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INTRODUCTION

Many EPA programs, including those under the Resource Conservation and Recovery Act (RCRA)
and the Comprehensive Response, Compensation, and Liability Act (CERCLA), require subsurface
characterization and monitoring to detect ground-water contamination and provide data to develop plans to
prevent new contamination and remediate existing contamination. Hundreds of specific methods and techniques
exist for characterizing, sampling, and monitoring the saturated and unsaturated zones at contaminated sites.
Existing field methods are often refined and new methods are continually being developed. This guide is
designed to serve as a single, comprehensive source of information on existing and developing field methods as
of early 1993, Appendix C provides some suggestions on the best places to obtain information on new
developments that occur after this guide is completed.

USE OF THIS GUIDE

As the title "Desk Reference Guide" implies, this is not a how-to handbook for the field. Instead, the
guide provides, in a single document, enough information about specific techniques to make some judgements
concerning their potential suitability for a specific site and also gives information on where to go to find more
detailed guidance on how to use the technique. This guide can be used in two major ways:

1. Development of Site Characterization and Monitoring Plans. Each subsection listed in the table of
contents represents a one-to-two page summary of a specific technique or several related techniques.
A table at the beginning of each of the 10 major sections (summarized below), provides general
comparative information on all methods covered in the sections, and cross-references relevant methods
covered in other parts of the guide. In the summary tables, boldfacing is used to identify those
techniques that are most commonly used. These tables might also be helpful in identifying new, or less
common methods that might be of value for specific objectives or site conditions. Within a grouping
of method summary sheets, techniques are listed in approximate order of frequency of use.

2. Overview of Specific Methods. Individuals who are unfamiliar with specific methods that are being used
or proposed to be used at a hazardous waste site can find a concise description of the method, its
applications, major advantages and disadvantages in its use, and major reference sources where more
detailed information can be found about the method. To locate information on a specific method, the
table of contents should be used to identify the section in which the method islocated. Ifthe term used
to describe the method is not included in the table of contents, go to the summary table at the
beginning of the appropriate section of the guide. If the summary table does not use the term, peruse
the listing of alternative names for techniques in the individual summary sheets. For example, the
hydraulic percussion drilling method is not listed in the table of contents, but appears in summary
Table 2-1. The hollow-rod method, is listed in neither the table of contents or the summary, and
requires looking through the individual summary sheets in Section 2.1 (Drilling Methods), until Section
2.1.6 is reached, which identifies the hollow-rod method as an alternative term for hydraulic percussion.

GUIDE ORGANIZATION AND FORMAT

Site characterization, monitoring, and field screening are related activities for which there might not
be a clear dividing line. Generally, site characterization methods involve one-time field point measurements and
sampling (or continuous measurements in the case of some geophysical methods) of physical and chemical
properties of the subsurface, or multiple measurements to characterize seasonal variations at the site. Monitoring
methods, on the other hand, involve sampling or measurements at a single point or the same area over time.
Many methods can be used for both site characterization and monitoring, and site characterization activities can
continue after monitoring begins to further refine subsurface interpretations. Field screening is a form of site
characterization that involves the use of rapid, relatively low-cost field methods (typically chemical) in the field
during site characterization to assist in the selection of locations for permanent monitoring well installations or
for guiding remediation activities. Field analytical methods are distinguished from field screening methods by
having a higher degree of precision and accuracy than field screening methods. This distinction in discussed
further in the introduction to Section 10.



This guide includes two volumes. The first volume covers solids and ground water and the second
volume covers the vadose zone. The site characterization, monitoring, and field screening methods covered in
the guide are divided into 10 major sections, which are described below. Because site characterization generally
precedes monitoring, earlier sections of the guide tend to cover site characterization methods, while later sections
cover monitoring. Finally, field screening and analytical methods are covered in Section 10,

Section 1 (Remote Sensing and Surface Geophysical Methods) covers more than 30 airborne and
surface geophysical methods that are often valuable during the initial phases of site characterization.
These methods can provide preliminary information on the subsurface to provide guidance on
placement of boreholes for direct observation of the subsurface and installation of permanent
monitoring wells. A number of these methods can also be useful for monitoring the movement of
contaminant plumes.

Section 2 (Drilling and Solids Sampling Methods) covers 20 drilling methods, and a variety of power-
driven and hand-held devices for sampling soils and geologic materials. The section also briefly
identifies important soil physical properties that are described in the field.

Section 3 (Geophysical Logging of Boreholes) covers more than 40 borehole logging and sensing
techniques for the physical and chemical characterization of the subsurface.

Section 4 (Aquifer Test Methods) covers 10 methods for measuring ground-water well levels or
pressure, pumping and slug tests, six categories of ground-water tracers, and several other techniques
for measurement of aquifer properties that might be needed for modeling ground-water flow and
contaminant transport. .

Section 5§ (Ground-Water Sampling Devices and Installations) covers more than 20 types of portable
ground-water sampling devices and different types of permanent well installations for portable sampling
devices. Appendix A (Design and Installation of Monitoring Wells) provides more detailed information
on such installations. Section 5 also includes various types of portable and fixed in situ sampling devices
and installations. General ground-water sampling methods are covered in Appendix B.

Section 6 (Vadose Zone Hydrologic Properties (I): Water State) covers over 20 methods for measuring
vadose zone soil water potential, moisture content, and other soil hydrologic characteristics.

Section 7 (Vadose Zone Hydrologic Properties (II): Infiltration, Conductivity, and Flux) covers four
approaches to measuring or estimating infiltration and approximately 30 methods for measuring
unsaturated and saturated hydraulic conductivity and water flux in the vadose zone.

Section 8 (Vadose Zone Water Budget Characterization Methods) covers a large number of methods
for obtaining data that might be required for water budget calculations to assess contaminant transport
in the vadose zone. This includes 37 methods for obtaining various types of hydrometeorologic data,
and 16 methods for measuring or estimating transpiration or evapotranspiration.

Section 9 (Vadose Zone Soil-Solute/Gas Sampling and Monitoring Methods) covers six indirect methods
for monitoring soil solute movement, more than 20 methods for direct sampling of soil solutions, and
a variety of methods for soil gas sampling and gaseous phase characterization in the vadose zone. The
section also summarizes a number of methods to measure or estimate soil solute and gas flux in the
vadose zone.

Section 10 (Field Screening and Analytical Methods) covers a large number of techniques and groups
of techniques for field screening and analysis: Chemical field measurement (three summary sheets),
sample extraction procedures (five summary sheets), gaseous phase analytical techniques (five summary
sheets), luminescence/spectroscopic techniques (four summary sheets); wet chemistry methods (four
summary sheets), and other techniques (five summary sheets).



More than 280 specific field methods are covered in this guide. The large number of methods precludes
detailed coverage of any single method, which is often available from other sources. Instead, each method has
a single-page summary in a uniform format that includes:

1. General method category title.

2. Method title.

3. Other names used to describe method.

4. Uses at contaminated sites.

5. Method/procedure/device description.

6. Method selection considerations.

7 Frequency of use.

8. Standard Methods/Guidelines (ASTM or other sources that give detailed instruction for use of the
specific method).

9. Sources for additional information (which provides comparative information where other methods for

similar applications are available).

The frequency of use ratings are very approximate, and actual usage might vary from region to region. Similarly,
the summary tables at the beginning of each section should not be relied upon as definitive. Specific
instrumentation or variants of techniques covered in this guide might have different characteristics than indicated
in the summary tables. A specific method that has been rarely used might be suited for certain site-specific
conditions. Conversely, site-specific conditions might make a widely-used technique a poor method of choice.
‘When in doubt, obtaining the opinion of more than one person familiar with a particular technique is advisable.

Wherever possible, one or more figures or tables that illustrate instruments or how a method is used
are included with summary sheets. These figures and tables have the same number as the section to which they
arc related (i.e., Figure 1.1.1 and Table 1.1.1 are located after Section 1.1.1 on visible and near infrared remote
sensing). Bach major section has a brief introduction that defines major concepts and provides an overview of
methods covered in the section. Summary tables and figures at the beginning of each section, and index
reference tables near the end of a section are numbered in sequence (i.e., Tables 1-1 to 1-3 provide summary
information on remote sensing and geophysical methods, and Tables 1-4 and 1-5 provide an index to references
contained at the end of the section).

SOURCES OF ADDITIONAL INFORMATION

As indicated above, two types of references are given for each method. First, if ASTM, EPA, or other
standard methods, protocols, or guidelines related to the method have been promulgated, or are being developed,
these are identified. Otherwise, references that give detailed instructions on how to use the method are cited,
if available,

Secondly, major references that provide information on the use of the method in the context of ground-
water and hazardous waste site investigations are listed. All references are in a single section. EPA documents
are indicated (with EPA and NTIS numbers). Appendix C (Guide to Major References on Subsurface
Characterization and Monitoring) provides annotated descriptions of more than 70 major books and reports and
over 80 published conference and symposium proceedings that can serve as information sources for general and
specific aspects of soil quality and ground-water field screening, characterization, and monitoring.

The following EPA documents are recommended for use as companions to this guide (all of which are
available for no cost from U.S. EPA’s Center for Environmental Research Information (see Appendix C for
ordering address): Ground-Water Handbook, Volume 1: Ground Water and Contamination; Volume 2:
Methodology (U.S. EPA, 1990 and 1991a), Site Characterization for Subsurface Remediation (U.S. EPA, 1991b),
Handbook of Suggested Practices for the Design and Installation of Ground-Water Monitoring Wells (Aller et
al., 1991), Description and Sampling of Contaminated Soils: A Field Pocket Guide (Boulding, 1991), and Use’
of Airborne, Surface, and Borehole Geophysical Techniques at Contaminated Sites: A Reference Guide (U.S.
EPA, 1993). Other EPA documents that are available from NTIS and commercially published references that
can be of potential value are too numerous to be named individually here. Appendix B should provide guidance
conceming other publications that might be worth obtaining,
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SECTION 6

VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE .

Water state in the subsurface is measured in terms of hydraulic head in the saturated zone (see Section
4.1) and negative pressure potential or suction in the vadose zone. Water movement in the vadose zone is
determined by the interaction of three major types of energy potentials: (1) Matric potential (the attraction of
water to solids in the subsurface, (2) osmeotic potential (the attraction of solute ions to water molecules), and (3)
gravitational potential (the attraction of the force of gravity toward the earth’s center). Matric and osmotic
potentials are negative and serve to inhibit the movement of water when the vadose zone is unsaturated.
Unsaturated flow occurs, however, whenever the force of gravity on a water molecule exceeds matric plus osmotic
potential. Water flow in the vadose zone is strongly influenced by the moisture content, with flow decreasing
as moisture content decreases.

Table 6-1 provides summary information on six major techniques for measuring soil water potential and
a dozen methods for measuring soil moisture content. The measurement of soil water potential and moisture
conteat in the vadose zone is intimately connected, and a specific measurement technique can be classified as
measuring potential or moisture content, depending on the perspective of the writer in the literature. Either
measurement can be used to obtain the other if a moisture characteristic curve has been developed (Section
6.3.1). Porous cup tensiometers are the most commonly used method for measuring soil water potential in the
vadose zone. The gravimetric method is most commonly used to measure moisture content from soil samples,
and the neutron probe and gamma gamma methods are most commonly used for in situ measurement of soil
moisture. The relatively recent commercial availability of dielectric or capacitance sensors (Section 6.2.3) is likely
to increase the use of this method, which provides accuracy similar to the neutron probe without some of the
disadvantages of nuclear methods (i.e., radioactive sources). Similarly, time domain reflectometry, a relatively
new method (Section 6.2.4), is becoming more widely used with the advent of commercially available units. All
methods for vadose zone measurement of water content or matric potential have limitations with respect to soils
contaminated with nonaqueous phase liquids, due to interference effects.

Other field-measurable hydrologic properties of the vadose zone, which might be of use in evaluating
contaminant transport include water sorptivity and diffusivity (Section 6.3.2) and available water capacity
(Section 6.3.3). Sorptivity and diffusivity are properties that are significant in evaluating infiltration of water into
the subsurface (discussed in more detail in Section 7.1). Available water capacity is a measure of the ability of
soil to store water.
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Table 6-1 Summary Information on Vadose Zone Water State Measurement and Monitoring Methods

Method Property Accuracy/ Sections
Measured Range

Vadose Zone Soil Water Potential Measurement®

Porous Cup Tensiometers Capillary pressure 0 to -85 kPa® 6.1.1
0 to -80 kPa°®
Thermocouple Psychrometers Relative humidity -200 to -8,000 kPa® 6.1.2
-100 to -5,000 kPa°®
Water Activity Meter Relative humidity 0 to -31,600 kPa 6.1.2
Resistance Sensors Resistance -50 to -1,500 kPa°® 6.1.3
Gypsum Blocks Resistance 0 to -30 kPa® 6.13
Fiberglass/Nylon Cells Resistance No limits® 6.1.3
Electrothermal Methods Heat transfer 0 to -200 kPa 6.1.4
Osmotic Tensiometers Osmotic + pressure -~ 0to -1,500 kPa® 6.1.5
potential
Filter-Paper Mcthod Water content -10 to -100,000 kPa 6.1.6
Electro-Optical Sensors Optical properties 0 to -2,400 kPa 6.2.6

Vadose Zone Soil Water Content Measurement*

Gravimetric Weight d 6.2.1
Gamms-Gamma Radiation d 6.2.2,3.3.2
Neutron Moisture Probe Radiation d 622,333
Diclectric Sensors Diclectric 4 6.2.3
Time Domain Reflectometry Dielectric 4 6.2.4
Nuclear Magnetic Resonance Magnetic field 4 3.24, 1063
Electro-Optical Sensors Optical properties 4 6.2.6

CAT Scan Radiation ¢ 6.2.7
Thermal Infrared Remote sensing 4 113
Active Microwave Remote sensing 4 1.14
Four-Electrode Method Resistivity 4 9.1.1
Salinity Sensors Conductivity ¢ 9.13
Electromagnetic Induction Conductivity 4 9.1.4

Boldface = most commonly used methods.

*Moisture content can be determined from measurement of soil water potential and vice versa by the use of a moisture characteristic
curve, which relates matric potential to water content (Section 6.3.1). The pascal is the Standard International unit for measuring
pressure used by the Soil Science Socicty of America. The bar is commonly used as a pressure unit in vadose zone investigations: 1
kPa = 1 ceatibar.

*Indicated by Rehm et al. (1985).

‘Indlcated by Bruce and Luxmoore (1986).

‘Most methods for measuring moisture content are accurate to around 1%. Gravimetric methods and nuclear methods can be
accurate to 0.1% or less. :



6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE
6.1 VADOSE ZONE SOIL WATER POTENTIAL

6.1.1 Porous Cup Tensiometers

Other Names Used to Describe Method: Capillary potentiometer, soil hygrometer, soil moisture meter,
transiometer. Tensiometers often are described according to the type of device that is used to measure pressure:
Vacuum gauge, water manometer, mercury-water manometer, or electrical pressure transducer.

Uses at Contaminated Sites: Measuring water (matric) potential and gradients in the unsaturated zone; irrigation
scheduling; performing root zone delineation; developing moisture characteristic curves (see Section 6.3.1); can
be used to measure and monitor changes in moisture content if matric potential-water content relationship is
known. ;

Method Description: Many designs for tensiometers have been developed. Most have the following basic
elements: (1) A porous tip or cup attached to a barrel or connective tube, (2) a removable air tight cap for filling
the tensiometer with water, and (3) a device to measure pressure in the water in the porous cup. The ceramic
cup (or other material, such as fritted glass) is placed in the soil, filled with water, and the unit is sealed. Pores
in the cup form a continuum with the pores in the soil, and water moves into or out of the tensiometer until
equilibrium is reached. The measured pressure corresponds to the water pressure in the soil. Figure 6.1.1shows
three types of porous cup tensiometers. A transiometer is a type of porous cup tensiometer in which a pressure
transducer is placed inside the porous cup, rather than at the surface.

Method Selection Considerations: The useful range of tensiometers is 0 to 0.85 bars capillary pressure when the
ambient atmospheric pressure is around 76 centimeters of mercury. Advantages: (1) Provide continuous in-place
measurements of the same soil material over time; (2) are relatively inexpensive and simple; (3) transducer unit
responds fairly rapidly to water content changes and can be used for automatic data collection; and (4)
transiometers can be used to measure soil water potential in both saturated and unsaturated conditions.
Disadvantages: (1) Units fail at the air entry value of the ceramic cup, generally about -0.8 atmospheres; (2) unit
will not operate properly uniess good contact is made between cup and soil; (3) are sensitive to temperature
changes; (4) water content estimates prone to error resulting from uncertainty of moisture-matric potential
relationship (hysteresis causes different curves depending on soil is wetting or drying); (5) difficult to install at
great depth in the vadose zone; (6) air in the system causes errors in measurement, and special efforts, such as
using deaired water, are required to minimize such problems; (7) lower air pressures at higher elevations reduce
the operating range; (8) operation will be affected if the surface tension characteristics of chemical liquid wastes
in the vadose zone differ from that of water; and (9) multiple calibration curves are required for soil moisture
monitoring in stratified media.

