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ABSTRACT
A natural-gradient tracer test was conducted on Cape Cod, 
Massachusetts, to examine the transport and dispersion of 
solutes in a sand and gravel aquifer. A nonreactive tracer, 
bromide, and two reactive tracers, lithium and molybdate, 
were injected as a pulse in July 1985 and monitored in three 
dimensions for 3 years as they moved 280 meters downgradient 
through an array of multilevel samplers. The tracer 
transport was quantified using spatial moments. The 
calculated total mass of bromide for each sampling date 
varied from 86 to 105 percent of the injected mass, and the 
center of mass moved at a nearly constant horizontal velocity 
of 0.42 meters per day. The bromide cloud also moved 
downward about 4 meters, probably because of density-induced 
sinking and accretion of areal recharge from precipitation. 
After 200 meters of transport, the bromide cloud was more 
than 80 meters long but only 14 meters wide and 6 meters 
thick. The change in longitudinal variance of bromide with 
travel distance was nonlinear over the first 26 meters. 
Thereafter, the variance increased linearly with travel 
distance, indicating that the longitudinal dispersivity had 
reached a constant value (0.96 meters). The transverse 
horizontal and transverse vertical dispersivities were much 
smaller (1.8 centimeters and 1.5 millimeters, respectively) 
than the longitudinal value. The lithium and molybdate 
clouds followed the same path as the bromide cloud, but a 
significant amount of their mass was adsorbed onto the 
aquifer sediments, and their rates of movement were retarded 
about 50 percent relative to the bromide movement.

INTRODUCTION
There is a growing awareness that the transport and fate of 
contaminants in aquifers are greatly affected by the natural 
heterogeneity of the aquifers (Anderson, 1987) . Several 
theories account for the effects of these heterogeneities on 
flow and transport by treating them as a stochastic process. 
This work has been particularly useful in understanding 
field-scale dispersion of solutes in ground water (Dagan, 
1982, 1984; Gelhar and Axness, 1983; Neuman et al., 1987).



The stochastic theories relate macrodispersion observed in 
the field to variations in velocity caused largely by the 
spatial variability in hydraulic conductivity.

Although these theories have changed the way in which we 
conceptualize flow and transport in heterogeneous aquifers, 
the practical application to field problems is still the 
subject of debate (Molz et al., 1988). The pioneering work 
at the Borden site in Ontario (Sudicky. et al., 1983; MacKay 
et al., 1986; Freyberg, 1986; Sudicky, 1986) demonstrated the 
application of the stochastic approach in analyzing field- 
scale solute transport. But these field tests need to be 
extended to include other, more heterogeneous aquifers and 
different types of reactive species.

This paper briefly describes a natural-gradient tracer 
experiment that was conducted in a stratified, sand and 
gravel aquifer on Cape Cod, Massachusetts. The primary goal 
of the tracer test was to obtain a data set that was 
sufficiently detailed to test the application of stochastic 
solute-transport theories in a field setting. The components 
of the test included injection of a solution containing both 
nonreactive and reactive tracers into the unconfined aquifer 
and monitoring of the movement and dispersion of the tracer 
cloud under a natural hydraulic gradient for 3 years. From 
the spatial distribution of the nonreactive tracer, which was 
observed at discrete sampling times during the test, the 
macrodispersivity was calculated by the method of moments. 
This measured dispersivity was compared to values estimated 
by application of the stochastic theories to field 
measurement of the spatial variability of hydraulic 
conductivity (Wolf, 1988; Hess, 1989).

A second goal of the tracer test was to examine the transport 
of several reactive tracers that were expected to be sorbed 
onto the aquifer sediments and to be retarded relative to the 
nonreactive tracer. Laboratory tests of water and sediment 
collected at the site were used to measure the chemical 
characteristics expected to control the fate of the reactive 
solutes in the aquifer (Stollenwerk and Kipp, 1989; Wood et 
al., 1990) .

