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Abstract

A large-scale natural gradient dispersion test was carried out in 
a sandy aquifer in the western part of Denmark using tritium as 
a tracer. A slug of tritium (4.66 1 109 Bq H-3) was injected, and 
the transport and dispersion behaviour of the plume was examined 
by water sampling in a dense three-dimensional network of 
observation piezometers. Transport parameters were determined by 
applying an optimization model to the observed break-through 
curves at various locations in the zone transversed by the 
tracer. The tracer plume migrated with a rather constant velocity 
of 0.7 m/day. A pronounced spreading was observed in the longi
tudinal direction while the spreading in the transverse horizon
tal and transverse vertical directions was very small. The 
asymptotic value for the dispersivity was apparently achieved 
within the first 50 m reaching a value of 0.46 m, while the 
transverse dispersivities were estimated to 0.02 m and 0.001 m 
in the horizontal and vertical directions, respectively.



1. INTRODUCTION

Transport behaviour of non-reactive solutes in groundwater is 
generally considered to be governed by the two principal pro
cesses: advection and dispersion, which describe the role of 
hydrodynamics in governing transport and dilution of soluble 
substances. Advection refers to the mean movement of the solute 
in the flowing groundwater, while dispersion describes the solute 
spreading about the mean motion caused by local fluctuations in 
velocity (Freeze and Cherry, 1979).

The classical model of transport in groundwater is the advec- 
tion-dispersion equation, in which dispersion is considered to be 
analogous to a Fickian diffusion process (Bear, 1972) . This model 
was originally developed at the scale of a representative 
elementary volume (REV), where the dispersion parameter, dis
persivity, is regarded as a unique and measurable property of the 
medium at the pore-scale continuum. However, the model has been 
widely applied to large-scale regional transport problems simply 
by augmenting the dispersivity parameter in order to account for 
the enhanced mixing caused by the heterogeneity of the hydraulic 
properties in aquifer systems. The dispersivity value is usually 
determined by calibration of the advection-dispersion model to 
observed concentrations. In practical situations sufficient 
concentration data will generally not be available for a reliable 
determination of the dispersivity, and furthermore the history of 
the contamination source is often unknown, which implies that the 
value obtained by calibration becomes very uncertain. Essentially 
the dispersivity is used as a lump parameter which accounts for 
all the unknown fluid velocity variations related to the aquifer 
heterogeneity.

Analysis of solute behaviour in natural field environments have 
indicated that the dispersive spreading and dilution behave non- 
Fickian, and that the dispersivity increases with the scale of 
the transport problem, see e.g. discussions by Anderson (1979) 
and Gilham and Cherry (1982). Various reviews and compilations 
of field-scale observations of longitudinal dispersivities 
(Lallemand-Barres and Peaudecerf, 1978; Gelhar et al., 1985; 
Kinzelbach, 1986) have all shown the scale effect, and further
more it has been shown that the dispersivity exhibits a wide 
range of variation for the same type of aquifer and scale of 
transport. The physical explanation of these phenomena is that 
with increasing travel distance the contaminant plume is exposed 
to more and more aquifer heterogeneity, and consequently larger 
dispersivities are encountered. The recent theoretical studies 
within contaminant transport have emphasized the significance of 
spatial variability of hydraulic conductivity and the uncertainty



always encountered when a mapping of aquifer properties is 
attempted. By treating the natural heterogeneity in a stochastic 
sense, stochastic forms of the groundwater flow and transport 
equations have been developed in which the hydraulic parameters 
appear as random variables. These studies including those by 
Gelhar et al. (1979), Matheron and de Marsily (1980), Smith and 
Schwartz (1980), Dagan (1982, 1984), Gelhar and Axness (1983)
have demonstrated the influence of hydraulic conductivity 
variations on dispersive mixing. The theoretical work has also 
indicated that in heterogeneous aquifer systems non-Fickian 
behaviour with a growing dispersivity prevails during the initial 
part of the displacement distance, and that Fickian behaviour 
with a constant dispersivity is reached asymptotically as the 
dispersion process develops. The theories suggest that the 
transition zone may involve travel distances of more than 10 
correlation lengths (maybe hundreds of meters) before the 
asymptotic dispersivity is reached.