.- Frequency of Use: Widely used for pressure measurement; usually not recommended for water content
measurement. :

Standard Methods/Guidelines: ASTM (1991), Cassel and Klute (1986).

Sources for Additional Information: Brakensiek et al. (1979), Gairon and Hadas (1973), Holmes et al. (1967),
Morrison (1983), Rehm et al. (1985), Stannard (1986), Troolen et al. (1986-transiometer), Wilson (1980, 1981).
See also, Table 6-2.
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE
6.1 VADOSE ZONE SOIL. WATER POTENTIAL
6.1.2 Thermocouple Psychrometers

Other Names Used to Describe Method: Spanner/Peltier psychrometer, Richards-Ogata/wet-loop psychrometer,
thermocouple hygrometer, in situ hygrometer.

Uses at Contaminated Sites: Measuring water potential (sum of osmotic and matric potential) and gradients in
the unsaturated zone; estimating water content (if moisture characteristic curve is developed, see Section 6.3.1);
measuring soil water flux in the vadose zone (see Section 7.5.2).

Method Description: Soil water potential is calculated based on measurement of relative humidity within the
soil voids. A basic psychrometer unit consists of: (1) A porous bulb, with a chamber in which the relative
humidity of the soil is sampled, (2) a sensitive thermocouple, (3) a heat sink, and (4) a reference electrode. Two
major types are available, wet bulb and dew point; both types rely on cooling of the thermocouple junctions by
the Peltier effect, but differ in how temperature is controlled once the dew point of the sample is reached. With
in situ measurements of soil water potential, the thermocouple is protected by a cup-shaped device that maintains
a void in the soil. Calibration curves relating relative humidity to water potential, osmotic potential, and
temperature (if temperature in the subsurface varies) need to be developed in the laboratory. Figure 6.1.2
illustrates: (a) A basic Spanner, and (b) a modified Spanner-type psychrometer.

Method Selection Considerations: The dew point method is more accurate than the wet bulb method. The useful
range is 10 to 70 bars capillary pressure. Advantages: (1) In situ pressure measurements are possible for very
dry soils in arid regions; (2) continuous recording of pressures is possible; (3) can be interfaced with portable
or remote data collection systems; and (4) depth is no limitation (installations have gone as deep as 300 feet).
Disadvantages: (1) Water content estimates prone to errors due to hysteresis; (2) even in very dry soils, the
relative humidity is high, making accurate calibration difficult; (3) good contact between bulb and surrounding
material might be difficult to achieve; (4) provide only point measurements; (5) accurate calibration curves for
deep regions of the vadose zone might be difficult to obtain; (6) instruments are expensive, fragile, and require
great care in installation; (7) contamination of the chamber interior or thermocouple can result in erroneous
readings; (8) interference from dissolved solutes is likely in calcium-rich waste and acid media and can cause
thermocouple wire corrosion problems; (9) perform very poorly in very wet media (water pressure >1 bar); (10)
accuracy of near-surface measurements is adversely affected by diurnal changes in heat flux; (11) unsealed cup
units are susceptible to attack by fungi and bacteria; and (12) ceramic cup psychrometers respond siowly to rapid
changes in moisture content.

Frequency of Use: Widely used in agricultural research; sometime used at hazardous waste sites in the arid west.

Standard Methods/Guidelines: Rawlins and Campbell (1986).

Sources for Additional Information: Morrison (1983), Rehm et al. (1985), Thompson et al. (1989), Wilson
(1981). See also, Table 6-2.
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE
6.1 VADOSE ZONE SOIL. WATER POTENTIAL
6.1.3 Electrical Resistance Sensors

Other Names Used to Describe Method: Four-electrode soil moisture probe, electrical resistance blocks, porous-
block method, soil moisture blocks.

Uses at Contaminated Sites: Measuring/monitoring water potential and water content in the unsaturated zone;
monitoring of soil freezing.

Method Description: In the porous-block method, two ¢lectrodes (Figure 6.1.3a and b) are imbedded in a porous
block (nylon cloth, fiberglass, or casting plaster), or multi-electrode probes can be used (Figure 6.1.3c).
Calibration curves are first developed by placing the porous block in soil typical of the area to be measured and
resistivity is plotted against changes in matric potential. In the field, the porous blocks can be placed in a hole
and buried, or horizontally in the side of a trench, and the blocks are allowed to equilibrate with the surrounding
soil. Matric potential then can be monitored by taking resistance measurements, using the calibration curves to
convert the measurements to pressure. Water content also can be monitored either by using the procedure
described above to develop a calibration curve for water content or by using a moisture characteristic curve if
a resistance-water potential calibration curve has been developed (Section 6.3.1).

Method Selection Considerations: Advantages: (1) Are inexpensive and relatively easy to install; (2)
measurements can be recorded from many units over a large area using an automated recording system; and (3)
can be calibrated for either suction or water content. Disadvantages: (1) Calibration procedures can be
complicated and time consuming if accurate measurement of water potential for evaluation of hydraulic gradient
is required; (2) restricted water flow at the interface between the smooth face of a porous black creates some
problems for measurements in coarse soil material; (3) small changes in electrolyte concentration of the soil
water (which might well occur at contaminated sites) will affect resistivity readings; (4) measurements are made
in equilibrium with matric potential, so moisture content is inferred from matric potential rather than actual
moisture content; (5) gypsum sensors might dissolve in the subsurface; (6) water content estimates are prone to
error resulting from uncertainty of moisture-matric potential relationship (hysteresis causes different curves
depending on soil is wetting or drying); and (7) are rather insensitive to moisture changes in the wet range.

Frequency of Use: Commonly used for irrigation timing and other qualitative field-monitoring programs. Less
common for accurate measurement of soil hydrologic properties.

Standard Methods/Guidelines: Campbell and Gee (1986), Gardner (1986).

Sources for Additional Information: Bouyoucos (1960), Everett et al. (1983), Gairon and Hadas (1973), Holmes
et al. (1967), Morrison (1983), Rehm et al, (1985), Schmugge et al. (1980). See also, Table 6-2.
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE
6.1 VADOSE ZONE SOIL WATER POTENTIAL
6.1.4 Electrothermal Methods

Other Names Used to Describe Method: Thermal diffusivity, heat diffusion/dissipation sensors.

Uses at Contaminated Sites: Measuring water potential and gradients in the unsaturated zone; estimating water
content (if moisture characteristic curve is developed, see Section 6.3.1); measuring soil temperature.

Method Description: Similar to the resistivity method (Section 6.1.3), except that thermal diffusivity of an
implanted porous sensor, which is in equilibrium with the surrounding soil, is measured. A known amount of
heat is applied in the center of the sensor and the rate of dissipation is measured, which is a function of water
content. Major types of sensors include: (1) Porous-block type with embedded electrical elements (Figure 6.1.4a),
(2) direct-contact type with electrical elements in direct contact with the soil, and (3) modified direct-contact
probe or cell, in which the heating wire is enclosed in a protective sheath with high thermal conductivity (Figure
6.1.4b). Calibration curves of matric potential vs. temperature difference are obtained in the laboratory with soils
from the site using a pressure plate apparatus. The matric potential is related to water content by preparing a
moisture characteristic curve (Section 6.3.1).

Method Selection Considerations: Useful range is 0 to 2 bars capillary pressure. Advantages: (1) Are simple;
(2) can be interfaced with data acquisition systems for remote collection of data; (3) measurements are
independent of salt content of soil; (4) calibration appears to remain constant; (5) can be used to measure soil
temperature as well as matric potential; and (6) are useful for measurement of water contents in the dry range.
Disadvantages: (1) Water content estimates subject to hysteresis; (2) calibration is required for each change in
texture; and (3) might be difficult to install at depth in the vadose zone and to maintain good contact between
the sensor and medium.

Frequency. of Use: Uncommon.

Standard Methods/Guidelines: Campbell and Gee (1986).

Sources for Additional Information: Morrison (1983), Thompson et al. (1989), Wilson (1981). See also, Table
6-2.
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permission); (b) Modified direct-contact probe (Sophocleous, 1979, by permission).

6-10



6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE
6.1 VADOSE ZONE SOIL WATER POTENTIAL

6.1.5 Osmotic Tensiometers

Other Names Used to Describe Method --

Uses at Contaminated Sites: Measuring of combined osmotic and pressure potential.

Method Description: An osmotic tensiometer uses a confined solution of polyethylene glycol, rather than deaired
water, as the reference solution and a semipermeable membrane, which separates the confined solution from the
soil water (Figure 6.1.5). Small ions and molecules in the soil water are able pass through the membrane, and
once equilibrium is attained between the soil water and the reference solution, a pressure transducer measures
subsequent soil moisture-related pressure changes.

Method Selection Considerations: Advantages: Allows differentiation of osmotic and pressure components of
soil water potential if used with porous cup tensiometer. Disadvantages: (1) Are susceptible to fluid leakage and
instrument drift; (2) require long equilibration times (hours to days); and (3) are sensitive to temperature
changes.

Frequency of Use: Uncommon for reasons cited above. Thermocouple psychrometers are the preferred method
for measuring combined osmotic and pressure potential.

" Standard Methods/Guidelines -~

Sources for Additional Information: Bocking and Fredland (1979), Morrison (1983), Peck and Rabbidge
(1966a,b, 1969), Rehm et al. (1985).
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE
6.1 VADOSE ZONE SOIL WATER POTENTIAL
6.1.6 Filter-Paper Method

Other Names Used to Describe Method --

Uses_at Contaminated Sites: Measuring soil water potential and/or moisture content.

Method Description: The filter-paper method involves the collection of soil cores at different locations and/or
depths. Each soil core is placed in a sealed container in contact with filter paper, which has been pretreated with
3% pentachlorophenol dissolved in methanol to prevent microbial degradation. In the laboratory, the samples
are maintained at a constant temperature for at least 1 week to allow equilibration of moisture between the soil
and the filter paper. Gravimetric water content of the soil and filter paper is determined using the oven-drying
method (see Section 6.2.1). The matric potential then is calculated using a calibration equation (Figure 6.1.6).

Method Selection Considerations: Advantages: (1) Reasonably accurate over a wide range of matric potentials;
(2) requires minimal and inexpensive equipment; (3) cores can be used to directly measure moisture content and
to measure bulk density; and (4) simplicity allows taking a large number of measurement to characterize spatial
variability. Disadvantages: (1) Soil core collection is destructive and does not allow repeated measurements at
exactly the same location (Figure 6.2.1 in the next section shows patterns for sequential sampling, if this method
is used); and (2) different filter papers might require development of separate calibration curves.

Frequency of Use: Has commonly-bcen used in studies of western rangeland hydrology.

Standard Methods/Guidelines: ASTM (1992b).

Sources for Additional Information: McQueen and Miller (1968a, 1968b), Sorenson et al. (1989) cite 18
references on this method.
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE
6.1 VADOSE ZONE SOIL WATER POTENTIAL
6.1.7 Water Activity Meter

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Measuring soil water potential in very dry soils.

Method Description: A water activity meter (another term for relative humidity) can be used to measure soil
water potential in a soil using principles similar to thermocouple psychrometers (Section 6.1.2). A small amount
of soil (4 centimeters in diameter and 0.5 centimeters thick) on a slide tray is placed in a measuring chamber
(Figure 6.1.7). The sample temperature is monitored using a built-in infrared thermometer and the dew point
of the water vapor above the sample is measured using a cooled mirror. The dew point and sample temperature
are recorded on a data logger and converted to relative humidity, using an algorithm that accounts for
temperature differences between the soil sample and chamber as both are equilibrating at room temperature.
Gee et al. (1992) obtained good results with a commercially available water activity meter for measuring soil
water potential for soil textures ranging from sand to clay.

Method Selection Considerations: Advantages: (1) Provides rapid (3 to 5 minutesfsample), accurate
measurements over a wide range of soil water potentials (-4 to <-2,640 kPa); (2) allows measurement of soil
water potential in soils that are too dry from tensiometer measurements (<-85 kPa); (3) instrumentation is
relatively simple and less subject to errors than thermocouple psychrometers for measuring low potentials; and
(4) commercially available instrumentation can be readily used; Disadvantages: Requires collection of soil
samples, so limited to relatively shallow depths if time-series monitoring is desired (see 6.2.1 for possible sarpling
patterns).

Frequency of Use: Only recently applied to measurement of water potential in soil samples.
Standard Methods/Guidelines: --

Sources for Additional Information: Gee et al. (1992).
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Figure 6.1.7 Schematic of a water activity (relative humidity) meter (Gee et al., 1992, by permission).

6-16



6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE
6.2 VADOSE ZONE MOISTURE CONTENT
6.2.1 Gravimetric Methods

Other Names Used to Describe Method: Oven-drying method, carbide/gas pressure method.

Uses at Contaminated Sites: Measurement of soil moisture content.

Method Description: Oven-dry method: The mass of a sample collected in the field is weighed before and after
oven drying, typically at 105°C, the difference being the water content. Other methods of drying, such as a
microwave oven and direct heating using a hotplate, stove, or blowtorch, can be used for more rapid, but less
accurate measurements in the field. Carbide method: A soil sample of known weight is placed in a container
with calcium carbide. The calcium carbide reacts with water, releasing a gas. After completion of the reaction,
the gas pressure, registered on a gage, is converted into water content on a dry weight basis. Since all gravimetric
moisture measurements require destructive sampling, the careful design of the sample collection sequence is
required to measure changes in moisture content over time (Figure 6.2.1). Other gravimetric methods: Other
techniques of drying and soil moisture extraction include: (1) Centrifugation, (2) pressure plate extraction, and
(3) desiccation. Section 9.3.4 further discusses these and other methods of soil water extraction from solids
samples.

Method Selection Considerations: Standard Oven-Dry Method Advantages: (1) The most accurate available
method and serves as the standard method for the calibration of all other moisture determination techniques;
(2) is simple; (3) provides a direct measurement of the mass of water. Standard Oven-Dry Method
Disadvantages: (1) Obtaining representative moisture values in a heterogeneous profile is difficult, requiring a
large number of replicate samples for each depth increment; (2) is destructive, requiring removal of samples for
laboratory analysis and thus preventing additional measurements at the same sites; (3) expensive if large numbers
of samples are required; (4) plotted vertical moisture profiles will not be accurate if water is moving rapidly
through the vadose zone, because water distribution profile is changing as samples are being taken; (5) samples
from contaminated sites might require special handling if hazardous contaminants are present; (6) not suitable
for nongranular media (i.e., fractured rock, carbonates); and (7) sample collection might be difficult in indurated
layers, such as fragipans, when soil is very dry (soil difficult to penetrate) or very wet (soil will not remain in
sampling tool), and when soils are frozen. Other Drying Methods Advantages: Generally faster than standard
oven-dry method. Other Drying Methods Disadvantages: (1) Might not be as accurate as standard oven-drying;
(2) with microwave oven, sample might explode and be lost if power level is too high; and (3) other disadvantages
are the same as for oven drying. Carbide Method Advantages: (1) Can be used in the field and is more rapid
than oven-drying; (2) initial capital investment is lower. Carbide Method Disadvantages: (1) Might not be as
accurate as standard oven-drying; and (2) other disadvantages are same as for oven drying.

Frequency of Use: Widely used. The ASTM oven-dry method is the standard by which the accuracy of other
moisture measurement methods are evaluated.

Standard Methods/Guidelines: Gardner (1986); Standard oven-dry method: ASTM (1990); Microwave oven
method: ASTM (1987); Direct heating method: ASTM (1989a); Carbide method: ASTM (1989b).

Sources for Additional Information: Everett et al. (1983), Morrison (1983), Thompson et al. (1989), Wilson
(1981). See also, Table 6-2.
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Figure 62.1 Arrangement of boreholes for gravimetric soil-moisture sampling: (a) Rectangular microplots; (b) along
perimeters of polygons (Brown et al., 1983)
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE
6.2 VADOSE ZONE MOISTURE CONTENT
6.2.2 Nuclear Methods

Other Names Used to Describe Method: Neutron probe, gamma transmission/double-tube gamma method.

Uses at Contaminated Sites: Measuring and monitoring of changes in soil moisture content.

Method Description: The neutron method, which measures moisture content based on the interaction between
neutrons and hydrogen atoms in water molecules, is discussed in Section 3.3.3, and the gamma-gamma method
for measuring soil moisture is discussed in Section 3.3.2. Soil moisture using the neutron method can be
measured using either a surface neutron probe (Figure 6.2.22) or a depth probe (see Figure 3.3.3). Near-surface
soil moisture measurements usually involve the gamma-transmission method, in which a gamma photon source
and detectors are lowered simultaneously down two parallel boreholes (Figure 6.2.2b). In boreholes, the gamma-
scattering method is used (see Figure 3.3.2).

Method Selection Considerations: Neutron probe: See Section 3.3.3; Double-tube gamma method: See Section
33.2.

Frequency of Use: Neutron probes are commonly used for monitoring of soil moisture in the near surface. The
double-tube gamma method is less common.

