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FLOW IN THE UNSATURATED ZONE
TUCSON, ARIZONA
WHY STUDY THE UNSATURATED ZONE?

HOW ARE WATER SAMPLES COLLECTED?

In 1981, ground water from a substantial number of municipal
and private wells near the Tucson International Airport was found to
be contaminated by the organic solvent trichloroethylene (TCE), other
organic compounds, and chromium. At this location, a plume of contaminated ground water, in which TCE concentrations exceed
drinking-water standards, is more than 4 mi long and more than 0.50
mi wide. At another location near the Phoenix-Goodyear Airport
(formerly Phoenix-Lichfield Airport), concentrations in ground water
of TCE as large as 86,000 micrograms per liter (/^g/L),
1,1-dichloroethene (DCE) as large as 241 /^g/L, and chromium as large
as 1,300 /jg/L have been reported. In both locations, contamination
occurred despite a depth to ground water of about 100 ft. The
presence of a thick unsaturated zone does not prevent the eventual
migration of a contaminant to the regional ground-water system.
Examples such as these have increased public awareness of the need to
protect ground-water quality.

Pressure-vacuum soil-water lysimeters (fig. 1) were installed
to collect water samples from the unsaturated alluvial deposits that
underlie the basin.
The intake section of the lysimeter used in the
study consists of a round-bottom porous ceramic cup. The lysimeters
were installed by drilling a hole to the desired depth with a
hollow-stem auger, lowering the lysimeter to the bottom of the hole
through the center of the auger, and then carefully removing the
auger from the hole without disturbing the placement of the lysimeter
or pinching the access tubes. In order to collect moisture samples
from unsaturated sediments using a porous-cup lysimeter, a good
hydraulic connection between the formation and the porous cup is
necessary. Fine-grained silica flour was installed as a slurry in
the annular space surrounding the ceramic cup to establish the
hydraulic connection. Samples are obtained by creating a partial
vacuum in the lysimeter with a hand-operated pump; then, after allowing enough time to elapse for a sufficient sample volume to collect
in the sampler, the vacuum is replaced by a positive pressure to lift
the sample to the surface.

Protection of ground-water quality is complex and requires
information about all components of the hydrologic system. Potential
sources of ground-water contamination are commonly located at or near
the land surface and are separated from the underlying ground-water
reservoirs (aquifers) by the unsaturated zone. The U.S. Geological
Survey is conducting field studies in Tucson, Arizona, to learn more
about the way that solutes move through thick layers of poorly sorted
alluvial sediments. The unsaturated zone in much of the Tucson basin
and other alluvial basins of the desert Southwest is composed of
these sediments. Potential ground-water contaminants may be attenuated or transmitted as recharge water passes through the
unsaturated zone. Potential contaminants either may originate or
accumulate in the unsaturated sediments and could be mobilized by
activities that occur at the land surface, such as artificial
recharge. To better understand the potential for ground-water contamination in an arid climate and the controls on downward movement
of recharge water, knowledge of the flow characteristics of water in
the unsaturated zone is essential.
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HOW IS THE STUDY BEING CONDUCTED?
A pulse of water containing a tracer was monitored as it passed
through the unsaturated zone by using six soil-moisture samplers
(lysimeters) that were installed beneath a shallow, manmade, 3/4-acre
recharge basin. The samplers are installed at depths ranging from 11
to 45 ft below the bottom of the basin and are about 10 ft apart.
Potassium bromide was selected as a source of the bromide ion, Br-,
for use as a tracer. A constant water level was maintained in the
basin throughout the tracer test. For 7 days, tracer-laced water was
allowed to infiltrate into the ground. Water was collected from each
sampler and from the basin near the samplers at 12-hour intervals for
about 30 days. The concentration of tracer in each sample was determined and breakthrough curves were developed by plotting the
concentration of tracer over time for each location. Analysis of the
tracer breakthrough curves provides an indication of the effects of
dispersion (mixing and spreading of the tracer) and a measure of the
average rate of water movement at each location. Differences in the
times of breakthrough, peak concentrations, and shapes of the curves
indicate the variability of dispersion characteristics and rate of
water movement in the unsaturated sediments underlying the basin.
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Figure 1.--Sketch showing pressure-vacuum lysimeter for collecting
water samples from the unsaturated zone.

WHAT DO THE RESULTS INDICATE?
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Well-defined tracer peaks were observed for all but one of the
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Figure 2.--Graphs showing tracer breakthrough curves. Relative
concentration, C/Co, is a ratio calculated by dividing the
tracer concentration in a sample by the tracer concentration in
the water introduced into the test basin.
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WHY IS THIS SIGNIFICANT?
Accelerated water movement caused by bypass flow has implications relevant to assessing the effect of recharge on ground-water
quality especially when the recharging water contains solutes, which
may include contaminants. Preferential flow allows solutes to move
rapidly through the unsaturated zone. Under such conditions, contaminant arrival times can occur sooner than would be expected if
flow was assumed to occur as a uniform wetting front that pushes
ahead of it the water previously stored in the pores of the unsaturated sediments. Much of the water stored in the soil profile is
not involved under conditions of bypass flow, and less interaction
will occur between the recharge water and the solid matrix of the
unsaturated zone. Therefore, certain substances such as chlorinated
hydrocarbons (TCE, pesticides), other refractory organic compounds
(detergents, humic acid), and microorganisms (bacteria) could pass
into the underlying ground water. Results of this study have applicability throughout the southwestern United States as well as in
other parts of the country where the practice of artificial recharge
is being considered.
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