As mentioned above several field observations on dispersion 
behaviour have been reported in the literature, but as pointed 
out by Gelhar et al. (1985) the reliability of many of the 
reported dispersivities can be questioned. Three comprehensive 
and rather unique large-scale tracer tests can be mentioned: 
Borden Air Force Base (Mackay et al., 1986; Freyberg, 1986; 
Sudicky, 1986), Cape Cod (Garabedian et al., 1988) and Twin Lake 
(Killey and Moltyaner, 1988; Moltyaner and Killey, 1988a, 
Moltyaner and Killey, 1988b). By establishing very detailed 
information on the hydrogeological conditions and the spreading 
rates of solutes, these field tests have provided new insight 
into the dispersion process, and the two first mentioned have 
also served the purpose of verification basis for the stochastic 
theories.

The purpose of the study reported here was to carry out a tracer 
experiment at a site extensively equipped with observation 
piezometers similar to the sites described above in order to 
examine the dispersion processes in a sandy aquifer typical for 
the western part of Denmark. A natural gradient test was made in 
order to investigate the conditions under which dispersion occurs 
in a contaminant plume from an old landfill located about 600 m 
from the dispersion site. This landfill has been extensively 
monitored for geological, hydrogeological, geochemical, and 
contamination conditions in order to serve the purpose of an 
outdoor large-scale laboratory facility where the behaviour of 
contaminants in groundwater arising from a landfill can be 
studied in detail (see e.g. Jensen, 1988) . The tracer test is in 
some ways complementary to the other tests mentioned with respect 
to the geological and experimental conditions.



2. EXPERIMENTAL SITE

The experimental site is located in the western part of Denmark 
on the peninsula Jutland. The area was formed during the latest 
glacial period by a river system carrying meltwater and sediments 
from a rather stationary glacial front placed north-south in the 
middle of the peninsula. A huge outwash plain was hence created 
in the western part composed of layers of fine-grained, medium- 
grained and coarse-grained sand depending on the settling 
conditions which prevailed at the individual locations. The 
aquifer conditions are unconfined. At the test site the aquifer 
is predominantly composed of clean, fine to medium-grained sand. 
Although the aquifer is generally considered to be fairly 
homogeneous, discontinuous lenses of coarser-grained as well as 
silty formations have been observed which may be of potential 
importance for the transport behaviour. The water table is 
located approximately 5 m below the soil surface, and a low- 
permeable clay layer at approximately 10 m depth defines the 
lower boundary. A shallow 5 m aquifer horizon is hence available 
for the experiment.
A 200 m long and 40 m wide area was allocated for the experiment 
oriented with the longest side parallel to the prevailing ground
water flow direction. The monitoring system consisted of a dense 
network of piezometers with ports at various levels installed 
concurrently with the development of the plume. Fig. 1 shows a 
plan diagram of the sampling network involving a total of 90 
sampling locations, and Fig. 2 depicts the vertical sampling 
ports involving up to five levels at a given location. The 
horizontal spacing of the multilevel sampling locations varied 
between 5 to 15 m in longitudinal direction and most typically 
between 1 and 5 m in transverse direction. The vertical spacing 
of the sampling ports varied typically from 0.2 to 0.5 m.

All sampling piezometers were established in separate wells to 
avoid cross-contamination during sampling. The installation was 
accomplished by driving to the desired level. Some piezometers 
were established by driving a casing into the soil and sub
sequently install a 1 cm PVC tube at the desired depth followed 
by withdrawal of the casing. Other sampling tubes were made of 
2.5 cm diameter iron metal with a filter placed at the front 
which enabled them to be driven directly to the desired depth. 
All piezometers are equipped with 25 cm screens. The injection 
wells are of a larger diameter (5 cm) with 50 cm screens. The 
piezometers installed in a semicircle arrangement near the 
injection wells (cf. Fig. 1) are all screened over 2 . 5 m  because 
they were used for control purposes.
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Fig. l. Plan diagram of sampling and monitoring locations

0 20 40 60 80 100 120 140 160 180 200

Fig. 2. Vertical diagram of sampling levels.