Standard Methods/Guidelines: Neutron probe: ASTM (1988, 1992a), Gardner (1986).

Sources for Additional Information: Table 34 in Section 3 provides an index of over 100 references on the
neutron method and around 40 references on gamma-gamma logging methods.
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I’igure 62.2 Nuclear methods for soil moisture measurement: (a) Cross-section of surface neutron probe (Morrison,
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE
6.2 VADOSE ZONE MOISTURE CONTENT
6.2.3 Dielectric Sensors

Other Names Used to Describe Method: Radio frequency/microwave techniques, capacitance techniques,
capacitive sensors, ’fringe’ capacitance, resonance capacitance, in situ permittivity meter.

Uses at Contaminated Sites: Measuring soil moisture content.’

Method Description: Basic principles are similar to the induced polarization surface geophysical method (see
Section 1.2.3 for discussion of frequency domain and time domain IP methods), except that sensors are placed
below the ground surface. A variety of capacitive sensors (Figure 6.2.3a,b) have been developed that measure
the dielectric properties of soil, which are primarily related to water content. These sensors depend upon specific
electrode configurations and detailed calibration. Dielectric probes, which measure vertical soil moisture profiles
in a cased holed similar to neutron probes (Section 3.3.3), are a relatively recent development. Dielectric probes
have significant advantages over neutron probes and other nuclear methods for measuring soil moisture (see
below).. :

Method Selection Considerations: Sensor Advantages: (1) With accurate calibration, can provide accurate values
for soil moisture; (2) can be placed at any depth for obtaining moisture profile data; (3) a wide variety of sensor
configurations, from very small to large, are possible, allowing some control over the sensor volume of influence;
and (4) capacitive sensors have high precision and the property they measure (dielectric constant) is primarily
related to water content. Sensor Disadvantages: (1) The moisture sensor must be implanted properly to
minimize disturbance to the soil; (2) long-term reliability and maintenance of the calibration is uncertain,
especially if the ionic concentration of the soil water changes; and (3) cost of readout devices and interfaces with
remote collection platforms is high. Probe Advantages: (1) Provide better resolution in measuring vertical soil
moisture profiles than neutron probes; (2) are less expensive than neutron probes and time domain reflectometry
sensors; (3) are as accurate as neutron probes without having to deal with radioactive materials; and (4) can be
used to accurately determine position of a wetting front and ground-water level in soil. Probe Disadvantages:
(1) Special care is required to make sure that there are no air gaps outside the access tube, because relatively
limited radial penetration gives more weight to measurements near the borehole compared to neutron probe;
(2) less sensitive at high moisture contents than low moisture contents; and (3) air-soil interface affects accuracy
of measurements of in the upper 20 to 50 centimeters of soil.

Freguency of Use: Numerous prototypes have been developed. Relatively recent development of commercially
available units means that this method is likely to be used more commonly in the future.

Standard Methods/Guidelines: --

Sources for Additional Information: Morrison (1983), Schmugge et al. (1980). See also, Table 6-2.
*Capacitance sensors are classified here as moisture sensors because they are most commonly calibrated to

measure soil moisture. They could just as easily be classified as a matric potential measurement technique
because they operate by moisture moving into the sensor in response to the matric potential gradient.
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE
6.2 VADOSE ZONE MOISTURE CONTENT

6.2.4 Time Domain Reflectometry

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Measuring soil moisture content; estimating soil bulk electrical conductivity.

Method Description: Use of time domain reflectometry to measure soil moisture content is a relatively recent
development that shows great promise for field applications. Volumetric water content can be determined based
on measuring the travel time and the attenuation of the amplitude of an electromagnetic pulse launched along
one or more transmission lines (coaxial, two-, three-, or four-rod probes) embedded in the soil. Portable probes
can be used to make multiple near-surface measurements or in situ probes of varying length can be installed
vertically to different deptbs, or horizontally at different depths in the side of a trench (Figure 6.2.4). The TDR
trace can be recorded either on a photograph of the oscilloscope display or on an X-Y recorder. The measured
dielectric constant is converted to volumetric water content using an empirically derived equation that can be
applied to many soils. Electrical conductivity also can be estimated from the attenuation of the signal (Section
9.1.4).

Method Selection Considerations: Advantages: (1) With accurate calibration, can provide accurate values for
soil moisture; (2) can be placed at any depth for obtaining moisture profile data; (3) a wide variety of sensor
configurations, from very small to large, are possible, allowing some control over the sensor volume of influence;
(4) readily amenable for use with automatic data acquisition systems; and (5) available from several commercial
sources. Disadvantages: (1) The moisture sensor must be implanted properly to minimize disturbance to the soil;
(2) long-term reliability and maintenance of the calibration is uncertain, especially if the ionic concentration of
the soil water changes; and (3) cost of readout devices and interfaces with remote collection platforms is high.

Frequency of Use: Relatively new method with good potential for field applications.

Standard Methods/Guidelines: --

Sources for Additional Information: See Table 6-2.

6-23



HAND

PROBE %
g

PLUG-IN
BALUN

CORN 7,
ROWS

4
1,

Figure 6.2.4 Diagram of vertical and horizontal TDR probe installations for soil moisture monitoring at different
depths (Topp and Davis, 1985a, by permission).

6-24



6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE
6.2 VADOSE ZONE MOISTURE CONTENT
6.2.5 Nuclear Magnetic Resonance (NMR)

Other Names Used to Describe Method: Nuclear-magnetic logging.

Uses at Contamninated Sites: Measuring porosity, permeability, moisture content, pore-size distribution, available
water.

Method Description: A magnetic field is induced using a pulsed, direct current, polarizing field to align a
fraction of the nuclei of hydrogen atoms (protons). When the polarizing field is shut off, the probe records the
precession of the protons into the Earth’s magnetic field. The proton relaxation time is short for fluids in solids
or bound to a surface, but is“much longer for fluids free to move in pore spaces. Figure 6.2.5a shows
components of a pulsed nuclear magnetic resonance sensor and Figure 6.2.5b shows a prototype unit for in situ
measurements of soil moisture. Installation involves digging a test pit to the desired depth, driving a thin-walled
plastic tube into the bottom, and excavating around the tube to a depth of about 4 centimeters. The sensor is
slipped over the tube and seated firmly and the excavation is backfilled with a coaxial cable running to the
surface, which is plugged into the instrumentation for inducing the magnetic field and measuring the response
when it shut off.

Method Selection Considerations: Advantages: (1) More precise characterization of free and bound water and
porosity than other logging methods; and (2) prototype units for in situ measurement of soil moisture have been
developed. Disadvantages: (1) Use limited to large boreholes (generally >7 inches) filled with drilling mud
(magnetite powder usually has to be added to the mud to eliminate the borehole contribution to the log); (2)
installation procedures are relatively complex for in situ units; and (3) equipment availability might be a problem.

Frequency of Use: Not widely used for petroleum applications and relatively unknown for ground-water
applications. Potentially very useful if borehole conditions are appropriate.

Standard Methods/Guidelines: --

Sources for Additional Information: NMR general: Abragam (1961), Schlichter (1963), see also, Section 10.6.3;
Borehole applications: See Section 3.2.4; Soil moisture applications: Morrison (1983), and references indexed
in Table 6-2.
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Figure 62.5 Nuclear magnetic resonance: (a) Components of a pulsed nuclear magnetic resonance sensor and
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE
!

6.2 VADOSE ZONE MOISTURE CONTENT

6.2.6 Electro-Optical Sensors

Other Names Used to Describe Method: Flectro-optical switch sensor, CdS photoresistor sensor.

Uses at Contaminated Sites: In situ monitoring of soil water content and/or matric potential.

Method Description: Several types of electro-optical sensors have been developed that can use changes in the
optical properties of different materials at different moisture contents to measure soil moisture and/or matric
. potential. The electro-optical switch sensor involves placement of a nylon filter disk in the gap of an electro-
optical switch. (Figure 6.2.6a). An infrared light emitting diode (IR LED) sends a signal that passes through the
filter disc and is sensed by a photo diode. The sensor is calibrated by measuring the response in the soil at
known moisture content and/or matric potentials. A second type of sensor involves the placement of porous glass
or nylon disks of different pore-size grades between a CdS photoresistor cell and light emitting diode (Figure
6.2.6b). The use of different pore-size disks allows continuous measurement of electrical response over a wide
range of moisture contents, Calibration procedures are similar to those for the electro-optical switch sensor.

Method Selection Considerations: Advantages: (1) Potential for low cost and high physical stability and reliability;
(2) can be calibrated to measure both moisture content and water potential over a wide range of moisture
contents and matric potentials (electro-optical switches are better than CdS photoresistors for direct measurement
of matric potential); and (3) electronic circuitry allows automatic data acquisition and analysis. Disadvantages:
(1) New technique with limited operational and field experience; (2) equipment is not yet readily available
(although both types of devices can be readily made using off-the-shelf materials); and (3) separate calibrations
might be required for changes in soil texture.

Frequency of Use: New technique with potential for widespread use.

Standard Methods/Guidelines: --

Sources for Additional Information: Alessia and Prunty (1986), Cary et al. (1989, 1991)
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transmission (Cary et al., 1991, by permission).
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE
6.2 VADOSE ZONE MOISTURE CONTENT

6.2.7 Computerized Axial Tomography (CAT)

Other Names Used to Describe Method: Computer assisted tomography, CAT scanning, x-ray computed
(computer) tomography, computed tomographic scanning, CT scanning, x-ray CT, gamma-ray attenuation CAT,
nuclear tomography.

Uses at Contaminated Sites: Potential for measuring spatial dlstnbutlon of soil moisture, bulk density, and soil
macroporosity; detecting roots, seeds, insects.

Method Description: CAT scanning systems can use single or multiple sources of gamma radiation or x-rays.
Detectors can be on the same probe as the source, or placed in adjacent boreholes. The detectors measure the
attenuated signal, and counts in the desired energy ranges are discriminated by a single channel analyzer. Signals
are processed using tomographic theory (see also, Section 3.4.5) to allow three dimensional analysis of variations
of the parameter of interest. Figure 6.2.7 illustrates the operation of a CT scanner used for scanning soil cores
in the laboratory.

Method Selection Considerations: Relatively new method, which has shown promising results in laboratory
studies, but has not yet been tested for field applications.

Frequency of Use: Usefulness in the field not yet demonstrated.

Standard Methods/Guidelines: ASTM (1991b). "

Sources for Additional Information: Anderson et al. (1988), Phogat et al. (1991). J
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6. YADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE

6.3 OTHER SOIL HYDROLOGIC PROPERTIES

6.3.1 Soil Moisture-Potential-Conductivity Relationships

Other Names Used to Describe Method: Moisture characteristics curves: Water retention function, specific

retention, water content-matric potential relationship, capillary pressure-saturation curve, capillary-moisture
relationship.

Uses at Contaminated Sites: Estimating water content from soil water potential measurements; estimating soil
water potential from soil moisture measurements; estimating hydraulic conductivity from soil water potential or
soil moisture measurements; modeling of contaminant flow in the vadose zone.

Method_Description: Soil moisture (usually represented by the symbol "6"), soil matric potential (usually
represented with the symbol "¢"), and soil hydraulic conductivity are all intimately related. Once the relationship
between two of these properties have been established for a soil horizon, then measurement of one parameter
allows calculation of the other parameters. The soil moisture characteristic curve (see above for other terms
used to describe this relationship) is a commonly used relationship to define soil hydrologic properties. An
important property of this relationship is that it is subject to hysteresis (i.e., the relationship is different
depending on whether the soil is wetting or drying). Figure 6.3.1a shows the moisture characteristic curve for
a sandy soil and illustrates the effect of hysteresis. In the field, the moisture characteristic curve is determined
by monitoring soil water content (using methods described in Section 6.2) and soil water potential (using methods
described in Section 6.1) during the wetting or drying cycle of a soil. Jury et al. (1978) provide an example of
developing a moisture characteristic curve in the field using tensiometers and neutron-probe measurements.
Shani et al. (1987) describe a reliable and quick method for estimating this relationship in the field using a
dripper method (Section 7.2.5). In a similar manner, K(6) (hydraulic conductivity as a function of moisture
content) and K(¢) (hydraulic conductivity as a function of soil-water potential [pressure head]) can be measured.
These relationships also are subject to hysteresis as shown in Figure 6.3.1b. Estimation from other soil
properties: The hydrologic properties of soils are strongly related to physical properties, such as particle-size
distribution, porosity, and bulk density. Empirical relationships between physical and hydrologic properties can
be used to estimate soil moisture-potential relationships based on measurement of physical properties, provided
that the soils are similar to the soils from which the empirical relationships have been derived. Section 7.2.8
provides additional information on estimation of unsaturated hydraulic conductivity using physically and
empirically-based equations and relationships, many of which can be related to moisture characteristic curves.
Mualem and Friedman (1991) have developed an equation that relates soil electrical conductivity (from saturation
extract--see Section 9.3.5) to water content, which can be used to estimate soil water content of samples for a
wide range of coarse and stable structured soils when no other data are available. Reference index Table 9-3
(EC-Salinity Calibrations), identifies other references that discuss the relationship between moisture content and
electrical conductivity. The moisture characteristic also can be estimated from sorptivity measurements (Section
6.3.2).

Method Selection Considerations: The soil moisture-potential relationship is required input for many vadose
hydrologic models. Field measurement of moisture characteristic curves using conventional methods is
complicated and time-consuming, although the recently developed dripper method (Section 7.2.5) now provides |
a simpler and more rapid alternative for field measurement. Laboratory measurements using undisturbed core
samples are simpler, but a large number of cores might be required to adequately characterize spatial variability.
Empirical relationships based on other soil physical properties are the simplest and least expensive method, but
probably are the least accurate method unless soil physical properties are very similar to the soils from which
the empirical relationships were derived. .

Frequency of Use: Field measurement is uncommon. Usually measured in the laboratory or estimated using
empirical relationships.

Standard Methods/Guidelines: Field: Bruce and Luxmore (1986), Shani et al. (1987); Laboratory: ASTM (1968),
Klute (1986); Empirical equations/relationships: See Table 6-3. -

Sources for Additional Information: See Table 6-3.
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE
6.3 OTHER SOIL HYDROLOGIC PROPERTIES

632 Water Sorptivity and Diffusivity

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Sorptivity: Estimating diffusivity-moisture relationship, moisture characteristic curve,
and hydraulic conductivity as a function of matric potential; estimating soil water distribution. Diffusivity:
Characterizing soil transmission/storage properties; calculating infiltration (some equations).

Method Description: Soil diffusivity is a single parameter of unsaturated soil that relates the hydraulic
conductivity and water storage properties of a soil and can be calculated as either a function of changes in soil
water potential or water content. Hydraulic diffusivity can be an important parameter in infiltration equations
(Section 7.1.4). Sorptivity is a measure of the capacity of a porous medium to absorb a wetting liquid. The
greater the value, the larger the volume of water that can be absorbed, and the more rapidly it will be absorbed.
Sorptivity decreases from a maximum value (dependent on the soil physical properties) to zero as water
content/matric potential increase to the point of saturation. Sorptivity is closely related to hydraulic conductivity
and soil water diffusivity, and is sometimes used to calculate diffusivity. Field Measurement of Diffusivity: Any
field method for measuring unsaturated hydraulic conductivity as a function of matric potential, which measures
changes in water content with time and changes in matric potential with time, can be used to determine diffusivity
(see Table 7-1). Field measurement of sorptivity: Green et al. (1986) describe two methods for measurement
of sorptivity: (1) Ponded infiltration: A single- or double-ring infiltrometer (see Section 7.3.1) is filled with water
and cumulative infiltration is measured as the head of ponded water falls with time; (2) Constant-head porous
Plate: Similar to ponded infiltration method, except that a constant-head device delivers water to the soil through
a porous plate in contact with the soil. This process results in a slight negative pressure at the bottom of the
porous plate, preventing water from entering large pores or cracks. The second method is a variant of the
tension infiltrometer (see Section 7.2.3). Table 7-1 identifies other methods for measuring saturated and
unsaturated hydraulic conductivity, which also can be used to measure sorptivity.

Method Selection Considerations: Sorptivity: The ponded infiltration method is simple and rapid, but works only
when there is negligible flow of water through large cracks or channels. The constant-head porous plate method
also is simple, rapid and reliable, and should be used any time flow through large pores is a concern. See also,
appropriate subsections in Section 7, as identified in Table 7-1.

Frequency of Use: Relatively uncommon in routine field applications.

Standard Methods/Guidelines: Green et al. (1986).

Sources for Additional Information: See Table 6-3 and additional references identified under tension
infiltrometers in reference index Table 7-3.

6-33



6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE
6.3 OTHER SOIL HYDROLOGIC PROPERTIES

6.3.3 Available Water Capacity

Other Names Used to Describe Method: Field capacity, water holding capacity.

Uses at Contaminated Sites: Evaluating water storage in the rooting zone and the movement of contaminants
from the rooting to the vadose zone in response to precipitation events.

