


readings are limited to depth of insertion. Additionally,
water molecules bound by interfacial forces in high surface
area substances, for example, clays, result in lowered
bulk dielectric constant compared to other soils at similar
water content.

Ground-Penetrating Radar

Ground-penetrating radar (GPR) is an adaptation of
seismic reflection for shallow use that images subsurface
features by deploying radar waves. It may be used to
image any homogeneity in the vadose zone, including
contaminant plumes and soil stratification.

GPR is used to observe the electromagnetic impedance
of soils using high-frequency radar waves to measure
subsurface properties. It consists of an enclosed wave
emitter and antenna unit that is dragged across the
ground, generally in a grid pattern. Wave pulses are
emitted and when an inhomogeneity is encountered, part
of the incident energy is reflected back to the radar
antenna within the unit. The reflected signal is amplified
and transformed into a viewable image. The data are in
visual form, not a quantified form, so results must be
interpreted.

Any inhomogeneity in the vadose zone can be imaged
with GPR. For vadose zone monitoring, contaminant
plumes of both light nonaqueous phase liquids (LNAPLs)
and dense nonaqueous phase liquids (DNAPLs), as well
as buried utility lines and pipes may be imaged with
GPR. Additionally, both underground storage tanks (UST)
and leaking underground storage tanks (LUST) may be
imaged and discerned. The most obvious drawback to GPR,
however, is the fact that all data must be interpreted from
visual images. Heterogeneities are viewed as anomalies
in imaged data, which must be deciphered according
to available information on subsurface conditions. Due
to this fact, GPR benefits from use in combination
with other vadose zone monitoring techniques to avoid
misinterpretations (19,20).

Electrical Resistance Blocks

Electrical resistance blocks have been used in agriculture
for more than 50 years to measure soil moisture in dry
areas. In the environmental field, they are employed
where other methods, including tensiometers, lysimeters,
and manometers, are not operable due to low soil-water
tension, generally between 0.5 and 15 bars.

The method consists of two or more electrodes that
are placed in a porous block, commonly made of gypsum.
The block is buried in the soil and allowed to remain
until moisture equilibrium with the native soil is
achieved. Changes in the electrical properties of the block,
measured with the electrodes, reflect changes in the water
content, which are measured with a wheatstone bridge
resistance meter,

The benefits of this technique include low-cost,
extensive historical use in agriculture research, and
simplicity of use. It is generally useful for approximate
soil moisture level changes. The disadvantages include
limited historical use in the environmental industry
and measurement and calibration difficulties at wet soil
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moisture potentials. Standard calibration curves exist, but
as in many indirect techniques, soil-specific calibration
of the instrument is recommended. Other limitations
are associated with dissolution of the gypsum block and
salinity changes in vadose zone water.

DIRECT MONITORING METHODS

Direct monitoring methods, in contrast to indirect
monitoring methods, employ sampling of the vadose zone
for liquid, soil, or gas. Obtaining liquid samples is fairly
straightforward, using the most widely practiced method,
suction lysimeters, but techniques for soil and gas sample
acquisition are generally more complicated. Soil sampling
commonly involves trenching or digging of some sort,
which may be subject to Occupational Safety and Health
Administration (OSHA) guidelines (24). Trenches deeper
than 5 feet are subject to OSHA regulations and
diggings deeper than 20 feet require the approval of a
professional engineer. Soils are also subject to maximum
allowable slope protocol, depending on their nature. In
addition, certain cases may require confined space, heavy
machinery, or decontamination permits. Readers are
referred to OSHA literature for proper digging protocol. In
gas sampling, problems stem from the nature of the phase
being sampled, and, to a lesser extent, safety concerns.
Vadose zone gas readily exchanges with any other gas
with which it comes in contact, and thus samplers must
be fully enclosed. Special safety procedures are required
when considering volatile substances, 'such as methane,

Additionally, direct monitoring methods have a much
higher risk of introducing contamination into the aquifer
or exposing workers to contamination, and thus proper
field procedures are absolutely necessary. In contaminated
areas, all equipment must be constructed of nonreactive
and low sorbing materials and be decontaminated between
each use (25-27).

Direct Liquid Monitoring Techniques

Directly monitoring the liquid phase of the vadose zone
involves obtaining a representative sample, whether in
the form of water or NAPL. These may be important
for soil-water chemistry analyses or contaminant plume
delineation, among others. The primary method of
collection is by using suction lysimeters placed into
unconsolidated soil. As a suction device, lysimeters rely
on applying a vacuum greater than the soil-water tension
to draw a water sample up to the surface. A porous cup is
inserted into the soil or in a shallow well, and a vacuum
tube connects it to the surface. Once the vacuum is applied,
water is drawn to the surface and a sample is obtained.
QOutside of lysimeters, other methods involve driving
devices into unconsolidated sediment or lowering devices
down wells above the water table to acquire liquid samples.
Lysimeters have the advantage of being relatively cheap
and simple to install. Virtually no maintenance is required,
although sample volumes may be small.

Described by Gardner (28), wavelengths of light from
gamma to X ray may be used to monitor the water content
of the vadose zone by direct soil sampling. In practice,
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however, only gamma rays are employed. In this method,
a sample is collected and a narrow beam of gamma
radiation is sent through it. A recorder on the opposite
side of the sample records only those rays that passed
freely through the sample with no reflection along the
way. By this method, the volumetric water content can be
measured (29).

Direct Soil Monitoring Techniques

Due to the sorbing nature of many contaminants, soil
samples are used to monitor the spatial and temporal
distributions of contaminants in the soil. For certain appli-
cations, undisturbed samples are desired, in which case
special precautions must be taken, and certain sampling
tools and techniques must be employed. Generally, soil
sampling involves inserting a device into the ground to
recover a soil sample, although more intensive methods
may be necessary in certain situations. Hand-operated
samplers are typically used for shallow sampling and
mechanically powered devices for deeper sampling. There
are five basic hand-operated samplers, as described by Dor-
rance et al. (30), that include screw augers, barrel augers,
tube samplers, hand-powered augers, and bulk samplers
(shovels, etc). Each type has its:.own pros and cons depend-
ing on cost, ease of use, availability, size of matrix grains,
degree of sediment cohesiveness, and other factors. Due
to these, sampler choice is often site specific. For deeper
monitoring applications, mechamcally powered tools such
as a drill rig must be employed.

gt o

Monitoring the gas phase of the vadose zone is impor-
tant because many contaminants volatilize to a significant
degree. Unlike liquid and soil phases, the gaseous compo-
nent of the vadose zone is problematic because atmospheric
air and foreign vadose zone gases readily exchange and
react upon exposure. When sampling, all gaseous vadose
zone samples must avoid exposure to foreign air, and all
sampling methods must be designed to avoid it. In situ
sampling and devices with internal liners designed to seal
samples from the atmosphere are preferred (31).

Monitoring through sampling the gas phase typically
involves hydraulically ramming a specially designed
device into the soil where it collects samples via a vacuum
and pumps them to the surface for collection. Passive gas
sampling by an in situ absorbent, such as an activated
carbon trap placed in the vadose zone, may be used,
but less information is provided by this method. Direct
sampling of gases is more desirable, but it is more difficult
and costly. An alternative is monitoring gas advection
by using groundwater tracers. A tracer that partitions to
the gas phase is injected, samples are taken at other
sites, typically at wells, and analyzed for the tracer
concentration (32-35).
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