3. HYDROGEOLOGICAL CONDITIONS

3.1 Water table

The water table was measured during a number of campaigns using 
the network of piezometers shown in Fig. 1 and 2. Seasonal 
fluctuations of about 1.0 m were observed with high levels in 
early spring and low levels in late fall. The fluctuations over 
a one-year period for some selected wells are shown in Fig. 3. As 
shown by the figure all piezometers shown responded similarly to
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Fig. 3. Seasonal fluctuations of water table in selected 
observation wells.

the seasonal changes in recharge, and no significant phase 
differences were observed. Hence, the flow directions are 
supposed to remain fairly stationary, and transients in flow 
behaviour are expected not to contribute significantly to the 
dispersion process.

Vertical head gradients were very small, and the differences 
observed were within the range of measurement and levelling 
errors. In Fig. 4 a water table configuration map established on 
the basis of measurements from February 14, 1990, is shown, and 
this map therefore essentially represents the flow conditions 
prevailing over the season as well as over the aquifer depth. As 
it appears from the figure, the dominant flow direction conforms 
rather closely to the orientation of the field site. Furthermore, 
the diagram seems to indicate that the hydraulic gradient is 
fairly uniform over the area thus suggesting that the hydraulic 
properties also are rather uniform.



Water table (14 February 1990)
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Fig. 4 Water table configuration for the experimental 
site.

3.2 Hydraulic conductivity

The hydraulic conductivity distribution in the aquifer is 
currently being investigated in a related project using conven
tional slug tests. Single-well response tests are carried out on 
the piezometers by raising the water table to a given level using 
a vacuum pump, and after equilibrium is achieved releasing the 
vacuum and monitor the rate of decline of the water table. The 
falling-head data are analyzed, and the hydraulic conductivity 
derived using the method developed by Dax (1987).
Preliminary results of the investigations sugggest that the 
hydraulic conductivity K has a geometric mean of 5.6 ■ 10 m/s 
and a ln(K) variance of 0.38 assuming a lognormal distribution 
(Bjerg, 1990). Note that this mean value is between the Borden 
Site value of 9.75 ‘ 10'5 m/s (Sudicky, 1986) and the Twin Lake 
value of about 5.0 - 10‘5 m/s (Killey and Moltyaner, 1988) on the 
one side and the Cape Cod Site value of 1.4 * 10 m/s (Garabedian 
et al., 1988) on the other, while the ln(K) variance of 0.38 
corresponds exactly to the Borden Site.



The preliminary results suggest (Bjerg, 1990) that no correlation 
structure is apparent in either the horizontal or vertical 
directions, or if a correlation is present, it is probably less 
than the smallest spacing between the observation points (1.5 m 
in the horizontal and 0.5 m in the vertical. Sudicky (1986) also 
found very small correlation lengths, 2.8 m and 0.12 m in 
horizontal and vertical directions, respectively.

4. EXPERIMENTAL CONDITIONS

4.1 Tracer application

The objective of the tracer study has been to investigate the 
physical transport and dispersion behaviour, and hence the tracer 
should reflect the groundwater flow as accurately as possible. As 
outlined by e.g. Gaspar and Oncescu (1972), Unesco (1980), and 
Davis et al. (1985) a number of requirements to the field tracer 
need to be considered. Such requirements include easy solubility, 
large contrasts between background concentration and injected 
tracer, no density effects, no retardation, chemically stable for 
a desired length of time, detectable and measurable at small 
concentrations, non-toxic, and inexpensive. Obviously all 
requirements can not be fulfilled for a given tracer. Given all 
these considerations we selected tritium (H) as HTO as the tracer 
mainly for contrast and density reasons. Tritium has been viewed 
as a near-ideal tracer, because it forms part of the water 
molecule and travels with the groundwater, although Kaufman and 
Orlob (1956) have reported some retardation. The major dis
advantage is the toxicity for which reason careful consideration 
of the safety aspects is required. This includes protection of 
personnel as well as assessing the risk of groundwater contamina
tion.
In Denmark the use of radioactive isotopes for studies in 
groundwater requires a permit issued by the Environmental 
Protection Agency on application from the responsible user. It is 
the general policy of the authorities to keep the use of radioac
tive isotopes in groundwater at a minimum.