Method Description: Available water capacity is the difference between field capacity (the amount of water
remaining in a soil 2 or 3 days after having been wetted and after free drainage is negligible) and water held in
the soil at the permanent wilting point, PWP (the point at which plants generally are unable to extract additional
water from the soil--around 15 bars suction = -1,500 kPa). This represents the amount of water that is available
to plants for growth. The field procedure involves wetting soil test plots and measuring water content using one
of the methods identified in Table 6-1 (gravimetric, neutron, or gamma-gamma are the most commonly used)
when the soil is at field capacity at different depth increments. Alternatively, natural changes in soil moisture
can be monitored over an extended period of time. Figure 6.3.3a shows that this approach can result in a range
rather than an exact percentage for field capacity. Determination of the PWP requires laboratory tests using the
Sunflower method, in which water is withheld from a dwarf sunflower growing in a sample of the depth horizon
of interest until it wilts, at which time the soil water content is determined. Alternatively, PWP can be
approximated using a pressure plate apparatus to withdraw water from a sample of the depth increment of
interest until matric potential is -15 bars, at which time water content is measured. Figure 6.3.3b show several
ways in which the resulting data can be plotted, and illustrates the difference that rooting depth of plants present
in a soil can make in the amount of water that is likely to be removed from the soil by evapotranspiration.
Available water capacity also can be estimated from a moisture characteristic curve (Figure 6.3.1), and from soil
texture (Figure 6.3.3c). The particle-size ranges of the texture classes shown in Figure 6.3.3c are shown in Figure
2.5.1.

Method Selection Considerations: There is no good alternative to the procedure described above for accurate
measurement of in situ field capacity, although approximations using laboratory analysis of undisturbed soil cores
or centrifugation of disturbed soil samples can be obtained.

Frequency of Use: Uncommon.

Standard Methods/Guidelines: Cassel and Nielsen (1986).
Sources for Additional Information: Richards (1965).
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()

Available water capacity: (a) Estimation of field capacity (28 to 30 percent) by repeated measurement
of soil moisture in situ (Dunne and Leopold, 1978, From: Water in Environmental Plapning by Dunne
and Leopold, Copyright © 1978 by W.H. Freeman and Company, reprinted with permission), (b) Upper
and lower limits of available water: (A) Measured in 0.15-meter increments, (B) limits expressed for
this profile for a 0.6-meter rooting depth, (C) and for a 1.5-meter rooting depth; FC = field capacity,
PWP = permanent wilting point (Cassel and Nielsen, 1986, by permission); (c¢) Chart for estimating
field capacity and available water capacity based on soil texture (Dunne and Leopold, 1978, From:

Water in Environmental Planning by Dunne and Leopold, Copyright © 1978 by W.H. Freeman and
Company, reprinted with permission). '



Table 62 Reference Index for Vadose Zone Soil Water Potential/Moisture Measurement and Monitoring Methods

Topic

References

Soil Water (Matric) Potential

General

Porous Cup Tensiometers

Thermocouple Psychrometers

Resistance Sensors

Hendrickx et al. (1990-variability), Wilkinson and Klute (1962-temperature effects);
Reviews: Bouyoucos (1960), Brakensiek et al. (1979), Mullins (1991), Richards (1949)

Colman et al. (1946), Cummings and Chandler (1940), Dennehy and McMahon (1989),
Hendrickx and Nieber (1985), Huber and Dirksen (1978), Hunter and Kelley (1946),
McKim et al. (1980b), Miller (1951), Oaksford (1978-manometer), Perrier and Evans
(1961), Rehm et al. (1987), Richards (1942), Richards and Gardner (1936), Richards
and Neal (1937), Richards et al. (1938, 1973), Rogers (1935), Savvides et al. (1977-
mercury), Thomas and Phillips (1991), Towner (1980), Wendt et al. (1978); Reviews:
Cassel and Klute (1986), Hendrickx (1990), Richards (1949), Schmugge et al. (1980),
Stannard (1986, 1990); Transducer type: Anderson and Burt (1977), Bianchi (1962),
Burt (1978), Elzeftawy and Mansell (1975), Enfield and Gillaspy (1980), Fitzsimmons
and Young (1972), Gillham et al. (1976), Klute and Peters (1962), Leonard and Low
(1962), Long (1982), Long and Huck (1980), Marthaler et al. (1983), Rice (1969),
Thiel et al. (1963), Thony and Vachaud (1980), Watson (1965, 1967), Watson and
Jackson (1967-temperature effects), Williams (1978); Recording
Tensiometers/Automatic Data Acquisition: Anderson and Burt (1977), Bianchi and
Tovey (1968), Burt (1978), Enfield and Gillaspy (1980), Long and Huck (1980),
Lowery et al. (1986), Nyhan and Drennon (1990), Rice (1969), Walkotten (1972),
Williams (1978); Moisture Measurement: Cummings and Chandler (1940), McKim et
al. (1980b), Troolen et al. (1986); Snowpack: Colbeck (1976), Wankiewicz (1978); Wick
Tensiometer: Gee and Campbell (1991)

Review: Savage and Cass (1984); Papers: Barrs and Slaytor (1965), Box (1965), Brown
(1970), Brown and Collins (1980), Brown and Johnson (1976), Campbell (1972, 1979),
Campbell et al. (1968), Chow and deVries (1973), Dalton and Rawlins (1968), Daniel
(1979), Daniel et al. (1981), Enfield and Hsieh (1972), Enfield et al. (1973), Hoffman
et al. (1969, 1972), Hsieh and Hungate (1970), Hsieh et al. (1972), Ingvalson et al.
(1970), Jones et al. (1990), Koorevar and Janse (1972), Korven and Taylor (1959),
Lambert and van Schilfgaarde (1965), Lang and Trickett (1965), Lopushinsky (1971),
Lopushinsky and Klock (1971), Madsen et al. (1986), Meeuwig (1972), Merril and
Rawlins (1972), Merril et al. (1968), Meyn and White (1972), Monteith and Owen
(1958), Moore and Caldwell (1972), Peck (1968), Rawlins (1966), Rawlins and Dalton
(1967), Richards (1949), Richards and Caldwell (1987), Richards and Ogata (1958),
Roundy (1984), Spanner (1951), Van Heveren (1972-humidity in snow), Van Heveren
and Brown (1972), Wiebe et al. (1971, 1977), Zanstra (1976), Zollinger et al. (1966);
Texts: Brown and Van Heveren (1972), Campbell (1977), Fritschen and Gay (1979);
Measurement Interpretation: Campbell and Gardner (1971), Lang (1967); Calibration:
Brown and Collins (1980); Water Activity Meter: Gee et al. (1992)

Anderson and Edlefsen (1942), Atchison and Butler (1951), Becker et al. (1946),
Bourget et al. (1958), Bouyoucos (1949, 1953, 1954), Bouyoucos and Mick (1940, 1947,
1948), Colman and Xendrix (1949), Croney et al. (1951), Cummings and Chandler
(1940), Daniel et al. (1992), Dennehy and McMahon (1989), El-Samie and Marsh
(1955), Haise and Kelley (1946), Hancox and Walker (1966), Kemper and Amemiya
(1958), Michelson and Lord (1962), Pereira (1951), Perrier and Marsh (1958), Rehm
et al. (1987), Richards and Weaver (1943), Salaruddin and Khasbardar (1967), Schlub
and Maine (1979), Slater (1942), Tanner and Hanks (1952), Williams (1980);
Automatic Data Acquisition: Armstong et al. (1985); Calibration: Atchison and Butler
(1951), Kelley (1944), Shaw and Baver (1939a); Moisture Measurement: Cummings
and Chandler (1940)
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Table 6-2 (cont.)

Topic

References

Soil Water (Matric) Potential (cont.)

Electrothermal Methods

Soil Moisture Content

General

Gravimetric

Time Domain Reflectometry

Dielectric Sensors

Nuclear Magnetic Resonance

Aldous and Lawton (1952), Beck et al. (1971), Blackwell (1954, 1956), Bloodworth and
Page (1957), Bloomer and Ward (1979), Cummings and Chandler (1940), Daniel et al.
(1992), DeVries (1952, 1953), DeVries and Peck (1958a,b), Fritton et al. (1974), Fuchs
and Hada (1973), Fuchs and Tanner (1968), Gardner et al. (1991), Hooper (1952),
Hooper and Leeper (1950), Jaeger (1958), Kubo (1953), Momin (1945), Phene et al.
(1971a, 1971b, 1973), Philip (1961), Shaw and Baver (1939a,b), Slusarchuk and Fougler
(1973), Sophocleous (1979), Van Duin and DeVries (1954), Wechsler et al. (1965);
Calibration: Kelley (1944), Overgaard (1970), Shaw and Baver (1939a); Mojsture
Measurement: Cummings and Chandler (1940) '

Hendrickx et al. (1990-variability), Reinhart (1961-physical factors), Yates and Warrick
(1987-estimation with cokriging); Reviews: Bouyoucos (1952), Johnson (1962), McKim
et al, (1980a), Postlethwaite and Trickett (1956), Schmugge et al. (1980), Taylor
(1955), Wilson (1971)

Hawley et al. (1982), Hendrickx (1990), McKim et al. (1980b), Rehm et al. (1987),
Reynolds (1970a,b,c)

Ansoult et al. (1985), Baker and Allmaras (1990), Baker and Lascano (1989), Brisco et
al. (1992), Chudobiak et al. (1979), Cole (1977), Dalton (1989), Dalton and van
Genucthen (1986), Dalton et al. (1984), Dasberg and Dalton (1985), Dasberg and
Hopmans (1992-calibration), Davis and Annan (1977), Davis and Chudobiak (1975),
Elrick et al. (1992), Fellner-Feldegg (1969, 1972), Heimovaara et al. (1988), Hokett et
al. (1992), Hook et al. (1992), Kachonoski et al. (1990, 1992), Nadler (1991), Nadler et
al. (1991), Patterson and Smith (1981), Redman et al. (1991), Reeves and Elgezawi
(1992), Smith and Tice (1988), Stein and Kane (1983), Tektronix (1987), Topp and
Davis (1981, 1985a,b), Topp et al. (1980a,b, 1982a,b, 1984, 1988), Van Loon et al.
(1990-¢lectrical conductivity), Yanuka et al. (1988), Zegelin et al. (1989); NAPL
Detection: Brewster et al. (1992); Leak Detection: Davis et al. (1984)

Bell et al. (1987), Birchak et al. (1974), Brisco et al. (1992), Dean et al. (1987),
DePlater (1955), Hancox and Walker (1966), KurdZ (1981), Kur4dZ and Matousek
(1977), Kuréz et al. (1970), Layman (1979), Mack and Brach (1966), Matthews (1963),
Matzkanin et al. (1979), McKim et al. (1979, 1980b), Roth (1966), Selig and
Mansukhani (1975), Selig et al. (1975), Thomas (1966), Troxler Electronic Laboratories
(1992), Walsh et al. (1979), Wobschall (1978); Soil Dielectric Properties: Cihlar and
Ulaby (1974), Hipp (1974), Hoekstra and Delaney (1974), Smith-Rose (1933), Wang
and Schmugge (1978), see also, references in Section 1.5.1

Soil Moisture: Andreyev and Martens (1960), Matzkanin and Gardner (1974), Prebble
and Currie (1970), Rollwitz (1965), Smith and Tice (1988), Tice et al. (1981), Wu
(1964); Borehole: See Section 3.2.4
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Table 6-3 Reference Index for Measurement and Estimation Soil Hydrologic Properties Other than Hydraulic

Conductivity

Topic

References

General Soil-Water
Relationships

Soil-Water Retention

Sorptivity

Diffusivity

Bouwer and Jackson (1974), Childs (1969), Day et al. (1967), Gairon and Hadas
(1973), Hendrickx (1990), Holmes et al, (1967), Marshall (1960), Nielsen et al. (1972),
Reeve and Carter (1991), Richards (1965), Rode (1965), Wiebe et al. (1971)

Measurement: Madsen et al. (1986), Richards (1965), Su and Brooks (1980);
Eguations: Bumb et al. (1991), Gillham et al. (1979), McKee and Bumb (1984); see
also, Section 7.2.8 and Table 7-5; Estimation from Other Soil Properties: Ahuja et al.
(1985), Alessi et el. (1992), Arya and Paris (1981), Bruce (1972), Brust et al. (1968),
Carsel and Parrish (1988), Clausnitzer et al. (1992), DeJong (1982), Gregson et al.
(1987), Gupta and Larson (1979), Haverkamp and Parlange (1986), Hendrickx (1990),
Hendrickx et al. (1991), McQueen and Miller (1974), Mishra and Parker (1990),
Mishra et al. (1989), Puckett et al. (1985), Rawls and Brakensiek (1985), Rawls et al.
(1982), Rogowski (1971, 1972), Ross et al. (1991), Saxton et al. (1986), Schuh et al.
(1988), Topp and Zebchuck (1979), Tyler and Wheatcraft (1989), Vereecken et al.
(1992), Williams et al. (1992), Yoshida et al. (1985); Temperature Effects: Haridasan
and Jensen (1972), Nimmo and Miller (1986); Hysteresis: Nimmo (1992)

Bridge and Ross (1985), Brutsaert (1976), Chong (1983), Chong et al. (1982), Clothier
and White (1982), Dirksen (1975), Kutilek and Valentova (1986), Parlange (1971,
1975a,b), Philip (1955), Reichardt and Libardi (1974), Reynolds and Elrick (1990),
Smiles (1977), Smiles et al. (1981, 1982), Talsma (1969), Topp and Zebchuck (1979),
White (1979), White and Perroux (1987, 1989), White et al. (1989)

Bruce and Klute (1956), Brutsaert (1976, 1979), Cassel et al. (1968), Dirksen (1975),
Gardner (1970), Gardner and Mayhugh (1958), Hillel and Gardner (1970), Jackson
(1963), Klute (1965, 1972), Miller and Bresler (1977), Parlange (1975a,b), Perroux et
al. (1981), Philip (1955), Reichardt et al. (1972), Roberts (1984), Scotter and Clothier
(1983), Smiles (1977), Smiles and Harvey (1973), Weeks and Richards (1967)
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SECTION 7

VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION
CONDUCTIVITY, AND FLUX

Characterization of water movement in the vadose zone is complicated by the fact that hydraulic
conductivity varies as a function of pressure potential and moisture content. The introduction to Section 6
discusses the types of energy potentials that affect flow of water in the vadose zone. Various terms are used to
describe hydraulic conductivity in the vadose zone:

1. Saturated hydraulic conductivity (K,,,) is the hydraulic conductivity at saturation with no entrapped air.
This state rarely is achieved in the vadose zone, except, perhaps, in the zone of seasonal fluctuation of
an unconfined water table. .

2. Field-saturated hydraulic conductivity (K;), also called the satiated hydraulic conductivity, is the
hydraulic conductivity when entrapped air is present, which can be as much as 50 percent below the true
K, (Reynolds and Elrick, 1986). Methods for measuring saturated hydraulic conductivity above the
water table usually measure K. Another term, K., has been proposed by Bouma (1982) for hydraulic
conductivity measurements of the soil matrix without macropore flow (see Column-Crust method,
Section 7.3.8 and Figure 7.3.8b[c]). K, Will be less than K, or K, because water flows more rapidly
in macropores than in the soil matrix. The term K, often is loosely used for repomng measurements
that should more accurately be termed K.

3. Unsaturated hydraulic conductivity (K. is the hydraulic conductivity of soil at negative pressure
potentials. K(¢) is the term usually used to describe the hydraulic conductivity-pressure potential
function, and K(§) to describe the hydraulic conductivity-moisture content function. Complete
characterization of K,,,, requires measuring hydraulic conductivity at a range of moisture contents to
develop a K(#) curve or at a range of pressures to develop a K(¢) curve (see Section 6.4.1). These
functions are subject to hysteresis (i.e., K., might differ at the same water content or matric potential,
depending on whether the soil is wetting or drying [Section 6.4.1]).

Infiltration

The infiltration capacity of a soil is a critical element of water budget calculations because it affects how
much precipitation that reaches the ground surface enters the soil and how much moves off a site as surface
runoff. The infiltration rate generally is the same as the unsaturated and saturated hydraulic conductivity, except
that some processes, such as the initial moisture content (see Figure 7.1.4), crusting, or sediment clogging, might
cause different infiltrations at the ground surface compared to the subsurface with all other soil factors being
equal, Table 7-1 summarizes information on eight methods for measuring or estimating infiltration grouped into
four categories: (1) Impoundment methods, where infiltration is below a water surface (Section 7.1.1); (2) land
surface methods (Section 7.1.2), (3) watershed methods for estimating infiltration over larger areas (Section
7.1.3), and (4) infiltration equations (Section 7.1.4). In most situations infiltration can be estimated using
empirical relations or infiltration equations using other measured variables, which can be measured with an air-
entry permeameter (Section 7.3.4) and unsaturated hydraulic conductivity/pressure head relations (Section 6.3.1).