Site Description and Aquifer Characteristics
The tracer test was conducted in an abandoned gravel pit 
located on western Cape Cod (Figure 1) . The aquifer at the 
tracer-test site consists of about 100 m (meters) of 
unconsolidated sediments which overlie a relatively



impermeable, crystalline bedrock (LeBlanc, 1984). The upper 
30 m of the aquifer are a permeable, stratified, sand and 
gravel glacial outwash. Beneath the outwash, the sediments 
are finer grained and include some silt and clay. The 
estimated average hydraulic conductivity of the sand and 
gravel is 110 m/d (meters per day) , and the ratio of 
horizontal to vertical hydraulic conductivity is about 2:1 to 
5:1 (Garabedian et al., 1988). Hydraulic tests made with a 
flowmeter in long-screened wells at the tracer-test site 
(Hess, 1989) and with a permeameter on cores collected at the 
tracer-test site (Wolf, 1988) indicate that the hydraulic 
conductivity of the outwash varies about one order of 
magnitude. The effective porosity of the outwash is 
estimated from several small-scale tracer tests (Garabedian 
et al., 1988; Barlow, 1987) and spatial-moments analysis of 
this test to be about 0.39.

Hydrologie Characteristics
The water table at the tracer-test site is 3 to 7 m below 
land surface and slopes to the south at about 0.15 m per 100 
m (Figure 1) . During the tracer-test period, the magnitude 
and direction of the horizontal hydraulic gradient varied 
only slightly; the magnitude varied from 0.0014 to 0.0018, 
and the direction varied from 164 to 173 degrees east of 
magnetic north. The source of water to the aquifer is 
recharge from precipitation. On Cape Cod, about 45 percent 
of the total annual precipitation, or about 50 cm/yr 
(centimeters per year), recharges the ground-water system. 
The ground water ultimately discharges to the ocean about 10 
km south of the study site.

Vertical hydraulic gradients are too small to measure in 
clusters of monitoring wells at the tracer-test site; thus, 
ground-water flow is nearly horizontal in the aquifer. Based 
on the estimates of hydraulic conductivity, hydraulic 
gradient, and effective porosity given above, the average 
velocity of ground water in the sand and gravel is about 0.4 
m/d.

DESIGN AND OPERATION OF THE TRACER TEST
The tracer test began in July 1985 with the injection of 7.6 
m3 (cubic meters) of tracer solution into the aquifer. 
Movement of the tracer cloud was then monitored by collection 
of water samples from an array of 656 multilevel samplers. 
The test was designed and conducted so that movement of the 
tracer cloud could be monitored in three dimensions as it 
travelled about 280 m through the aquifer.



Tracers
The tracers used in this test were selected because they are 
nontoxic at low concentrations and have low natural 
concentrations, ensuring the tracers introduced for this test 
could be followed for a reasonable distance and still be 
detected. Bromide (Br-), a monovalent anion, was selected 
because it was expected to be nonreactive (Davis et al., 
1980). Background bromide concentrations in the aquifer were 
generally less than 0.1 mg/L (milligrams per liter) and 
averaged about 0.05 mg/L. An injection concentration of 640 
mg/L bromide was used so that the tracer could be detected 
after as much as a ten-thousand-fold dilution by mixing with 
the ambient ground water.

The reactive tracers were lithium (Li+), molybdate (Mo042~), 
and fluoride (F") . Fluoride was abandoned as a tracer early 
in the test because significant amounts of fluoride were 
present in the ground water at the site and the fluoride 
cloud became masked by the high background levels. The 
tracers were added as the salts LiBr, LiF, and Li2Mo04 to 7.6 
m3 of water which was obtained from a shallow well at the 
site. The final solution, which was stored in two insulated 
tanks to maintain the water temperature near the ambient 
ground-water temperature, contained about 890 mg/L dissolved 
solids.

Injection of the Tracers
The tracers were simultaneously injected into three 5.08-cm- 
diameter wells during a 17-hour period beginning on July 18, 
1985, and ending on July 19, 1985. Each injection well had a
1.2-m-long, slotted Polyvinylchloride (PVC) screen set at an 
altitude of 11.9 to 13.1 m above sea level, or about 1.2 to 
2.4 m below the water table. The three wells were located 
0.9 m apart along a line perpendicular to the flow of ground 
water.

The total rate of injection was 7.6 L/min (liters per 
minute), or about 2.5 L/min in each of the wells. The slow 
rate of injection was chosen to reduce spreading of the cloud 
during injection. The initial volume of aquifer occupied by 
the tracer solution, assuming a porosity of 0.39 and no 
mixing with the ambient ground water, was about 19.5 m3.



