 
rock aquifers on the Oak Ridge Reservation, Tennessee, have 
been used to identify two separate groundwater flow systems. 
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Figure 8. Comparison of measured CFC-12 concentrations 
in the upper flow system with results from an equivalent porous 
media flow and transport model. The upper boundary condi- 
tion was taken to be the position of the water table in winter 
(1.5 m), although at the time of sampling it was located at 4.5 
m depth. Simulations were performed with the flow divide 
located both 250 m (solid line) and 500 m (dashed line) up- 
gradient of the sampling location. Recharge rates between 0.1 
and 0.4 m yr -• are depicted. 

The upper flow system consists of highly weathered shales, with 
a fracture spacing of less than 0.05 m. Chlorofluorocarbon and 
3H/3He transport in this system has been interpreted by as- 
suming that the concentrations of these tracers in fractures and 
in the matrix are in equilibrium. This allows recharge fluxes to 
be estimated at between 0.2 and 0.4 m yr-•. The mean vertical 
water velocity to 8.5 m depth within the fractures is estimated 
to be approximately 0.12 m d -•. It has not been possible to 
obtain an independent check on these results. The estimated 
fracture velocity is sensitive to the fracture porosity, which is 
probably not well known. However, the estimated recharge 
rate relies only on total porosity, which can be measured with 
more certainty. The lower flow system comprises unweathered 
shales and limestones, with a fracture spacing between 2 and 5 
m. Recharge fluxes to this system cannot be reliably estimated 
because tracer concentrations in fractures and in the matrix are 

unlikely to be in equilibrium. 

Notation 

L fracture spacing. 
Om matrix porosity. 
0f fracture porosity. 
O t total porosity, equal to O m + Of. 
Vf water velocity in fracture. 
fz mean water velocity, equal to VfO/Ot._ 
Vs apparent solute velocity in fracture (V 
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Vo Darcy velocity, equal to V;rO;r = •'0,. 
t s residence time of solute (apparent age of tracer). 
tf residence time (age) of water in fractures, equal to z/Vf. 
t t mean residence time of water in system, equal to 

to,/o = z o,Ivo. 
z depth. 
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