Measurement of Unsaturated Hydraulic Conductivity

Table 7-1 summarizes information on nine methods for measuring or estimating unsaturated hydraulic
conductivity from field measurements. Most of these methods can be used to develop K(¢) or K(6) relationships,
which once established, allow subsequent monitoring to focus on either changes in pressure potential or moisture
content. The instantaneous profile method (Section 7.2.1) is the most commonly used method for accurate
measurement of unsaturated hydraulic conductivity in the field. Various draining profile methods (Section 7.2.2)
are simpler and less expensive to use if the simplifying assumptions apply to the site of interest. Another
common procedure is to collect undisturbed core samples and measure K., in the laboratory (Klute and
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Table 7-1 Summary Information on Vadose Hydraulic Conductivity Techniques*

Technique K or K Other Parameters Section Tables
Ko Direction® Measured

Infiltration (sce also, Sections 7.2.3, 7.2.5, 7.2.6, 7.3.1, 7.3.4)

Seepage Meters Saturated Undefined 1 711

Instantancous Rate Saturated Undefined I 711

Impoundment Water Budget Saturated Undefined I 7.1.1

Sprinkler Infiltrometer Saturated Vertical I 7.1.2

Infiltration Test Basins Saturated Undefined ) { 712

Watershed Average Undefined Undefined I 7.1.3

Watershed Empirical Relations Undefined Undefined 1 713

Infiitration Equations Both Vertical I 7.14 7-5
Unsaturated Hydraulic Conductivity

Instantaneous Profile Unsaturated Vertical D,F, K(¢), R 721 7-3
Draining Profile Methods Unsaturated Vertical D,F,K(¢), R, S 722 7-3

Tension Infiltrometers Both Vertical I,D,F,K(¢), R, S 723 7-3
Crust-Imposed Steady Fhux Unsaturated Vertical I, F,K(¢) 7.24 7-3
Sprinkler/Dripper Methods Unsaturated Vertical LF K(@),R,S 725 7-3
Eatrapped Air Method Unsaturated Vertical LF 7.26 73
Parameter Identification Both Undefined R 7.2.7 7-3
Eapirical Equations Both Undefined Varies 728 7-5
Column-Crust Both Vertical F, K(¢) 738 7-4
Saturated Hydraulic Conductivity Above Shallow Water Table®

Cylinder Infiltrometers Saturated Vertical IS 73.1 7-4
Constant Head Borehole )
Infiltration Saturated Horizontal S : 7.3.2 7-4
Guelph Permeameter Both Vert./Hor. K(¢), S 733 7-4

Air-Entry Permeameter Both Vertical I, K(¢), S 734 7-2, 74
Double Tube Saturated Vertical - 7135 72,74
Cylinder Permeameter Saturated Vertical - 7.3.6 7-2,7-4

Infiltration Gradient Saturated Vertical? - 737 7-4
Cube Saturated Vert./Hor. - 738 7-2, 7-4
Column/Monoliths Saturated Vertical - 738 7-2,7-4
Boutwell Method Saturated Vert./Hor. - 739

Velocity Permeameter Saturated Vertical - 7.3.10

Percolation Test -* - - 7.3.11 7-4

CP Porous Probe Saturated Horizontal - 222

Collection Lysimeter Saturated Vertical F 9.3.1

Saturated Hydraulic Conductivity Above Deep Water Table®

USBR Single Well Saturated Undefined - 74.1

USBR Multiple-Well Saturated Horizontal - 742
Stephens-Neuman Single Well Saturated Undefined - 743

Alr Permeability Saturated Undefined - 7.4.4

Packer Tests Saturated Vert/Hor. - 433

D = diffusivity; F = Flux; I = Infiltration; K(¢) = hydraulic conductivity-pressure head relationship; R = Retention (pressure-
moisture relationship); S = Sorptivity.

*Most methods for measuring or estimating unsaturated hydraulic conductivity also can be used to measure water flux in the vadose
zone. Section 7.5 discusses the application of these and other methods for measuring soil water flux.

*Directional ratings are qualitative in nature. Different references might give different ratings depending on site conditions and
criteria used to define directionality.

“These methods measure field-saturated or satiated hydraulic conductivity (K,), which is lower than saturated hydraulic conductivity,
duc to the presence of entrapped air.

Diffcrentiation of vertical and horizontal is possible when used with double tube method.

*The percolation test does not provide an accurate measure of saturated hydraulic conductivity. Seec Table 7-4 for sources on
information on the relationship between percolation test results and K.
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Dirksen, 1986). ASTM (1990a) provides guidance on selecting field methods for measuring unsaturated hydraulic
conductivity in the vadose zone.

Measurement of Saturated Hydraulic Conductivity

Table 7-1 summarizes information on 10 methods for measuring K above a shallow water table (Section
7.2), and 5 methods for measuring K, above a deep water table (Section 7.3). The cylinder or ring infiltrometer
(Section 7.3.1) is a widely used method that measures both infiltration and K, at the soil surface. Most other
shallow methods require a borehole and devices at the surface to control the flow of water into the hole to
achieve steady state infiltration before measurements are taken. The constant-head borehole infiltration or
shallow-well pump-in method (Section 7.3.2) and the Guelph permeameter (Section 7.3.3) probably are the most
commonly used methods for measuring K. Most of these methods are restricted to depth of 2 meters or less,
but recently developed compact constant-head permeameter (Section 7.3.2) can be used to depths of 10 meters.
Most methods for measuring K, above a deep water table require drilling or relatively large diameter boreholes
(at least 6 inches) and a large supply of water, which can be pumped into the borehole. ASTM (1990a) provides
guidance on selecting field methods, for measuring saturated hydraulic conductivity in the vadose zone, and Table
7-2 provides comparative information on nine methods for measuring saturated hydraulic conductivity above and
below a water table.

Measurement of Water Flux in the Vadose Zone

Various methods are available to measure or estimate the amount of water that passes through the
vadose zone and enters the ground-water system. A water budget (Section 7.5.1) uses a mass balance by
measuring inflows, outflows, and storage changes in the area of interest. More often, a simplified water budget
approach can be used, in which only changes in soil moisture or matric potential are measured (Section 7.5.2).
A variety of tracers, such as chloride and tritium, can be used to estimate the rate of recharge and water flux
(Section 7.5.3). Localized water flux can be measured using a soil-water flux meter (Section 7.5.4). A variety
of methods for measuring the velocity of water flow in the vadose zone are described in Section 7.5.5. Finally,
a variety of physical and empirical equations can be used in combination with the methods above, or using site-~
specific data on hydraulic conductivity or soil physical characteristics, such as texture and bulk density. Tile
drains or collection lysimeters (Section 9.3.1) also can be used to measure water flux in the vadose zone,
provided the area of vertical infiltration is known and lateral ground-water flow can be excluded or quantified.
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Table 7-2  Operational Aspects of Nine Methods for Measuring Saturated Hydraulic Conductivity
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Dirksen, 1986). ASTM (1990a) provides guidance on selecting field methods for measuring unsaturated hydraulic
conductivity in the vadose zone.

Measurement of Saturated Hydraulic Conductivity

Table 7-1 summarizes information on 10 methods for measuring K¢ above a shallow water table (Section
7.2), and 5 methods for measuring K above a deep water table (Section 7.3). The eylinder or ring infiltrometer
(Section 7.3.1) is a widely used method that measures both infiltration and Ky at the soil surface. Most other
shallow methods require a borehole and devices at the surface to control the flow of water into the hole to
achieve steady state infiltration before measurements are taken. The constant-head borehole infiltration or
shallow-well pump-in method (Section 7.3.2) and the Guelph permeameter (Section 7.3.3) probably are the most
commonly used methods for measuring K;,. Most of these methods are restricted to depth of 2 meters or less,
but recently developed compact constant-head permeameter (Section 7.3.2) can be used to depths of 10 meters.
Most methods for measuring K, above a deep water table require drilling or relatively large diameter boreholes
(at least 6 inches) and a large supply of water, which can be pumped into the borehole. ASTM (1990a) provides
guidance on selecting field methods, for measuring saturated hydraulic conductivity in the vadose zone, and Table
7-2 provides comparative information on nine methods for measuring saturated hydraulic conductivity above and
below a water table.

Measurement of Water Flux in the Vadose Zone

Various methods are available to measure or estimate the amount of water that passes through the
vadose zone and enters the ground-water system. A water budget (Section 7.5.1) uses a mass balance by
measuring inflows, outflows, and storage changes in the area of interest. More often, a simplified water budget
approach can be used, in which only changes in soil moisture or matric potential are measured (Section 7.5.2).
A variety of tracers, such as chloride and tritium, can be used to estimate the rate of recharge and water flux
(Section 7.5.3). Localized water flux can be measured using a soil-water flux meter (Section 7.5.4). A variety
of methods for measuring the velocity of water flow in the vadose zone are described in Section 7.5.5. Finally,
a variety of physical and empirical equations can be used in combination with the methods above, or using site-
specific data on hydraulic conductivity or soil physical characteristics, such as texture and bulk density. Tile
drains or collection lysimeters (Section 9.3.1) also can be used to measure water flux in the vadose zone,
provided the area of vertical infiltration is known and lateral ground-water flow can be excluded or quantified.



7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
7.1 INFILTRATION
7.1.1 Impoundment Methods

Other Names Used to Describe Method: Seepage meters (SCS, USBR, Bouwer-Rice), instantaneous rate
method, water budget method.

Uses at Contaminated Sites: Measuring infiltration of surface water impoundments into the ground.

Method Description: Seepage meters are sealed infiltrometers placed in the bottom of a channel or pond that
is connected by a tube to a small reservoir of water in a container, which can be raised or lowered in relation
to the water surface of the impoundment (Figure 7.1.1). When the small reservoir is raised above the level of
the natural water surface, the rate of fall is measured, or relative changes in pressure head inside the seepage
meter and the water outside are measured. Infiltration rate can be calculated from these measurements. Types
include the SCS, U.S. Bureau of Reclamation, and Bouwer-Rice seepage meters. The instantaneous rate method
involves shutting down all inflows and discharges from a pond and observing the drop in water level. Assuming
evaporation is negligible and there is no ground-water recharge to the pond, the rate of decline in water level
is the infiltration (Wilson, 1982). The water budget method requires measurement of inflow to the pond from
all sources, precipitation, discharge, and evaporation, and the relationship between head vs. surface area. When
these parameters are known, infiltration can be solved from the water budget equation (Bouwer, 1978). Section
7.5.1 discusses the water budget method further, and Figure 7.5.1 illustrates an annual cumulative water balance
used to determine seepage from a wastewater lagoon. Other methods for characterizing interactions between
surface impoundments and ground-water systems include shoreline monitoring wells, mini-piezometers, well
points, and core samples (Wolf et al., 1991).

Method Selection Considerations: Table 7.1.1 provides some general guidelines for selecting techniques for
evaluating surface-ground water interactions. Seepage Meter Advantages: Relatively inexpensive and simple to
operate. Seepage Meter Disadvantages: (1) A large number of measurements are required to obtain average
infiltration rates, especially in unlined ponds with variable texture; (2) some underwater work is required to
install the unit, which might be hazardous to personnel in waste ponds with toxic chemical; (3) measurements
must be obtained on sides and bottoms of ponds and installation is difficult in ponds with steep-sided slopes; and
(4) cannot be used in frozen ponds. Instantaneous Rate Advantages: Simple and inexpensive way to measure
average infiltration rate. Instantaneous Rate Disadvantages: Results might be inaccurate if there is ground-water
recharge or rates of decline are slow enough for evaporation to become significant. Water Budget Advantages:
Can be used in most hydrogeologic settings. Water Budget Disadvantages: (1) Time consuming and expensive;
(2) will not work where the water table is able to rise above the level of water in the pond; (3) requires accurate
estimation of evaporation, which is not easy, especially if impoundment contains chemicals that change
evaporation properties; (4) installing inflow and outflow measuring devices might be difficult at some sites; (5)
errors in measurements of any auxiliary parameter affect the accuracy of estimated infiltration; and (6)
calculation of changes in storage is difficult where water levels change slowly (can be overcome with special
techniques for very accurate measurement such as laser equipment).

Frequency of Use: Seepage meters are most commonly used. Water budget is rarely used due to complexity
and cost.

Standard Methods/Guidelines: Seepage meter: Bouwer and Rice (1963); Water budget: Bouwer (1978).

Sources for Additional Information: Seepage meter: Bouwer (1978, 1986), Kraatz (1977), Wilson (1982); Other:
Everett et al. (1983), Wilson (1982), Wolf et al. (1991).




Figure 7.1.1 Schematic of seepage meter in open channel with a falling-level reservoir and U-tube manometer
(Bouwer, 1986, by permission).



Table 7.1.1 Guidelines for Selecting Techniques to Assess Ground-Surface Water Interactions

Use Shoreline
onitoring) Seepage Mini- Core
Well Meter Piezometerbell Point{ Sample

Determination
of hydraulic B, C NA A A NA
gradient
Determination
of hydraulic B, C B, C C A C
conductivity

of sediments

Flux between
lground D [o] B, C B, C NA
water/surface
water systems

Determination
of long term B D Cc B NA
interaction

of ground and
surface water

lCollection of
flux samples [o] [o] A A NA
for field
screening
analysis

Collection of
flux samples [od D C A NA
for lab
analysis

Estimation of
sediment NA NA c c A
transport (porosity | (porosity
properties only) only)

- not applicable

- good performance in most conditions

- acceptable when used in conjunction w/ another technique
- acceptable under certain conditions

- poor choice

Source: Wolf et al, (1991), by permission



7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
7.1 INFILTRATION

7.1.2 Land Surface Methods*

Other Names Used to Describe Method: Infiltration test basins, sprinkler infiltrometer, cylinder infiltrometer.

Uses at Contaminated Sites: Measuring of ground-water recharge; determining soil infiltration capacity for land
treatment of wastewater; calculating sorptivity (sprinkler infiltrometer [see also, Section 6.4.2]).

Method Description: Infiltration test basins: Large cylinder infiltrometers (Figure 7.1.2a and b) or basins (20
feet by 20 feet) are constructed at several locations in a field and flooded with water. Measurements are similar
to cylinder infiltrometer for measuring infiltration rates. Sprinkler infiltrometer: Nozzles or drop-formers are
used to simulate the size and fall velocity of natural raindrops over a plot, which is set up so that surface runoff
can be accurately measured (see also, Section 7.2.5 and Figure 7.2.5). The difference between the amount of
water applied and the surface runoff is the infiltration rate.

Method Selection Considerations: Infiltration can be estimated using empirical relations or infiltration equations
(Section 7.1.4), using other measured variables that can be measured with an air-entry permeameter (Section
7.3.4), and from soil moisture content, if the K(¢) relationship is known (see Section 6.4.1). Infiltration test
basins are relatively simple and provide more representative measurements than cylinder infiltrometers, but are
relatively expensive, time consuming, and water availability can be a problem. Sprinkler infilrometers are
relatively complex, expensive to operate, and are not well adapted to routine field applications. Relatively recent
developments of more portable equipment might make this a more attractive method (see Section 7.2.5).

Frequency of Use: Test basins are used primarily for the design of full-scale projects for the land treatment of
municipal wastewater. Sprinkler infiltrometers have been widely used in agricultural research, but have not been
commonly used for contaminated site characterization.

Standard Methods/Guidelines: Sprinkler infiltrometer: Peterson and Bubenzer (1986), Test basin: U.S. EPA
(1981).

Sources for Additional Information: Dunne and Leopold (1978), Thompson et al. (1989), Wilson (1982).
Sprinkler infiltrometers: Bertrand (1965), Clothier et al. (1981b), Dunne and Leopold (1978), Grierson and
Oades (1977), Hamon (1979), Parr and Bertrand (1960), Peterson and Bubenzer (1986), Sidle (1979), Tovey and
Pair (1963), U.S. EPA (1981), Zegelin and White (1982). Peterson and Bubenzer (1986) summarize information
on over 30 rainfall simulator and sprinkler-infiltrometer studies and cite 66 references, which are not listed here
on this topic. See also, Section 7.2.5. Cylinder infiltrometers: Bureau of Reclamation (1978), Haise et al. (1956),
Hills (1971), Parr and Bertrand (1960); See also, Section 7.3.1 and Table 7-4. Test basins: Abele et al. (1980),
Nielsen et al. (1973), Parr and Bertrand (1960), U.S. Army Corps of Engineers (1980).

*See also, cylinder infiltrometers (Section 7.3.1).
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
7.1 INFILTRATION
7.1.3 Watershed Methods

Other Names Used to Describe Method: Average infiltration method, point infiltration method, empirical
relations.

Uses at Contaminated Sites: FEstimating infiltration over large areas for water budget studies.

Method Description: Average infiltration method: Infiltration is estimated by measuring the rainfall duration
and intensity from individual precipitation events, and subtracting the measured runoff. The difference between
the two values is assumed to be the infiltration. Figure 7.1.3 illustrates how infiltration capacity curves are
developed for a small watershed. Empirical relationships: Musgrave and Holtan (1964) have grouped soils into
four basic classes and summarized infiltration rates for a large number of different soil types within these classes.
The U.S. Soil Conservation Service has used this classification system to develop some empirical relationships
for estimating infiltration based on soil-vegetation types to approximate infiltration over large watershed areas
(SCS, 1975). Huggins and Monke (1966) developed an empirical infiltration equation in which infiltration is a
function of soil moisture. Rankl (1990) has developed a point infiltration watershed model for estimating runoff
using infiltration estimates based on soil types and several empirical infiltration parameters.