Sample Collection and Analysis
The distributions of the tracers in the aquifer were 
monitored by collection of water samples from the array of 
multilevel samplers (MLS). Each MLS consisted of 15 color- 
coded polyethylene tubes (0.47-cm inside diameter, 0.64-cm 
outside diameter), set at different depths. The sampling 
array consisted of 656 MLS arranged in 71 rows and covered an 
area 12 to 22 m wide and 282 m long. Samplers were installed 
in stages throughout the test to stay ahead of the tracer 
cloud and intercept its movement. Horizontal spacing between 
samplers increased gradually as the cloud spread. The 
vertical spacing between sampling ports was generally 
constant for a given MLS and varied with horizontal location 
in the array, from 25.4 cm near the injection wells to 7 6.2 
cm near Sandwich Road. The array, when completed, included 
9,840 sampling points.

Water samples were collected from subsets of the MLS array at 
about monthly intervals, beginning 13 days after injection, 
to obtain "snapshot" views of the three-dimensional 
distributions of tracer concentrations. A total of 19 rounds 
of sampling were completed between July 1985 and June 1988, 
but the bromide distribution was sampled only through 
December 1986 because, after that date, the leading edge of 
the bromide cloud had moved out of the array. Each sampling 
round generally took 2 to 3 days to complete; as many as 
13,000 water samples were collected from 40 to 290 MLS in a 
round. Although this is a large number of samples, only 
about 0.1 percent of the injected mass was removed from the 
aquifer during each sampling round.

The water samples were analyzed for bromide concentration 
using an ion-selective electrode, ion chromatography, and 
auto-fluorescence techniques. Lithium concentrations were 
measured by atomic adsorption spectrophotometry. Molybdate 
concentrations were measured by a modification of the 
colorimetric thiocyanate technique. The final data base for 
the period of July 1985 to June 1988 includes about 30,000 
bromide analyses, 33,000 lithium analyses, and 38,000 
molybdate analyses.

OBSERVED MOVEMENT AND SPREADING OF THE TRACER CLOUD
The observed movement of the tracer cloud is illustrated in 
this section with maps and cross sections for selected 
sampling rounds. In addition, the movement and spreading of 
the bromide cloud is quantified by means of spatial moments. 
The focus here is on the movement of bromide, the nonreactive



tracer; although the movement of lithium and molybdate is 
also discussed, the behavior of these reactive tracers is 
presented in more detail in other papers (Stollenwerk and 
Kipp, 1989; Wood et al., 1990)

Spatial Moments
Spatial moments of the bromide distributions for the 16 
sampling rounds were used to calculate the mass, velocity, 
and dispersivity for this nonreactive tracer. An estimate of 
the spatial moments was calculated for each sampling round 
using a numerical integration of the solute distribution. 
Because the solute concentration was sampled at many points 
in space, rather than continuously, it was necessary to 
interpolate the solute concentrations as part of the 
numerical integration procedure. In the first step of a two- 
step procedure, integration over the vertical was performed 
at each sampler. The concentration was assumed uo vary 
linearly between each pair of adjacent sampling points in the 
vertical.. T.he second step was an integration over the 
horizontal plane using a linear interpolation of the 
vertically integrated values. Calculation of the second 
moments for the solute distribution produced a symmetric 
tensor of solute variance terms. The eigenvalues and 
eigenvectors were calculated to find the principal components 
of the variance tensor and their angles of rotation from the 
original coordinate directions.

Mass in Solution
Figure 2a shows the calculated mass of bromide for the 
sixteen sampling rounds; these values vary between 86 and 105 
percent of the injected mass. The variations in the 
calculated mass are likely due to errors in the bromide 
analyses and errors introduced by the linear interpolation 
and limited extrapolation of the data horizontally and 
vertically. The constant porosity value used in the mass 
calculations (0.39) was estimated by fitting the average 
calculated mass to the known injected mass. This value is 
supported by evidence from both small-scale tracer tests 
conducted near the large-scale site and published porosity 
values for sand and gravel (Morris and Johnson, 1967; 
Perlmutter and Lieber, 1970).

A measure of the success of the three-dimensional network 
used to sample the bromide distributions is that the mass 
neither increases or decreases with time. This lack of a 
trend also indicates that bromide did not react with the 
aquifer material. Preliminary mass calculations for lithium



and molybdate have shown a loss of mass with time, which is 
consistent with the expected adsorptive behavior of these 
reactive species (Stollenwerk and Kipp, 1989; Wood et al., 
1990).