The permit issued for this study was based partly on estimates of 
the maximum concentration which under the worst circumstances 
(worst case) might occur in groundwater in the nearest well for 
water supply. The estimated worst case concentration was several 
orders of magnitude below the value recommended by the Interna
tional Commission of Radiological Protection (ICRP) for the 
maximum permissible concentration in water for daily intake by 
non-occupational persons. In the upstream end of the field site



the concentrations were expected to exceed the ICRP-values during 
passage of the plume. However, this was considered to be accep
table because no wells are located in that area.
The injection was designed to approximate an instantaneous pulse 
in a well-defined flow field with minimal disturbance of the 
natural flow. The tracer was injected in three wells with 1 m 
spacing transversely to the flow direction, Fig. 1, each screened 
over a 0.5 m interval. At the time of injection (March 1, 1989) 
the screened intervals were located 2.4 - 2.9 m below the water 
table corresponding to 5.5 - 6.0 m below ground surface.

To each of the injection wells 50 1 of solution each containing 
1.55 ’ 109 Bq H-3 were injected over less than 30 minutes, and 
thus a total 4.66 - 109 Bq H-3 was released to the groundwater. 
The solution volume applied was chosen to ensure that the mass of 
tritium was distributed properly around the injection wells.

4.2 Sampling and analysis

Water samples were collected up to four times a week during the 
most intensive campaigns of the experiment in order to determine 
the position of the tracer slug and to accurately define the 
break-through curves at various locations within the field site.
Sample volumes were extracted by suction from each of the 
piezometer tubes considered relevant at the time of sampling 
using a vacuum pump. A volume of approximately 0.5 1 was pumped 
to waste before sampling to ensure that the ambient groundwater 
at the piezometer screen was sampled. All waste water was 
collected and dumped off-side to prevent recirculation of the 
tracer. The extracted water volume was considered small enough to 
avoid any significant effect on the natural flow regime. Water 
samples were pumped into 20 ml glass bottles, and tritium con
centration were measured using direct liquid scintillation on a 
Packard Pico Flour-water cocktail.

5.OBSERVED TRACER MIGRATION PATTERN

Due to an unexpected high velocity of the plume ( 0.7 m/day) and 
very little horizontal spreading, the initial observations of 
plume behaviour were in part misinterpreted because the piezo
meters in the vicinity of the injections wells were in
appropriately placed. By the time these problems were faced it 
was not possible to establish additional piezometers in time. 
Hence, for travel distances less than 50 meters, the plume



behaviour has not been mapped in great detail. However, a sub
sequent dispersion test involving reactive inorganic solutes 
(Bjerg et al., 1990) was successful on the short distances in 
view of the acquired experiences, and data from this test can 
therefore supplement the missing information. The present paper 
only discusses the results obtained from the tritium experiment.

Fig. 5 presents contour maps of vertically integrated tritium 
concentrations at 105, 153, 191 and 281 days after injection. The 
concentrations shown represent the total tritium mass within the 
verticals diluted in a 0.5 m aquifer layer. The contours are 
established by a combination of computer and hand contouring. 
This illustration gives a good indication of the bulk mass 
location in the horizontal plane and hence an estimation of the 
mean velocity and trajectory of the migrating pulse. On the basis 
of the contour maps the rate of horizontal movement can be 
estimated to about 0.7 m/day. The direction of the tracer 
movement follows the projected path derived from the water table 
configuration including the slight deflection of the trajectory 
occurring towards the downstream end of the field site.
A significant spreading in the longitudinal direction is observed 
resulting in an ever increasing length of the tracer cloud and 
decreasing peak concentration. On the other hand, the increase in 
the lateral dimension of the tracer zone in the horizontal plane 
is very little.

Fig. 6 shows the concentration distribution in a vertical section 
placed along the longitudinal axis of the plume. The contouring 
is based on data projected onto the cross-section from the 
measurement positions located nearby. A rather small vertical 
spreading is observed. Note that no downward movement of the 
plume takes place indicating that the migration is not affected 
by density contrasts. On the contrary the centre of mass seems to 
move horizontally and even a little upwards as indicated in the 
second graph. This behaviour can only be explained by the 
existence of a sloping layer which then conveys the plume in that 
direction.
In Fig. 7 break-through curves are compiled for the various 
levels at selected positions along the longitudinal axis. Most of 
the curves mirror the shape of a Gaussian distribution, although 
some of the responses in the downstream direction have a bimodal 
shape. This appearance is probably caused by a slight difference 
in the trajectories taken by different parts of the plume. With 
reference to the upper graph of Fig. 7 it appears that part of 
the plume deflects towards the right which may cause the arrival 
of a second peak at a later time.
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The curves display several properties to be anticipated as a 
gradually broadening of the break-throughs and decreasing peaks. 
It is also evident from the figure that the tracer tends to 
concentrate at one measuring level in the near-field with a 
gradually larger vertical distribution as the plume moves down
stream. The arrival pattern of the tracer including the arrival 
of peak concentration are fairly consistent for the different 
curves at a given location in the plane, although one level in 
well ISVA5 behaves abnormally.