Method Selection Considerations: Methods for estimating infiltration in watersheds generally do not have
enough accuracy for site specific applications. Empirical relationships might be useful when combined with
limited infiltrometer measurements to obtain a gross approximation of infiltration.

Frequency of Use: Uncommon, mainly because site investigations tend to cover areas that are smaller than
entire watersheds.

Standard Methods/Guidelines: --
Sources for Additional Information: Average infiltration method: Dunne and Leopold (1978); Empirical

relations: Bras (1990-Huggins-Monke and SCS methods), Huggins and Monke (1966), Musgrave and Holtan
(1964), Rankl (1982, 1990), SCS (1975); Other: Parr and Bertrand (1960).
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
7.1 INFILTRATION
7.1.4 Infiltration Equations

Other Names Used to Describe Method: Green-Ampt, Richards, Philip equations (numerous other solutions
and refinements have been derived from these equations); parametric infiltration equations; Horton equation;
Huggins-Monke equation (see Section 7.1.3).

Uses at Contaminated Sites: Obtaining indirect estimations of soil infiltration rates.

Method Description: An alternative to direct measurement of infiltration is to measure variables required for
analytical equations, such as the Richards’, Green-Ampt, and Philip’s equations. Variables typically required for
these equations include the hydraulic conductivity of the wetted zone, pressure head at the wetting front, and
sorptivity of the soil. Most of these variables can be measured in situ with an air entry permeameter (Section
7.3.4), from unsaturated hydraulic-conductivity/pressure head relations (Section 6.3.1), and from infiltrometer
measurements (Section 7.3.1). When estimating infiltration, it also is important to take the initial water content
of the soil into account. Infiltration rates in a dry soil will be initially higher, and take a longer time to reach
saturated hydraulic conductivity than infiltration into a soil that already is relatively wet (Figure 7.1.4). The
Horton empirical equation for infiltration has been commonly used by hydrologists, but has a basic problem in
that it does not satisfy the theoretical requirement that the initial infiltration be of infinite value. It might be
suitable for describing infiltration when water is applied by rain or sprinkling for short time periods. Most
infiltration equations have been derived from the study of soil physics. The Green-Ampt equation is satisfactory
for describing infiltration into initially dry coarse-textured soils, and requires data on the hydraulic conductivity
of the wetted zone and an estimate of the critical pressure head of soil for wetting. The Philip’s equation is a
two-parameter algebraic equation derived from the Richards’ basic partial differential equation for unsaturated
flow, and requires measurement or estimation of sorptivity and an infiltration curve. Numerous solutions and
refinements of the basic Green-Ampt and Richards’ equations have been developed in recent years, as well other
approaches, such as parametric infiltration equations. Each equation or model has its own assumptions and soil
moisture conditions that must be satisfied. For example, the Broadbridge-White model (Broadbridge and White,
1988) spans a wide range of known soil hydraulic properties. Table 7-5 identifies over 50 references dealing with
equations and models for infiltration and unsaturated flow in the vadose zone and this literature should be
reviewed to identify the most appropriate equation or model.

Method Selection Considerations: All infiltration equations require field measurement and characterization of
the spatial variability of the required parameters for accurate estimation of infiltration. Advantages: Might be
the best method for evaluating vertical infiltration rates of soils that contain restricting layers at some depth.
Disadvantages: If infiltrating water contains sediment or suspended solids, the reduction infiltration rate due
to the accumulation of solids on the soil surface must be estimated.

Frequency of Use: The Green-Ampt and Philip’s equations are probably the most commonly used. As noted
above, numerous refinements and alternatives to these equations, which might merit consideration, have been
developed in recent years.

Standard Methods/Guidelines: --
Sources for Additional Information: Bouwer (1986), Green and Ampt (1911), Philip (1957a, 1969), Thompson,

et al. (1989). See also, references in Table 7-5 and Section 7.2.8 (Unsaturated Hydraulic Conductivity,
Physical/Empirical Equations and Relationships).
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‘7. VADOSE ZONE HYDROLOGIC PROPERTIES (1I): INFILTRATION, CONDUCTIVITY, AND FLUX
7.2 UNSATURATED HYDRAULIC CONDUCTIVITY
7.2.1 Instantaneous Profile Method

Other Names Used to Describe Method: Unsteady drainage flux, plane of zero flux, instantaneous rate method,
hot-air method (Arya et al., 1975, as cited by Bouma, 1982).

Uses at Contaminated Sites: Measuring unsaturated hydraulic conductivity and diffusivity for vadose zone
contaminant transport evaluation. Also can be used for monitoring water flux (Section 7.5.2) and developing
moisture characteristic curves (Section 6.3.1) or K-matric potential relationships.

Method Description: A field plot (Figure 7.2.1a) or a double-ring infiltrometer is placed on a soil plot (Figure
7.2.1b) and instrumented with a battery of tensiometers at different depths for measuring water pressures (see
Section 6.2.1) and an access tube for neutron moisture logging (see Section 3.3.3 and 6.3.2). The soil is wetted
to saturation throughout the study depth. Wetting is stopped and the surface covered to prevent evaporation.
Water pressure and water content are measured at intervals as the soil drains. Any combination of methods for
measuring soil water potential (see Section 6.2) and soil moisture content (see Section 6.3 and Table 6-1) can
be used for this method. Tensiometer/soil core method: A variant of the instantaneous profile method in which
only changes in soil water pressure are monitored in the field after the soil is wetted. Soil cores are collected
from the depth increments that tensiometers have been placed and moisture characteristic curves are measured
in the laboratory. Hydraulic conductivity at different matric potentials is calculated from the field-measured
tensiometer data and the moisture characteristic curve. The entrapped air method (Section 7.2.6) also can be
considered a variant of this method.

Method/Device Selection Considerations: Instantaneous Profile Advantages: (1) Simple and reasonably accurate
at each measuring site; and (2) suitable for stratified soils. Instantaneous Profile Disadvantages: (1) Provides
hydraulic conductivity values only for draining profiles and values will be different during wetting cycles; (2) time
consuming and relatively expensive, especially if site variability requires a large number of sites to obtain mean
values; (3) does not provide reliable data near saturation (0 to -15 centimeters) because of rapidly changing and
poorly defined pressure head gradients; (4) primarily measures vertical conductivity and will underestimate flux
if horizontal conductivity exceeds vertical conductivity; (5) interactions between wastewater and solids might affect
results (such as dispersion of clays or clogging); and (6) not suitable for percolating water with sufficient
concentration of chemical wastes (such as nonaqueous phase liquids) to change its physical properties that affect
infiltration rates. Tensiometer/Soil Core Advantages: Similar to instantaneous profile method except that field
data collection is less time consuming and expensive because only soil-water pressure is monitored.
Tensiometer/Soil Core Disadvantages: Similar to instantaneous profile method, except that use of laboratory
measurements on soil cores might not accurately reflect in situ conditions.

Frequency of Use: Probably the most commonly used field method for accurate measurement of unsaturated
hydraulic conductivity.

Standard Methods/Guidelines: ASTM (1990a), Bouma et al. (1974), Green et al. (1986).

Sources for Additional Information: Bouwer and Jackson (1974), Everett et al. (1982, 1983), Hendrickx (1990),
Thompson et al. (1989), Wilson (1980). See also, Table 7-3.
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
7.2 UNSATURATED HYDRAULIC CONDUCTIVITY

7.2.2 Draining Profile Methods

Other Names Used to Describe Method: Simplified unsteady drainage flux method, unit gradient method, Theta
() method, flux method, CGA-method, water content measurement method (flux), tensiometric simplified

functions method.

Uses at Contaminated Sites: Estimating unsaturated hydraulic conductivity and flux of water in the vadose zone.

Method Description: Unsaturated hydraulic conductivity: A number of approaches have been developed to
simplify the instantaneous profile method so that only soil moisture content or soil water potential needs to be
monitored in the field. Procedures are similar to the instantaneous profile method in that the soil is wetted until
steady-state infiltration (field saturated) conditions are reached at the test plot or double-ring infiltrometer, at
which time wetting is stopped and the surface covered to prevent evaporation. Changes in the draining profile
are observed as a function of time either by monitoring soil water content at different depths, or by monitoring
soil matric potential at different depths. Different equations are used to calculate hydraulic conductivity as a
function of soil water content. In the theta (6) method, changes in soil water content with time at different
depths are used in the calculations. Figure 7.2.2a illustrates use of this method for a single soil horizon. In the
flux- and CGA-methods, different formulas involving changes in average water content over the depth of interest
are used. In the pressure profile method, tensiometric measurements taken over time at small depth increments
are used to calculate hydraulic conductivity as a function of soil-water suction (Figure 7.2.2b). Flux in the vadose
zone: Monitoring of changes in water content over time (neutron logging, tensiometers, resistance blocks, and
psychrometers) allows calculation of the water flux for a given depth (Wilson 1980, 1982). See Section 7.5.2 for
further discussion of flux measurement using these methods.

Method Selection Considerations: Moisture Profile Advantages: (1) Simpler instrumentation allows
measurements to be made at more points than with more complex methods, allowing statistical analysis to
characterize soil variability; and (2) works well on coarse- and fine-textured homogenous materials. Moisture
Profile Disadvantages: (1) Point measurements are less accurate than instantaneous profile and crust methods;
(2) most methods assume a unit hydraulic gradient and will not work if the assumption does not apply; and (3)
separate measurements of matric potential-water content relationships are required. Pressure Profile
Advantages: (1) Simpler instrumentation allows measurements to be made at more points than with more
complex methods, allowing statistical analysis to characterize soil variability; (2) the assumption of unit hydraulic
gradient is not required; (3) measurement of matric potential-water content relationships are not required; (4)
a one-time measurement of the soil water content profile allows estimates of drainage fluxes and soil water
storage in the profile with time and as a function of average matric potential; and (5) works well in coarse- and
fine-textured soils and soil profiles with stratification. Pressure Profile Disadvantages: (1) Point measurements
are less accurate than instantaneous profile and crust methods; (2) reliable, frequent tensiometric data at small
time and depth intervals, especially at low suctions, are required; (3) accurate determination ofthe representative
field-saturated hydraulic conductivity is required; and (4) curves are somewhat less accurate for depths greater
than around 100 centimeters. General Disadvantages: (1) Generally requires uniform drainage over shallow
water tables (in deeper soils the upper profile can be draining while the lower profile is wetting, so flux will not
equal drainage); (2) chemical conditions affecting methods to measure water content changes might introduce
errors (i.e., chlorine in solution affecting neutron logging); (3) drainage in well-structured soils might occur more
rapidly than in soil blocks where water content changes are measured, resulting in underestimation of water flux;
and (4) a large number of measurements is required to characterize spatial variability.

Frequency of Use: Relatively new methods with good potential for more extensive field application due to their
relative simplicity.

Standard Methods/Guidelines: 6 and flux methods: Libardi et al. (1980); CGA-method: Chong et al. (1981);
Pressure profile: Ahuja et al. (1988). See also, Section 7.2.7 (Parameter Identification).
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Sources for Additional Information: Everett et al. (1983), Green et al. (1986), Hendrickx (1990), Wilson (1980,
1982). See also, Table 7-3. -
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
7.2 UNSATURATED HYDRAULIC CONDUCTIVITY
7.2.3 Tension Infiltrometers

Other Names Used to Describe Method: Tension disc permeameter, suction permeameter, porous plate
infiltrometer, Guelph infiltrometer, sorptivity method.

Uses at Contaminated Sites: Measuring infiltration, sorptivity, hydraulic conductivity; characterizing macropore
soil water flow and mean pore size.

Method Description: The tension infiltrometer originally was developed to measure soil sorptivity and diffusivity
(see Section 6.3.2), but relatively recent improvements in instrument design (Figures 7.2.3a and b) have made
this a versatile device for measuring and estimating a variety of soil hydrologic properties. The tension disc
permeameter has three main components: (1) A nylon membrane that rests on the ground surface, (2) a
calibrated reservoir, and (3) a bubble tower, which is used to control the starting tension in the calibrated
reservoir (Figure 7.2.3a). At the beginning of the test, the water reservoir is full of water, and the water level
in the bubble tower is set at a height to achieve the desired starting tension. The stopcock in the bubbler tower
is opened to start the test, allowing air to enter the reservoir as water moves through the membrane into the soil.
Multiple tests can be run in several ways by varying: (1) The starting tension, (2) the pore size of the nylon
membrane, and (3) the size of the disc-membrane. Sorptivity is calculated from the rate at which the water level
in the calibrated reservoir falls during the first 3 minutes, and hydraulic conductivity is determined when the
infiltration rate reaches a steady flux. Measurements of sorptivity and hydraulic conductivity at different starting
tensions allows development of a hydraulic conductivity-matric potential curve. The positive pressure
permeameter (Figure 7.2.3b) looks similar to the tension permeameter, but operates quite differently. The unit
is attached to a stainless steel cylinder, which is driven far enough into the ground to prevent water from leaking
around the side. The supply pressure is the distance between the air bubble exit point and the soil surface, and
can be adjusted by screws. The air entry side tube is filled with enough water to fill the space between the
central water reservoir and the soil. This water is rapidly deposited on the soil surface by opening the side tube
stopcock to start infiltration, and the rate of fall of water in the central calibirated water reservoir is measured.

Method Selection Considerations: Advantages: (1) Simpler than instantaneous profile, draining, and steady-flux
methods because knowledge of initial water potential or content is not required, which eliminates requirements
for installation of tensiometer or neutron access probes not required; (2) lower cost than more complex methods
allows more extensive characterization of spatial variability of soil hydraulic characteristics; (3) rings do not need
to be driven into the soil surface, avoiding possible disturbance of soil structure and allowing use of the method
on rocky soils; and (4) control of tension at the surface allows characterization of flow in different pore sizes.
Disadvantages: (1) Accurate measurements might be difficult in very wet and highly permeable soils; (2) methods
requiring solution of simultaneous equations might be susceptible to errors resulting from soil heterogeneity; (3)
measurements with instruments using different radii surface disks might be affected by spatial variability
associated with different soil surfaces; and (4) measurements sample a relatively shallow depth of the soil surface
(different depths can be tested by excavation, but the process become more cumbersome and time-consuming).

Frequency of Use: Tension infiltrometers have gained rapid acceptance in the last few years and are likely to
become a standard tool for in situ determination of saturated and near-saturated soil hydraulic properties near
the soil surface.

Standard Methods/Guidelines: Perroux and White (1988).

Sources_for Additional Information: See Table 7-3.
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
72 UNSATURATED HYDRAULIC CONDUCTIVITY
7.2.4 Crust-Imposed Steady Flux

Other Names Used to Describe Method: Unit-hydraulic gradient method, crust test.

Uses at Contaminated Sites: Measuring vertical unsaturated hydraulic conductivity during wetting portion of
moisture characteristic curve.

Method Description: A pedestal soil about 25 cetimeters in diameter and 30 centimeters high is exposed by
excavation, the exterior of which is covered with aluminum foil, and a tensiometer is inserted into the pedestal
(Figure 7.2.4). Crusts with varying hydraulic conductivity by varying percentages of gypsum and sand or sand
and quick-setting hydraulic cement. Each test run uses a crust placed on the soil surface, which is then covered
by an infiltration ring with an air-tight cover, which fits tightly over the pedestal. A water source supplies water
to the infiltration ring assembly at a constant head, with the crust controlling the flow of water to the soil
pedestal to a rate below the maximum possible infiltration rates. Pressure head is monitored near the surface
and at depth to determine when steady-state unsaturated flow has been reached. Successive steady-state flow
systems, with increasing levels of saturation, are achieved by using crusts with increasingly higher permeabilities.
Multiple tests allow plotting of hydraulic conductivity as a function of pressure head.

Method Selection Considerations: Advantages: (1) Measurements and calculations are reasonably simple; (2)
a high degree of accuracy can be achieved if the crusts are carefully prepared; (3) can be used on sloping land
surfaces; and (4) measurements can be made on large undisturbed soil columns to include effects of soil structure
and other macroporosity, which might be missed by laboratory measurements of soil cores. Disadvantages: (1)
Measurements are time and labor intensive; (2) a unit hydraulic gradient must exist in a vertical direction for
measurements to be accurate (a reasonable assumption if steady-state flow is reached and the soil material is
homogeneous); (3) only records the wetting portion of the soil water retention curve (see Section 6.4.1), so the
effects of hysteresis are not determined; and (4) measurements apply to a relatively small area of soil.

Frequency of Use: Uncommon.
Standard Methods/Guidelines: ASTM (1990a), Green et al. (1986).

Sources for Additional Information: Bouma et al. (1974), Hendrickx (1990), Thompson et al. (1989), Wilson
(1982). See also, Table 7-3.
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
7.2 UNSATURATED HYDRAULIC CONDUCTIVITY

7.2.5 Sprinkler/Dripper Methods

Other Names Used to Describe Method: Sprinkler-imposed steady flux, dripper method.