Horizontal Movement
The horizontal movement of the bromide cloud is illustrated 
by map views of maximum bromide concentration at 33, 237, and 
461 days after injection (Figure 3) . These maps were 
prepared from the maximum concentration observed at each MLS 
during a given sampling round, regardless of the depth at 
which the maximum occurred; thus, the maps show the maximum 
areal extent of the cloud. During the test, the bromide 
cloud moved in a southerly direction along a path which 
matched the path predicted from the water-table gradient. 
Although the direction of the water-table slope varied only 
slightly during the test, the trajectory of the center of 
mass of the bromide cloud followed these changes in gradient 
direction very closely.

The change in the cumulative travel distance of the center of 
mass with time is shown in figure 2b. The horizontal 
displacement of the center of mass of bromide followed a 
nearly constant velocity of 0.42 m/d. This rate of mean 
movement agrees very well with the estimated rate of 0.4 m/d, 
which was calculated using the hydraulic conductivity, 
porosity, and hydraulic gradient at the site.

The lithium cloud followed a trajectory that was similar to 
that of the bromide cloud (Figure 3) . However, its average 
rate of movement was greatly retarded. At 461 days, the 
lithium cloud (as delineated by concentrations greater than
0.1 mg/L) had spread to a length of almost 100 m, but its 
zone of maximum concentration had travelled only 90 m. In 
comparison, the bromide cloud had travelled 200 m, about 
twice as far, in the same time. The lithium distribution at 
4 61 days was asymmetric, with maximum concentrations located 
close to the leading edge of the cloud and a long tail of 
lower concentrations extending back toward the injection 
wells.

Like lithium, the molybdate cloud (as delineated by 
concentrations greater than 0.1 mg/L) had travelled only 
about half as far as the bromide cloud after 4 61 days, but it 
had spread to a length of about 150 m (Figure 3). The shape 
of the molybdate cloud was similar to that of lithium, the 
highest concentrations were located near the leading edge.



The observed retardation and attenuation of both lithium and 
molybdate is consistent with the expected behavior of these 
species based on geochemical considerations (Stollenwerk and 
Kipp, 1989; Wood et al., 1990). Garabedian et al. (1988) 
note that the rate of lithium movement, calculated from a 
spatial moments analysis, changed with time, initially being 
about the same as the rate of bromide movement, but gradually 
decreasing to about 0.05 m/d during the later part of the 
test. The changing rate of lithium transport may reflect a 
nonequilibrium sorption process (Wood et al., 1990). A 
similar process has been hypothesized to explain the observed 
behavior of molybdate (Stollenwerk and Kipp, 1989).

Vertical Movement
The vertical movement of bromide is illustrated by the 
longitudinal sections of the bromide distribution at 33, 237, 
and 461 days after injection (Figure 4). During the test, 
the cloud moved downward, and a zone of ground water that did 
not contain the tracer developed above the cloud. An 
analysis of the spatial moments of the bromide cloud shows 
that the center of mass moved downward about 3.3 m during the 
first 237 days of the test (about 100 m of horizontal 
transport). Between 237 and 384 days (about 100 and 160 m of 
transport), the bromide cloud moved mostly horizontally. 
After 384 days, the center of mass again began to move 
downward.

Two processes contributed to the downward movement observed 
during the test: (1) vertical components of flow associated
with areal recharge and (2) sinking of the denser tracer 
cloud into the native ground water. Both processes probably 
were important during the first 237 days after injection, 
when about 75 percent of the total vertical movement observed 
during the test occurred. During this period, 123 cm of 
precipitation were recorded at a weather station located 1.8 
km from the site. Based on water-balance calculations and 
estimates of typical seasonal losses to evaporation for Cape 
Cod (LeBlanc et al., 1986), this precipitation resulted in 
about 60 cm of recharge. Assuming a porosity of 0.39, this 
recharge is equivalent to 1.5 m of water in the aquifer. The 
downward flow induced by recharge would be at an oblique 
angle to the water table (Jacob, 1950), not vertically 
downward. Even assuming only vertical flow, however, the 
amount of recharge cannot account entirely for the drop of 
3.3 m observed during the first 237 days.