6. ANALYSIS OF DISPERSIVITY

The ideal method for analyzing the transport and dispersion 
characteristics of a tracer experiment is a spatial moment 
analysis, where the moments define integrated measures of total 
mass, mean velocity, and dispersion of the plume. Moments are 
estimated on the basis of the point observations using some 
numerical integration techniques. The moment analysis method has 
been successfully used both in the Borden and Cape Cod experi
ments as described by Freyberg (1986) and Garabedian et al. 
(1988). Application of this method requires a very dense sampling 
network in order to accurately derive the moments. Although the 
present field test also includes a larger number of observation 
points, it is not as dense as at the two other sites. Due to the 
limited extension of the plume, the "snapshots" of the three- 
dimensional spatial distribution of the tracer concentration at 
particular times are not very accurately defined because only a 
relatively small number of observation wells are affected. Hence, 
it is not feasible to apply the moment analysis, and instead we 
have analyzed the dispersion characteristics on the basis of 
break-through curves. In the present phase of the study we have 
focused on the horizontal components of the dispersivity tracer, 
because the vertical spreading was rather small. Hence, the 
analysis is based on the total mass of tracer present in the 
verticals. A parameter identification model developed by Sauty 
and Kinzelbach (1988 a,b) has been used to identify the transport 
parameters at a number of observation points in the horizontal. 
The model uses the Rosenbrock method (Rosenbrock, 1960) and the 
Powell method (Powell, 1964) concurrently, and it allows for 
optimization of flow velocity, flow direction, longitudinal and 
transverse dispersivities in a two-dimensional uniform flow 
field.

For an instantaneous injection of a tracer slug in a two-dimen- 
sional uniform flow field at coordinate origin, the concentration 
distribution is described by (Bear, 1979):



Tritium plume (13 June 1989)

(m) 36 -“  

c
.9 3 4 -  o 
>
« 3 2 -  
LU

30 —

20i 40 60i 80i 100
—I—

120
, - , 1 —

140I 160i 180X 200i

T ~
20 40

GWT

400000 bq/l ,00000 bq/,
—I
60 80 100 120

I
140

T -
160

-r~
180

— I—
200
(m)

-34

-32

-30

Tritium plume (1 August 1989)
0 20 40 60 80 100 120 140 160 180 200

0 20 40 60 80 100 120 140 160 180 200

Tritium plume (7 September 1989)

(m) 36- 

c
.0 34 - 
o >

32
U1

30 ■

20
_ l_

40 
—1_ 60_L_ 80_L_ 100

_ L _
120

i
140

I
160

i
180
I

200
i -36

I II •
• I

i

- lO O O b q^- 10000 bq/l/ -^50000 bq/l j -  GWT

I

T —
40

—r~
80

I
100

—r~
120

T“
160

-r—
180

I—
200
(m)

-34

-32

-30
20

»
60

I
140

Tritium plume (12 December 1989)
20 40 60 80 100 120 140 160 180 200

20 40 60 80 100 120 140 160 180 200
(m)

Fig. 6 Distribution of tritium concentrations in a 
vertical section along the longitudinal axis of 
the plume.



Fig. 7 Break-through curves.
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where C - concentration
M - injection mass
n - porosity
b - aquifer thickness
u - flow velocity (parallel to x axis)
Dl - longitudinal dispersion coefficient
Dth - transverse horizontal dispersion coefficient 
x,y - horizontal space coordinates 
t - time coordinate

The dispersion coefficients are related to the dispersivity 
coefficients by:

The solution has been extended by Sauty and Kinzelbach (1988 a,b) 
to consider the direction of flow by introducing a coordinate 
transformation into a coordinate system related to the flow 
direction.