Uses at Contaminated Sites: Sprinkler-impose steady flux: Measuring vertical unsaturated hydraulic conductivity
during wetting portion of moisture characteristic curve; Dripper method: Measuring of saturated hydraulic
conductivity and sorptivity and estimating hydraulic conductivity-matric potential function, K(¢), and matric-
potential (¢)-moisture (§) function.

Method Description: The sprinkler-imposed steady flux method is similar in principle to the crust-imposed
steady flux method (Section 7.2.4). A sprinkler (Figure 7.2.5) is used to apply a steady rate of water to the soil
surface, which is below the rate sufficient to saturate the soil. Soil moisture content is monitored using a neutron
access tube, and matric potential is measured using tensiometers placed at different depths. Moisture content
and pressure head is measured when steady-state flow conditions are achieved. K is calculated by dividing flux
per unit area by the hydraulic gradient. Successively higher sprinkler flux rates are used to create the next
steady-state flow system. Typically, the vertical gradient is unity. The dripper method is a relatively new and
different method for measuring and estimating a variety of soil hydrologic properties. A water storage bottle
with Marriott type burette is connected to button drippers (used commercially for drip irrigation) in a cluster-like
arrangement, which allows different rates of constant discharge by plugging different numbers of drippers. The
drippers are located in the center of a level and relatively smooth plot (about 0.8 meters square). When water
flow begins, the diameters of the horizontal wetted and ponded zones are measured until a constant value is
reached (i.e., the water dripping onto the soil moves downward rather than outward on the soil surface). When
a steady state is reached, the rate of dripping is increased and the diameter measured until it stabilizes again.
Sorptivity is determined by measuring the horizontal wetting front advance from the ponded zone borders as a
function of time. The hydraulic conductivity-matric-potential-water content functions are estimated from
measurements of the saturated area on the soil surface and the distance from the ponded radius to the wetting
front as a function of dripper discharge rate for several rates using equations such as Brooks-Corey (Section
7.2.8).

Method Selection Considerations: Sprinkler-Imposed Steady Flux Advantages: Measurements apply to a larger
sample area than the crust method. Sprinkler-fmposed Steady Flux Disadvantages: (1) As with the crust
method, K is determined only during wetting; (2) unlike the crust method, it works only at relatively high
moisture contents; and (3) sprinklers are relatively expensive and cumbersome to use. Dripper Method
Advantages: (1) Equipment is much simpler and more portable than conventional sprinkler devices; (2) rock
fragments in the soil do no pose a limitation (rock at the soil surface might create problems); and (3) several
hydrologic parameters are measured (infiltration, sorptivity, Kg, K[¢], and ¢-8 functions). Dripper Method
Dlisadvantages: Requires a flat, relatively dry soil.

Frequency of Use: Uncommon.

Standard Methods/Guidelines: Sprinkler-imposed steady flux: Green et al. (1986); Dripper method: Shani et
al. (1987).

Sources for Additional Information: Hendrickx (1990), Thompson et al. (1989). See also, Table 7-3 and
references in Section 7.1.2.
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTITIVY, AND FLUX
7.2 UNSATURATED HYDRAULIC CONDUCTIVITY

7.2.6 Entrapped Air Method

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Measuring unsaturated hydraulic conductivity and flux in the vadose zone.

Method Description: This method is a variant of the instantaneous profile method (Section 7.2.1). An initially
saturated column of porous material, in the process of draining to a water table at its base, is rewet at its upper
surface at an appropriate time, causing an increase in the pore air pressure in the zone of entrapped air in the
profile between the wetting and draining fronts. When steady state is reached, soil-water pressure is measured
at different depth increments in the column to calculate pressure-head gradients along the bell-shaped water
content profile caused by the zone of entrapped air. The water content profile is measured directly, or inferred
from a separately measured moisture characteristic curve. Since the flow is steady and the flow rate is known,
hydraulic conductivity over a range of water contents can be readily calculated. Figure 7.2.6 illustrates the types
of data plots that are used in this method.

Method Selection Consideratjons: Advantages: (1) Instrumentation for the instantaneous profile method also
can be used for this method; and (2) total time for data collection might be somewhat shorter than for
instantaneous profile method. Disadvantages: (1) Generally does not work well in fine-grained soils; and (2)
requires more closely spaced instrumentation for moisture and matric potential measurement than a conventional
instantaneous profile method.

Frequency of Use: Uncommon. More widespread use in coarse-grained soils might be merited.

Standard Methods/Guidelines: Watson (1967).
Sources for Additional Information: Bouwer and Jackson (1974). See also, Table 7-3.
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
72 UNSATURATED HYDRAULIC CONDUCTIVITY

72.7 Parameter Identification

Other Names Used to Describe Method: Parameter estimation/optimization.

Uses at Contaminated Sites: Estimating hydraulic conductivity at different water contents and other hydraulic
propertics from limited data.

Method Description: Results of one field or laboratory test are used to estimate hydraulic conductivity.
Transient cumulative discharge of water from an initially saturated core (or in situ soil) are measured as a
function of time. Numerical models coupled to statistical optimization routines analyze the result of the test by
adjusting parameter values in the model until the measured response fits the model. Dane and Hruska (1983)
used parameter estimation methods to estimate unsaturated hydraulic conductivity with varying hydraulic head
using the draining profile method (see Section 7.2.2).

Method Selection Considerations: Advantages: (1) Relatively fast and inexpensive; and (2) measuring moisture
content and hydraulic head as a function of time is not mandatory (but doing so will reduce the degree of
uncertainty). Disadvantages: Incorrect solutions can result if incorrect models for soil hydraulic properties are

Frequency of Use: Relatively new method, which is being used with increasing frequency.

Standard Methods/Guidelines: -
Sources for Additional Information: Hendrickx (1990), Thompson et al. (1989). See also, Table 7-5.



7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, , AND FLUX
7.2 UNSATURATED HYDRAULIC CONDUCTIVITY
7.2.8 Physical/Empirical Equations and Relationships

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Estimating saturated and unsaturated hydraulic conductivity from other known or
estimated soil parameters.

Method Description: Numerous empirical equations have been developed for estimating unsaturated hydraulic
conductivity from other soil properties, such as: Pore-size distribution and moisture characteristic curves.
Mualem (1986) classifies formulas into three major categories: (1) Empirical forms of K(¢) and K(6)
relationships; (2) macroscopic models, which derive an analytical formula for the K(8) relationship; and (3)
statistical models, which primarily rely on the soil moisture retention curve (see Section 6.4.1) as an analogy to
the pore radii distribution function. The Childs-Collis George, Marshall, Millington-Quirk, Brooks-Corey,
Mualem, and van Genuchten equations are well-known equations based on statistical models. Table 7-5 identifies
over 30 references (Empirical Equations/Models), which cover theoretical aspects of these equations, and also
25 references, which focus on the estimation of soil hydraulic properties from soil physical properties. -

‘Method Selection Considerations: Relatively fast; each empirical equation has its own application and limitations
based upon the assumptions of the equations. Mualem (1986) provides guidance on which methods to use based
on the type of soil data that are known or can be estimated. '

Frequency of Use: Fairly Common. The Brooks-Corey (1964), Mualem (1976a), and Van Genuchten (1980)
are among the more commonly used formulas in current use.

Standard Methods/Guidelines: Mualem (1986).

Sources for Additional Information: Bouwer and Jackson (1974), Hendrickx (1990), Thompson et al. (1989).
See also, Table 7-5.
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
7.3 SATURATED HYDRAULIC CONDUCTIVITY (SHALLOW)
7.3.1 Cylinder Infiltrometers

Other Names Used to Describe Method: Open and sealed single-ring and double-ring infiltrometers.

Uses at Contaminated Sites: Measuring infiltration rates/potential, saturated hydraulic conductivity, and
sorptivity; estimating ground-water recharge.

Method Description: An open ended cylinder (10 to 30 centimeters in diameter) is driven into the ground to
a depth ranging from 5 to 50 centimeters. A shallow ponded depth (1 to 2 centimeters) is maintained in the
cylinder for a long enough time to allow steady-state (saturated-flow) infiltration to develop. The rate at which
water is added to maintain the ponded depth, or a constant head in the cylinder, is a direct measure of the
maximum infiltration rate for the soil. One or two rings (with water maintained in both the inner and outer
rings) can be used and the rings can be open or sealed (Figure 7.3.1a). Where infiltration rates are very slow,
as in clay soils or testing of clay liners, sealed double-rings (Figure 7.3.1b) are recommended for measuring
infiltration rates (Sai and Anderson, 1991). Sorptivity can be determined from infiltrometer measurements by
plotting the rate of infiltration versus time during the first few minutes when flow is unsaturated (see Section
64.2).

Method Selection Considerations: Ring infiltrometers are the recommended method for testing the hydraulic
conductivity of compacted soils (Sai and Anderson, 1991). Advantages: (1) Are simple, inexpensive, and portable;
and (2) sealed ring infiltrometers can be used to evaluate macropore flow, but the process is more cumbersome
than using a tension infiltrometer (see Section 7.2.3). Disadvantages: (1) Tend to overestimate natural
infiltration due primarily to lateral divergence of flow with depth (especially single rings); (2) provide point
measurements only, so numerous tests are required to characterize spatial variability; (3) results might be
misleading if water used during the test is not similar to that which normally infiltrates (i.e., wastewater might
reduce infiltration by clogging compared to rainwater); and (4) shallow impeding layers might promote lateral
movement of water in preference to truly vertical flow, resulting in overestimation of intake rates over larger
areas.

Frequency of Use: Standard method for measuring compacted soils. Less commonly used to measure infiltration
potential of natural soils (see Section 7.1.1).

Standard Methods/Guidelines: Cylinder infiltrometer: Bouwer (1986); Double-ring: ASTM (1988, 1990a),
Johnson (1963); Sealed double-ring infiltrometer: ASTM (1990a,b), U.S. EPA (1989).

Sources for Additional Information: Thompson et al. (1989), Wilson (1982). See also, Table 7-4,
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Figure 73.1 Cylinder infiltrometers: (a) Open and sealed single- and double-ring infiltrometers; (b) Details of
sealed double-ring infiltrometer (U.S. EPA, 1989).
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
73 SATURATED HYDRAULIC CONDUCTIVITY (SHALLOW)
73.2 Constant-Head Borehole Infiltration

Other Names Used to Describe Method: Shallow-well pump-in, constant-head infiltrometer, borehole
permeameter, dry/inverted auger hole method, compact constant-head (CCH) permeameter.

Uses at Contaminated Sites: Mainly measuring the horizontal component of saturated hydraulic conductivity in
unsaturated soil.

Method Description: A hole is bored to the desired depth and a constant head of water is maintained in the
hole (Figure 7.3.2). The test also can be used with a screened well point. When water flow into the soil reaches
steady state conditions (i.e., water flow is constant to maintain constant head), the flow is measured. Hydraulic
conductivity is calculated from equations using the following measurements: (1) Steady-state injection rate, (2)
radius of the borehole, (3) height of water in the borehole, and (4) depth from the bottom of the borehole to
the top of the impermeable layer. The calculated rate is the average hydraulic conductivity for the portion of
the hole that was tested and, in a uniform soil, the measured rate of flow is dominated by the horizontal
conductivity.

Method Selection Considerations: Advantages: (1) Recently developed compact constant-head permeameter can
be used to depths up to 10 meters; (2) can be used in rocky or gravelly soil; and (3) tests a larger volume of soil
compared to the Guelph permeameter. Disadvantages: (1) Test requires presence of an impermeable layer
below the bottom of the borehole; (2) large quantities of water might be required; (3) a single test can take
several days to complete; (4) requires soil that can maintain an open borehole; (5) smearing of the auger hole
walls will result in underestimation of conductivity; and (6) measurements using water might not be applicable
for evaluating potential for moving sewage wastewater or chemical waste liquids through the soil (can be
overcome by using fluids in the test that are similar to the fluids of concemn).

Frequency of Use: Commonly used method.

Standard Methods/Guidelines: Amoozegar and Warrick (1986, Section 29-3.2), ASTM (1990a).

Sources for Additional Information: Bureau of Reclamation (1978), Hendrickx (1990), Thompson et al. (1989).
See also, Table 7-4.
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (1I): INFILTRATION, CONDUCI'IVITY , AND FLUX
73 SATURATED HYDRAULIC CONDUCTIVITY (SHALLOW)

733 Guelph Permeameter

Other Names Used to Describe Method: Constant head well permeameter.

Uses at Contaminated Sites: Measuring saturated and unsaturated hydraulic conductivity and sorptivity in
unsaturated soil.

Method_Description: The Guelph Permeameter is a constant-head apparatus designed for small-diameter
boreholes (2 to 5 centimeters). A device, which controls hydraulic head and measures the injection rate, is
inserted into an uncased borehole. Constant head is maintained until steady-state flow is achieved. The design
differs for models used in high conductivity and low conductivity porous media (Figure 7.3.3a and b). A vertical
profile of K can be developed by repeating the test at various depths. Measurements typically represent an
average of horizontal and vertical hydraulic conductivity.

Method Selection Considerations: Advantages: (1) Only requires one operator and is fast (usually ranges from
5 to 60 minutes); (2) relatively small volumes of water are required; (3) other parameters, such as unsaturated
hydraulic conductivity and sorptivity, can be estimated; and (4) is commercially available. Disadvantage: (1) A
limited volume of soil is tested, so replication and multiple tests are required to characterize spatial variability;
(2) requires materials that can maintain an open borehole; (3) smearing of clay on borehole walls will result in
measurements lower than the actual K; (4) rests on bottom of hole, which might impede vertical water flow,
especially in small diameter holes; (5) unsaturated hydraulic conductivity and sorptivity measurements are based
on assumptions that will have varying degrees of validity for different porous media; (6) depth limited to about
2 meters; and (7) measurements using water might not be applicable for evaluating potential for movement of
sewage wastewater or chemical waste liquids through the soil (can be overcome by using fluids in the test that
are similar to the fluids of concern).

Frequency of Use: This is a relatively new technique, which has gained rapid acceptance.
Standard Methods/Guidelines: ASTM (1990a), Reynolds and Elrick (1986).

Sources for Additional Information: Hendrickx (1990), Thompson et al. (1989). See also, Table 7-4.
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
73 SATURATED HYDRAULIC CONDUCTIVITY (SHALLOW)

7.3.4 Air-Entry Permeameter

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Measuring saturated hydraulic conductivity in unsaturated soil; estimating of K(¢)
and K(f) relationships.

Method Description: A cylinder 20 to 30 centimeters in diameter and over 10 centimeters long is driven about
10 centimeters into the soil. A layer of sand is placed inside the cylinder, and the cylinder is sealed with a top-
plate assembly and water is supplied to the cylinder from a reservoir (Figure 7.3.4). An air valve allows air to
escape from the cylinder until the cylinder is completely filled, at which time it is closed. When the wetting front
reaches the bottom of the cylinder below the soil surface, the supply of water is shut off and a valve attached
to a vacuum gage is opened. The time required for the wetting front can be estimated by a few trials before
the procedure is started, or alternatively, it can be detected using a fine tensiometer probe. The pressure inside
the cylinder decreases to a minimum (the air-entry value), at which time air begins to bubble up through the soil.
At this point, the equipment is removed and the depth of wetting front is determined by digging. The air-entry
pressure can be calculated from pressure measurements and the depth of the wetting front, which can in turn
be used to calculate saturated hydraulic conductivity. Bresler et al. (1978) describe a method for estimating
unsaturated hydraulic conductivity as a function of water content and matric potential using the air-entry value
obtained using an air-entry permeameter.

Method Selection Considerations: More sensitive to vertical than horizontal K. Advantages: (1) Is fast (around
1 hour), requires a small volume of water (around 10 liters), and is relatively simple to use; and (2) tests larger
volume of soil than the Guelph permeameter. Disadvantages: (1) Multiple tests are required to characterize
spatial variability; (2) the presence of macropores and cracks might cause problems; (3) measurements using
water might not be applicable for evaluating potential for movement of sewage wastewater or chemical waste
liquids through the soil (can be overcome by using fluids in the test that are similar to the fluids of concern); (4)
gravel within 10 to 20 centimeters of the ground surface can cause problems in placement of the cylinder, See
Table 7-2 for additional information.

Frequency of Use: Fairly widely used.
Standard Methods/Guidelines: ASTM (1990a), Bouwer (1966).

Sources for Additional Information: Amoozegar and Warrick (1986), Bouma (1983), Hendrickx (19%0),
Thompson et al. (1989). See also, Table 7-4.
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with permission).
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
7.3 SATURATED HYDRAULIC CONDUCTIVITY (SHALLOW)

7.3.5 Double Tube Method

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Measuring saturated hydraulic conductivity in unsaturated soil.