Additional sinking, caused by density differences, most 
likely occurred early during the test when the density 
contrast between the waters was greatest. During the first 
33 days of the test, for example, the center of mass moved 
downward 0.8 m, which is about 20 percent of the 4.4 m drop 
observed over 511 days. As concentrations in the tracer 
cloud decreased during the first 237 days because of 
dispersion, the effect of density on the vertical movement of 
the cloud probably diminished and gradually became 
insignificant. During the period from 237 to 384 days after 
injection, there was little recharge and the bromide cloud 
moved mostly horizontally. Significant recharge in late 1986 
may have caused the renewed downward movement of the bromide 
cloud after 384 days.

Variance and Dispersivity
The advective movement of the bromide cloud was accompanied 
by significant longitudinal spreading in the direction of 
flow. The cloud spread much less in the directions 
transverse to flow. At 461 days (about 200 m of travel), the 
bromide cloud (as delineated by concentrations greater than 1 
mg/L) was more than 80 m long but only 14 m wide (Figure 3) . 
The significant longitudinal spreading was accompanied by a 
decrease in maximum bromide concentrations from 640 mg/L in 
the injection solution to 39 mg/L at 4 61 days.

The change in longitudinal variance with travel distance 
of the center of mass is shown in figure 5a. There is a 
strong linear trend (correlation coefficient, 0.994) to the 
variances and, because the velocity is nearly constant, the 
longitudinal dispersivity can be calculated as one half the 
slope of the change in variance with respect to the travel 
distance of the center of mass. The resultant dispersivity 
is 0.96 m. The strong linear relation between the 
longitudinal variance and travel distance of the center of 
mass indicates that the longitudinal dispersivity is constant 
at the scale of this test.

A closer inspection shows that the longitudinal variance 
changed nonlinearly during the first 26 m of distance 
traveled by the center of mass. The sequential change in 
variance from date to date can be used to calculate the 
change in dispersivity over time. Because the initial 
longitudinal variance must be greater than zero, the 
dispersivity for the period from injection to the first 
sampling round can at most be 0.44 m. The calculated 
dispersivity from the first to second sampling dates is 0.71 
m, and the dispersivity from the second to third sampling



date is 0.81 m. After the third sampling date the variance 
increased at a constant rate, with fluctuations occurring 
around the linear trend because of errors in concentration 
values, errors from the interpolation method used in the 
estimation of moment values, and variation expected for 
transport in a heterogeneous aquifer.

The change in transverse horizontal variance with respect to 
the travel distance of the center of mass is shown in figure 
5b. As with the longitudinal variance, the transverse 
horizontal variance shows a clearly linear trend with center- 
of-mass travel distance (correlation coefficient of 0.974). 
The transverse horizontal dispersivity is 1.8 cm. This value 
is much smaller than the longitudinal variance; the ratio of 
longitudinal to transverse horizontal dispersivities is 50 to
1. There is more scatter about this linear trend than for 
the longitudinal case, which can be qualitatively explained 
by ratios of cloud size to sampler spacing. Using the 
October 1986 data, for example, the longitudinal ratio of 
cloud size to sampler spacing is about 4.2 and the transverse 
horizontal ratio is about 0.97. These ratios indicate that 
there was much less resolution of the lateral extent of the 
cloud than of the longitudinal extent. Therefore, it seems 
reasonable to expect more variation in the second-moment 
values for the transverse horizontal direction because of the 
larger relative spacing between samplers in that direction.

The change in transverse vertical variance with respect 
to the travel distance of the center of mass is shown in 
figure 5c. The transverse vertical dispersivity calculated 
using all of the vertical variance values is 1.5 millimeters. 
This value is very small compared to the longitudinal 
dispersivity; the ratio of the two is 640 to 1. However, a 
careful examination of these data indicate that the 
transverse vertical variances may not have followed a single 
linear trend. For example, the slope of the initial rise in 
vertical variance was larger than the overall trend. This 
more rapid increase in variance was likely due to the 
density-induced sinking of the cloud in the early part of the 
test, causing increased vertical "smearing" of the bromide 
cloud. After about 240 days (100 m of travel), the vertical 
movement of the cloud was likely dominated by the ambient 
flow field, with some downward movement during recharge 
events. This slower vertical movement is reflected in a 
slower change in vertical variance.

An eigenvector analysis of the second-moment matrix was 
used to obtain the directions of the principal components—  
longitudinal, transverse horizontal, and transverse vertical.



These orthogonal directions showed some variation in 
orientation over time, with the longitudinal direction 
changing about 10 degrees during of the test. The changes in 
longitudinal-variance orientation paralleled the changes in 
direction of the center of mass; the cloud's longitudinal 
axis rotated toward the direction of transport as it moved 
through the aquifer.