Assuming that the vertically integrated concentration data can be 
described by this extended analytical equation (which clearly is 
an approximation due to the lateral dimension of the tracer 
release), the transport parameters have been optimized in a two- 
step procedure. First the flow direction is determined for each 
line of wells placed transversely to the prevailing flow direc
tion by including the integrated observations from all wells of 
the specific line in the computer optimization process. In the 
second step the identified flow directions are kept fixed while 
flow velocity and dispersivities are optimized for the individual 
observation wells. The results are summarized in Table 1 for 
those observation points where well-defined break-through curves 
can be established.

TH

where aL = longitudinal dispersity
aTH = transverse horizontal dispersivity



In Fig. 8 are shown some typical matches to observed break
through curves indicating that it is possible to match the analy
tical solution fairly closely to observations.
As indicated in Table 1 the transport parameters vary somewhat 
between the observation points which is an indication of geologi
cal heterogeneity present in the aquifer not accounted for in 
the present rather simple analysis. Yet, the variation for all 
parameters is rather small. The optimized horizontal displacement 
velocity varies between 0.52 m/day and 0.82 m/day with an average 
value of 0.69 m/day. The values listed in the table suggest that 
the velocity is slightly above the average value in the upstream 
end and slightly below average further downstream.
For the longitudinal and transverse horizontal dispersivities no 
clear trend with travel distance can be found as reported by 
Freyberg (1986) and Garabedian et al. (1988). The optimized 
values for the location listed in Table 1 vary more or less 
arbitrarily around the mean values of 0.46 m and 0.02 m for the 
longitudinal and transverse dispersivity, respectively, thus 
indicating that the asymptotic stage of the development of the 
dispersivity parameter is reached for the distances examined. The 
variation appearing in Table 1 is again partly due to the aquifer 
heterogeneity, which then gives rise to different dispersivities 
depending on the actual flow trajectories. However, uncertainties 
related to experimental conditions and optimization procedure are 
probably also reflected in the resulting values.

Some first estimations of the transverse vertical dispersivity aTV 
were also attempted using the same optimization model as above 
for vertical sections and estimating the tracer loss perpendicu
lar to the vertical. Typical values of 0.001 m or less were 
obtained for aTv.
The ratios between the longitudinal to transverse horizontal and 
transverse vertical dispersivities, respectively, are hence 23 to 
1 and 460 to 1.

The dispersivities obtained in this study seem rather small for 
this particular scale when compared to values reported elsewhere 
(e.g. Gelhar et al., 1985) and the values often applied in 
engineering practice. Yet they are consistent with the magni
tudes obtained in the Borden and Cape Cod cases.
Note that even though small values are obtained for the disper
sivities in this study, they may in reality be a little enlarged 
due the identification approach. The analytical solution adopted



Observation
well

V (to)day) aL(m) aT(m)

f18 -1.81 0.
f19 -1.81 0.
f21 0.08 0.
f22 0.08 0.
f24 0 0.
f25 0.0 0.
f26 -0.28 0.
f27 -0.28 0.
f28 -0.28 0.
f29 -0.28 0.
f31 -0.68 0.
f32 -0.68 0.
f34 0.32 0.
f3 5 0.32 0.
ISV5 -1.79 0.
ISV6 -1.79 0.
ISV8 -1.35 0.
ISV9 -1.35 0.

* ISV15 -1.35 0.
ISV22 -1.35 0.
ISV12 -1.19 0.

* ISV14 -1.13 0.
ISV21 -1.13 0.
ISV16 -2.80 0.
ISV17 -2.80 0.
ISV18 -2.80 0.
ISV19 -2.80 0.
ISV20 -2.80 0.
Mean o.