DISCUSSION 
Predictability of Transport
The pattern of bromide concentration in the tracer cloud was 
very complex (Figure 4), particularly early in the test. 
Although the complex spatial variations in concentration 
tended to become smoother as the cloud moved downgradient, 
the general trend of these variations persisted during the 
entire test. This complexity, which reflects the spatial 
variation in hydraulic properties of the aquifer, persisted 
at later times because mixing, particularly transverse to 
flow, is limited.

Prediction of this complex pattern of concentrations is 
presently impossible. Despite the inability to predict the 
detailed variations in concentrations in the cloud, the 
general behavior of the cloud was very predictable. The path 
of the cloud was accurately predicted from the observed 
water-table gradient, and the observed average rate of 
movement of the bromide cloud matched predictions made from 
measurements of the hydraulic gradient and estimates of 
hydraulic conductivity and effective porosity. The movement 
or the cloud also closely followed the changes in direction 
of the hydraulic gradient with time. These accurate 
predictions were possible because the ground-water flow 
system at the site is relatively simple and had been well 
defined during initial hydrogeologic studies.

The results from the bromide moments analysis are in good 
agreement with the theoretical stochastic results of Gelhar 
and Axness (1983) and Dagan (1982). Careful measurements of 
the bromide movement and spreading show that there is greater 
longitudinal dispersion of solutes in aquifers relative to 
values typically measured in laboratory porous-media column 
experiments. The order of magnitude of the longitudinal 
dispersivity is in agreement with estimates presented by 
Gelhar and Axness (1983, table 3, item I). As predicted by 
Gelhar et al. (1979) and Dagan (1984), there was an early 
period of transport during which observed longitudinal 
dispersivity values increased. This early period of 
increased dispersivity was expected because the scale of the



solute cloud was not significantly larger than the scale of 
hydraulic conductivity variability. After the solute cloud 
had traveled a distance of about 26 m (about 25 dispersivity 
lengths) and had significantly increased in size, the 
longitudinal dispersivity reached an asymptotic limit of 
about 1 m .

An independent prediction of the asymptotic longitudinal 
dispersivity can be made using values of natural-log
hydraulic conductivity variance (0.24) and correlation scales 
(lx=2.6m, l3=0.19m) estimated from borehole flowmeter
measurements at the Cape Cod site (K. M. Hess, U.S.
Geological Survey, written commun., 1990). For these 
calculations, it was assumed that hydraulic conductivity is 
isotropic in the plane of bedding (li=l2) and that mean flow 
is at a small angle to the bedding (q=0.5°) (see Gelhar and
Axness, 1983, eqs. 60, 65). The calculated result of 0.50 m
(K. M. Hess, U.S. Geological Survey, written commun., 1990) 
for the asymptotic longitudinal dispersivity is in reasonable 
agreement with the observed value of 0.96 m from the tracer 
test.

The magnitude of the transverse horizontal dispersivity 
observed during the tracer test is about two orders of 
magnitude greater than that predicted by Gelhar and Axness 
(1983, table 3, item I). The constant value of the 
transverse horizontal dispersivity also does not agree with 
the results presented by Dagan (1984), in which the 
transverse horizontal dispersivity decreases to zero at large 
time. This disagreement with the theoretical results 
indicates that there may be another mechanism, not included 
in these theories, which increased and maintained the 
transverse horizontal dispersivity value during this 
experiment.

Comparison to the Borden Test
The general movement of the tracer clouds at the Borden site 
(MacKay et al., 1986) and the Cape Cod site were very similar 
despite differences in aquifer properties. The average rate 
of ground-water movement at the Cape Cod site was five times 
faster than at the Borden site; although the hydraulic 
gradient was larger at the Borden site (0.0043 compared to
0.0015), the aquifer at the Borden site has a much lower 
average hydraulic conductivity (6 m/d compared to 110 m/d) . 
The Borden aquifer is a clean, well sorted, fine to medium 
sand, whereas the Cape Cod aquifer is a clean, medium to 
coarse sand and gravel. Despite these differences in 
hydrogeologic characteristics, the tracer clouds in both



experiments spread mostly in the longitudinal direction. 
Spreading transverse to flow was limited in the horizontal 
direction and very limited in the vertical direction.

In both experiments, the tracer clouds moved downward during 
the early parts of the tests. The rate of vertical movement 
decreased with time, which suggests that the sinking was 
initially caused by a density contrast which diminished as 
concentrations in the clouds were diluted by dispersion. 
Additional sinking also occurred at both sites because of 
recharge from precipitation, which gradually formed a zone of 
uncontaminated ground water above the tracer clouds.

SUMMARY
A large-scale natural-gradient tracer test was conducted in a 
sand and gravel aquifer on, Cape Cod, Massachusetts. This 
test was designed to obtain a detailed description of the 
movement of a nonreactive (bromide) and two reactive (lithium 
and molybdate) tracers as they moved through the 
heterogeneous, stratified glacial outwash.

The observed three-dimensional distributions of the tracers 
are being used to address several questions concerning the 
effects of heterogeneity on solute transport. The primary 
goal of the test was to examine macrodispersion of solutes 
and, in particular, to test the field applicability of 
stochastic theories that relate dispersion to spatial 
variability of hydraulic conductivity. A second goal was to 
examine the transport of several reactive tracers that were 
expected to be sorbed onto the sediments.

To achieve these goals, the tracer test included the 
controlled injection of a pulse of tracers into the aquifer 
and the subsequent monitoring of movement of the tracer cloud 
by periodic collection of water samples from an array of 
multilevel samplers. This monitoring scheme provided a 
series of three-dimensional views of the tracer cloud as it 
moved downgradient through the sampling array. The test 
began in July 1985 with the injection of 7.6 m3 of water 
containing bromide, lithium, and molybdate. Water samples 
were collected from the multilevel samplers during 19 
synoptic sampling rounds done between July 1985 and June 
1988. The analysis of these samples produced a data base 
containing about 30,000 bromide analyses, 33,000 lithium 
analyses, and 38,000 molybdate analyses.



The bromide cloud moved southward at a rate of 0.42 m/d, 
which corresponds closely to that predicted from the 
hydraulic gradient and from aquifer properties. Also, its 
path matched that predicted from the water-table gradient. 
The cloud moved downward about 3.3 m during the first 2 37 
days of the test. Part of this movement probably was caused 
by sinking of the denser tracer cloud in the native ground 
water. Accretion of recharge from precipitation also 
contributed to the downward movement. The bromide cloud 
spread mostly in the longitudinal direction; spreading in the 
transverse directions was limited. At 461 days after 
injection, the bromide cloud had moved about 200 m, and it 
was 14 m wide, 4 to 6 m thick, and more than 80 m long.

The lithium and molybdate clouds followed the same trajectory 
as that of the bromide cloud. However, the rates of movement 
of these reactive tracers were retarded, as had been 
predicted from the results of laboratory experiments. In 
addition, the distributions of lithium and molybdate were 
asymmetric; the highest concentrations were near the leading 
edges of the clouds and long tails of lower concentration 
extended back toward the injection wells.

A nonlinear trend in bromide longitudinal variance with 
travel distance of the center of mass was observed during the 
first 26 m of distance traveled, indicating a developing 
dispersion process during the early part of the test. 
However, the change in longitudinal variance with travel 
distance of the center of mass followed a linear trend after 
the solute cloud had traveled more than 26 m; the 
corresponding longitudinal dispersivity is 0.96 m. Changes 
in the transverse variances of the bromide cloud were used 
to calculate the transverse horizontal dispersivity (1.8 cm) 
and transverse vertical dispersivity (1.5 mm).

The general behavior of the tracer cloud was similar to that 
reported at the Borden site. The observed behaviors included 
the predominant spreading in the longitudinal direction; the 
lack of transverse mixing, particularly in the vertical 
direction; and sinking below the water table. Despite the 
inherent complexity of the concentration distributions in the 
tracer cloud, which is the result of aquifer heterogeneity, 
the general behavior of the cloud, seen in maps and in the 
spatial moments, is predictable from a careful analysis of 
the geohydrologic system.
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Fig. 2. (a)Calculated mass of bromide versus travel
distance, solid line is the injected mass (4 900 g) 
and (b) distance travelled by bromide center-of- 
mass over time for the 16 sampling dates, solid 
line slope is 0.42 m/d.
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Fig. 3. Areal distribution of maximum concentrations of 
bromide at 33, 237, and 461 days and lithium and 
molybdate at 33 and 4 61 days after injection.
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16 sampling dates, solid lines represent linear 
regression lines.