* Fitting not successful

0.418 0.044
0.532 0.026
0.125 0.082
0.408 0.013
0.109 0.014
0.407 0.012
0.764 0.015
0.302 0.010
0.323 0.005
0.545 0.006
0.266 0.031
0.563 0.040
0.823 0.033
0.458 0.055
0.544 0.020
0.285 0.019
0.524 0.004
0.184 0.004
1.498 0.007
0.500 0.03
0.454 0.026
1.397 0.026
0.564 0.039
0.500 0.006
0.600 0.035
0.400 0.006
0.961 0.013
0.507 0.028
0.46 0.02

57
81
56
81
76
82
61
75
78
66
70
69
54
72
72
71
72
69
69
52
78
77
64
53
72
69
67
63
69

Table 1. Computer optimized transport parameters.
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assumes that the tracer is introduced as a "point" injection 
which is not strictly fulfilled here, because three injection 
wells, installed 1 meter apart, are used. This initially intro
duced lateral spreading may artificially enhance the resulting 
transverse horizontal dispersivity. Similarly, velocity varia
tions over the aquifer thickness may enhance the longitudinal 
dispersivity when the identification method is based on vertical
ly integrated concentrations.
Gelhar and Axness (1983) and Dagan (1982) have developed theore
tical expressions for the apparent dispersivity tensor. Of parti
cular interest is the asymptotic value for the longitudinal 
dispersivity An which is given by

^11 =  f f lnK ^InK

where alolc represents the variance of the logarithmicly transformed 
hydraulic conductivity and £lnl( is the correlation length. The 
correlation structure of the hydraulic conductivity field has 
not been studied in details yet, however the preliminary results 
suggests that the horizontal correlation length is less than the 
smallest spacing between the piezometers (i.e. 1.5 m). If a
correlation length of 1.2 m is assumed, the theoretically derived 
dispersivity is 0.46 which conforms exactly to the mean value 
listed in table 1. Hence, the present field test supports the 
theoretically derived expression for the dispersivity.

The increase in dispersivity with travel distance has not been 
examined, because we are not able to recover reliable break
through data for the initial phase of the experiment. The 
analysis suggests that the asymptotic value of dispersivity is 
already reached at the smallest distance (50 m) from which 
complete break-through data are available. This observation 
conforms with the theoretically derived expressions for the 
development of longitudinal dispersivity with displacement 
distance, according to which the asymptotic stage is reached 
after approximately 10 correlation lengths (Gelhar and Axness, 
1983) .

A subsequent field experiment involving inorganic tracers (Bjerg 
et al., 1990) has provided break-through data particularly for 
the shorter travel distances thus enabling a complementary 
investigation of the development of dispersivity in the near
field.

Future work will treat the tracer experiments in a more com



prehensive manner by applying a three-dimensional flow and 
transport model conditioned by all the available data on the 
hydraulic conductivity.

7. SUMMARY AND CONCLUSIONS
A large-scale natural gradient experiment on solute transport in 
groundwater was carried out using tritium as tracer. The objec
tive was to study the transport and dispersion behaviour in a 
sandy aquifer contaminated by leachate from an old landfill 
located about 600 m from the dispersion field site.
The aquifer at the site is unconfined with the water table 
located approximately 5 m below the ground surface. A low- 
permeable clay layer at approximately 10 m depth defines the 
lower boundary. The water table fluctuated about 1.0 m over the 
season, however, all wells responded similarly, and the flow 
direction therefore remained fairly constant during the experi
ment.

A 200 m long and 40 m wide experimental area was designed with 
orientation along the groundwater flow direction. A dense three- 
dimensional piezometer network was established concurrently with 
the development of the tracer plume in order to determine the 
position of the tracer.
Tritium was selected as tracer because of its detectability in 
low concentrations, and it proved very suitable for the experi
ment. However, careful considerations of safety aspects were 
required. Tritium was injected as a slug of 4.66 ’ 109 Bq in
total. Water sampling was carried out several times a week in 
order to accurately define the break-through curves.

A predominantly longitudinal spreading of the plume was observed 
while relatively little spreading occurred in transverse horizon
tal and vertical directions.
The number of piezometers affected at a given time was not large 
enough to enable application of the moment analysis method. 
Instead the transport parameters were determined on the basis of 
break-through curves using an optimization identification proce
dure. Due to initial experimental problems only break-through 
curves for travel distances larger than 50 m were examined.
The transport parameters proved to be fairly constant between the 
different observation points. The mean values for travel veloci
ty, longitudinal, transverse horizontal, and transverse vertical



dispersivities were estimated to 0.69 m/day, 0.46 m, 0.02 m and 
0.001 m, respectively. The optimized dispersivity parameters 
showed no significant increase with travel distance suggesting 
that the asymptotic stage was reached. The observed longitudinal 
dispersivity conformed well to the value estimated on the basis 
of a stochastic theory of dispersion.
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