Method Description: An auger hole is dug to the desired depth and cleaned with special tools. An outer tube
is pushed into the bottom of the hole about 5 centimeters and an inner tube and a top-plate assembly are
installed in the outer tube, with the inner tube pushed about 2 centimeters into the bottom of the hole (Figure
7.3.5). Bach tube has a standpipe above the tube for observing the water levels in each tube. Both the inner
and outer tubes are filled with water and equal head pressure is maintained in both by adjusting the water level
in the inner tube, if necessary. After saturation of the bottom of the hole is achieved (usually after 1 hour for
fine-textured soils), two sets of measurements are taken: (1) Water flow is shut off to the inner tube and the rate
of fall of water in the standpipe is measured while a constant head is maintained in the outer tube, and (2) the
water level in both tubes is brought back to the starting level, and the water level in the outer tube is controlled
so that it falls at the same rate as the inner tube. Saturated hydraulic conductivity is calculated using the two
head versus time graphs plotted from the measurements.

Method Sclection Considerations: Advantages: (1) Is commercially available; and (2) characterization of
anisotropic soils is possible when the method is combined with the infiltration gradient method (Section 7.3.7)
Disadvantages: (1) Is relatively complex and time-consuming (depending on the permeability of the soil the test
procedures takes from 2 to 6 hours to complete, and requires over 200 liters of water for each test); (2) is not
suitable for rocky soils; (3) multiple measurements are required to characterize spatial variability; (4) is less
accurate than other available methods (see Table 7-2); and (5) measurements using water might not be applicable
for evaluating potential for movement of sewage wastewater or chemical waste liquids through the soil (can be
overcome by using fluids in the test that are similar to the fluids of concern).

Frequency of Use: Fairly uncommon.
Standard Methods/Guidelines: ASTM (1990a), Amoozegar and Warrick (1986).

Sources for Additional Information: Bouma (1983), Hendrickx (1990). See also, Table 7-4.
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
73 SATURATED HYDRAULIC CONDUCTIVITY (SHALLOW)
73.6 Cylinder Permeameter

Other Names Used to Describe Method: Permeameter, ring permeameter.

Uses at Contaminated Sites: Measuring saturated hydraulic conductivity in unsaturated soil.

Method Description: A cylinder 45 to 50 centimeters in diameter and greater than 35 centimeters long is placed
in a dug hole, which is wider than the cylinder. The cylinder is driven about 15 centimeters into the soil, and
four tensiometers are placed symmetrically around the cylinder 10 centimeters from its sides and about 23
centimeters below the bottom of the hole (Figure 7.3.6). The hole and inside of the cylinder are maintained at
a depth of about 15 centimeters The tensiometers are monitored until they read zero (saturation is achieved),
at which time the rate of flow of water into the soil from the cylinder is measured. Conductivity is measured
using Darcy’s equation.

Method_Selection Considerations: Advantages: (1) Is relatively simple; and (2) calculations are easy.
Disadvantages: (1) Is time-consuming and requires in excess of 100 liters of water; (2) is not suitable for rocky
soils; (3) measurements are not very accurate; and (4) measurements using water might not be applicable for
evaluating potential for movement of sewage wastewater or chemical waste liquids through the soil (can be
overcome by using fluids in the test that are similar to the fluids of concern). See Table 7-2 for additional
information. .

Frequency of Use: Uncommon.
Standard Methods/Guidelines: Boersma (1965).

Sources for Additional Information: Bouma (1983), Bureau of Reclamation (1978), Hendrickx (1990), Roberts
(1984), U.S. EPA (1981), Winger (1960).
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
73 SATURATED HYDRAULIC CONDUCTIVITY (SHALLOW)
7.3.7 Infiltration Gradient Method

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Measuring saturated hydraulic conductivity in unsaturated soil.

Method Description: This method combines elements of the cylinder permeameter (Section 7.3.6) and the
double tube methods (Section 7.3.5). Two concentric cylinders are placed in an auger hole with small, fast-
reacting piczometer tubes placed at different depths inside the inner tube (Figure 7.3.7). Changes in vertical
hydraulic gradient are recorded as the hydraulic head in both tubes is kept equal and varied from 20 to over 200
centimeters When combined with the double tube method in the same hole, vertical and horizontal hydraulic
conductivity components can be separated out.

Method Selection Considerations: Advantages: (1) Measures primarily vertical hydraulic conductivity; and (2)
when used with the double tube method, vertical and horizontal components of hydraulic conductivity can be
differentiated. Disadvantages: (1) Requires about 3 hours to complete and about 100 liters of water; (2) is not
suitable for stony soils; (3) measurements using water might not be applicable for evaluating potential for
movement of sewage wastewater or chemical waste liquids through the soil (can be overcome by using fluids in
the test that are similar to the fluids of concern).

Frequency of Use: Uncommon.

Standard Methods/Guidelines: Bouwer (1978).
Sources for Additional Information: Bouwer and Jackson (1974). See also, Table 7-4.
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
7.3 SATURATED HYDRAULIC CONDUCTIVITY (SHALLOW)
7.3.8 In Situ Monoliths

Other Names Used to Describe Method: Column method, cube method.

Uses at Contaminated Sites: Measuring vertical saturated hydraulic conductivity; measuring K,,, in soils with
continuous macropores (column-crust method).

Mcthod Description: Column method: A soil column (30 centimeters in diameter and 30 centimeters thick) is
carved out in situ and encased in gypsum or resin. Water is applied to the top of the column until steady-state
infiltration is reached. Flow through the column is measured volumetrically, either by collecting outflow from
2 column that has been detached from the soil, or by measuring the flow rate once steady-state infiltration has
been reached, Cube method: This is a variant of the column method, which allows measurement of both vertical
and horizontal saturated hydraulic conductivity. A cube of soil (30 centimeters by 30 centimeters by 30
centimeters) is excavated in situ and encased in gypsum. The cube is removed, and vertical hydraulic conductivity
is measured using procedures similar to the column method. Next, the open ends of the cube are sealed with
gypsum, the cube is turned sideways, and the gypsum removed from the top and bottom for a second
measurement of hydraulic conductivity (Figure 7.3.8a). Column-crust method: This combines elements of the
crust test (Section 7.2.4) with the column method in order to differentiate between the macropore and soil matrix
components of saturated flow. A column of soil is excavated in situ and tensiometers are placed in the column
before it is encased in gypsum. Macropore flow is measured by adding water until steady-state infiltration is
reached with the column detached (Figure 7.3.8b-A). A light crust then is placed on the column and water
applied until steady infiltration is reached at zero pressure head (Figure 7.3.8b-C). The latter measurement
represents K, without macropore flow. Macropore flow is the difference between the first and second
measurements. By using crusts of different thicknesses, unsaturated hydraulic conductivity can be measured with
this method as well.

Method Selection Considerations: Advantages: (1) Are relatively simple; (2) calculations are simple and accurate;
(3) cube method allows accurate measurement of vertical and horizontal saturated-hydraulic conductivity; and
(4) column-crust method allows differentiation of macropore and soil matrix saturated flow. Disadvantages: (1)
Preparation and execution are relatively time consuming; and (2) measurements using water might not be
applicable for evaluating potential for movement of sewage wastewater or chemical waste liquids through the soil
(can be overcome by using fluids in the test that are similar to the fluids of concern). See Table 7-2 for
additional information.

Frequency of Use: Uncommon.

Standard Methods/Guidelines: --
Sources for Additional Information: Bouma (1983). See also, Table 74.
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7.3 SATURATED HYDRAULIC CONDUCTIVITY (SHALLOW)

73.9 Boutwell Method

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Measuring vertical and horizontal components of saturated hydraulic conductivity
at the ground surface, especially clay liners.

Method Description: The Boutwell method is a two-stage falling-head borehole test used to calculate vertical
and horizontal hydraulic conductivity. In Stage I, a borehole is cased, grouted, and filled with water (Figure
7.3.9a). The casing and standpipe are filled with water and flow out of the bottom of the borehole is monitored
until steady-state conditions are reached. In Stage II, the hole is extended beyond the bottom of the borehole,
with the ratio of the length to diameter of the uncased zone between 1 and 1.5 (Figure 7.3.9a). The casing and
standpipe are reassembled and the rate of fall of water in the stand pipe is monitored until steady-state
conditions are reached again. Sai and Anderson (1991) provide the equations for calculating vertical and
horizontal hydraulic conductivity.

Method Selection Considerations: Advantages: (1) Is relatively fast, inexpensive, simple, and convenient to use;
(2) can measure very low hydraulic conductivities (1 x 10® meters/second); (3) allows determination of vertical
and horizoatal components of hydraulic conductivity. Disadvantages: (1) Measures small volume, so might miss
soil macropores and other flaws in soil liner construction; (2) short test periods do not allow entrapped air to
dissolve; (3) method does not account for the effects of soil suction; and (4) effects of incomplete and variable
suction are not known.

Frequency of Use: Relatively new method, which has not been widely tested.

Standard Methods/Guidelines: Sai and Anderson (1991).

Sources for Additional Information: Boutwell and Derric (1986).
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73.10 Velocity Permeameter

Other Names Used to Describe Method: Velocity head permeameter, falling head permeameter.

Uses at Contaminated Sites: Measuring vertical saturated hydraulic conductivity.

Method Description: The velocity permeameter estimates hydraulic conductivity based on the rate of fall of
water in a head tube above a soil core enclosed within a coring tube (Figure 7.3.10a). This is a falling-head test
in which data on change of water level in the head tube is entered into small programmable calculator equipped
with a timing module. The data on varying rates of fall are used to calculate a series of hydraulic conductivity
values, which are plotted against time since the test began (Figure 7.3.10b). The field saturated hydraulic
conductivity is the lowest value on the graph. :

Method Selection Considerations: Advantages: Is a relatively simple and rapid method (about an hour),
provided the velocity of the fall of water in the head tube can be measured accurately (accuracy increases as the
ratio of the soil-core diameter to the head-tube diameter increases). Disadvantages: (1) Maintaining a seal
around the edges of the coring device might be difficult under high liquid heads; and (2) field measurements and
data reduction require a skilled operator.

FErequency of Use: Relatively new method, which has not been widely tested.

Standard Methods/Guidelines: --
Sources for Additional Information: Kanwar et al. (1987), Sai and Anderson (1991).
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Figure 7.3.10 Velocity permeameter: (a) Front view and operational schematic; (b) Measured hydraulic conductivity
versus time (Sai and Anderson, 1991).
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73 SATURATED HYDRAULIC CONDUCTIVITY (SHALLOW)

73.11 Percolation Test

Other Names Used to Describe Method: Perc test, falling head test.

Uses at Contaminated Sites: --

Method Description: This test is similar to the constant head shallow-well pump-in method, except that a
constant head is not maintained for the test. A 6-inch diameter hole is augered or dug to the depth of interest
and 2 inches of gravel are placed in the bottom to prevent scouring by water poured into the hole (Figure 7.3.11).
Water is maintained at a depth of 12 inches in the hole until the soil around the hole is saturated (generally 4
to 12 hours). The water level is adjusted to 6 inches above the gravel and the amount of fall over a 30 minute
period is measured. The water level is adjusted to 6 inches above the gravel after each measurement, and
measurements are repeated until two successive water drops do not vary by more than 1/16 inches. Results are
reported in minutes/inch or inches/bour.

Method Selection Considerations: Advantages: Is simple and easy to calculate. Disadvantages: (1) Results can
be highly variable due to soil moisture conditions at the time of the test and the individual performing the test;
and (2) when properly done, still only provides an approximate measure of saturated hydraulic conductivity.

Frequency of Use: Widely used for assessing soil suitability and design of septic tank soil absorption systems for
sewage treatment. Not recommended for measuring saturated hydraulic conductivity.

Standard Methods/Guidelines: U.S. EPA (1980).

Sources for Additional Information: See Table 7-4.
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (1I): INFILTRATION, CONDUCTIVITY, AND FLUX
7.4 SATURATED HYDRAULIC CONDUCTIVITY (DEEP)

7.4.1 USBR Single-Well Methods

Other Names Used to Describe Method: Gravity permeability tests.

Uses at Contaminated Sites: Estimating saturated hydraulic conductivity in deep boreholes in the vadose zone.

Method Description: Water is pumped into a borehole at a rate that maintains a uniform water level in a basal
test section. Saturated hydraulic conductivity is estimated from appropriate curves and equations based on: (1)
Dimensions of the hole and inlet pipes, (2) length in contact with formation, (3) height of water above the base
of the borehole, (4) depth to water table, and (5) intake rate at steady state. Method 1 (Figure 7.4.1a) uses an
open borehole of 6 inches or more in diameter. The bottom of a feed pipe and observation pipe are set near
the bottom of the borehole, and the open portion of the borehole is filled with gravel pack if required to
maintain stability. Where gravel pack is required for stability, 40 feet is about the maximurn depth that this test
can be economically carried out. Method 2 (Figure 7.4.1b) uses a perforated casing for the depth of interest into
which water is pumped and an observation pipe set near the top of the perforations. The casing is sunk by
drilling, jetting or driving, whichever give the tightest fit. This method generally is less accurate than Method
1 for unconsolidated materials, but might be the only practical method for determining permeabilities in
streambeds or lakebeds below water. Method 3 uses a hardened drive shoe to drive the casing where Method
2 will not work, and is used only where Method 2 will not work because it is the least accurate of the three
methods.

Method Selection Considerations: All methods require some form of a casing advancement drilling method.
Advantages: (1) Allows estimating saturated hydraulic conductivity at great depths in the vadose zone; (2) a series
of tests as the borehole is deepened allows developing of profile of K values; and (3) can be conducted in
unconsolidated formations where packer testing (Section 4.2.3) might not be feasible. Disadvantages: (1) K,
tends to be underestimated because solution method assumes the flow region is entirely saturated, which is not
true; (2) expensive and time-consuming (especially in dry, coarse-grained material), so multiple tests to
adequately characterize spatial variability might be prohibitive; and (3) requires skilled personnel to conduct tests.
Mecthod descriptions above indicate specific conditions under which the different methods are used. Packer
testing (Section 4.2.3) is probably the preferred method where boreholes are in consolidated rock.

Frequency of Use: Most likely to be used in the western United States where the saturated zone is far below
the ground surface.

Standard Methods/Guidelines: Bureau of Reclamation (1981).

Sources for Additional Information: Everett et al. (1982), Schmid (1967), Stephens and Neuman (1982a,b),
Wilson (1982), Zanger (1953).
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
7.4 SATURATED HYDRAULIC CONDUCTIVITY (DEEP)
7.4.2 USBR Multiple-Well Method

Other Names Used to Describe Method: Gravity permeability test.

Uses at Contaminated Sites: Estimating saturated hydraulic conductivity where lenses of slowly permeable
material are widespread.

Method Description: A 6-inch intake well and at least three observation wells are installed to the top of an
impermeable layer (Figure 7.4.2). Water is pumped into the central well at a steady rate and changes in water
levels in the piezometers are measured. K, is calculated using the appropriate curves and equations.

Method Seclection Considerations: Advantages: Results can be used to estimate lateral flow rates in perched
ground-water regions. Disadvantages: (1) Is expensive and time-consuming; and (2) requires trained personnel.

Frequency of Use: Relatively uncommon.
Standard Methods/Guidelines: Bureau of Reclamation (1981-Method 4).

Sources for Additional Information: Wilson (1982).
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
7.4 SATURATED HYDRAULIC CONDUCTIVITY (DEEP)
7.4.3 Stephens-Neuman Single-Well Method

Other Names Used to Describe Method: Unsteady flow permeability test.

Uses at Contaminated Sites: Estimating saturated hydraulic conductivity in the deep vadose zone.

Method Description: Water is pumped into a well drilled to the depth of interest, and changes in water level
with time are measured and used to estimate steady-state infiltration, rather than pumping until steady-state
infiltration is achieved, as in the USBR single-well tests (Section 7.4.1). Empirical formulas based on numerical
simulations using the unsaturated characteristics of four soils allows correction for unsaturated flow conditions

during the test.

Mcthod Selection Considerations: Advantages: (1) Provides more accurate estimation of the saturated hydraulic
conductivity of unsaturated soil than the USBR single-well methods; (2) less time is required for the test because
steady-state flow conditions are not required; (3) allows estimating saturated hydraulic conductivity at great
depths in the vadose zone; (4) a series of tests as the borehole is deepened allows developing of a profile of K
values; and (5) can be conducted in unconsolidated formations where packer testing (Section 4.2.3) might not
be feasible. Disadvantages: The cost of drilling deep boreholes makes it difficult to characterize spatial variability
of hydraulic conductivity with this method. Packer testing (Section 4.2.3) probably is the preferred method where
boreholes are in consolidated rock.

Frequency of Use: Uncommon.
Standard Methods/Guidelines: Stephens and Neuman (1980, 1982c).

Sources for Additional Information: Everett et al. (1982), Wilson (1982).
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION , CONDUCTIVITY, AND FLUX
7.4 SATURATED HYDRAULIC CONDUCTIVITY (DEEP)
7.4.4 Air Permeability Method

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Estimating saturated hydraulic conductivity in the deep vadose zone.

Method Description: Air pressure changes in the subsurface in response to change in the barometric pressure
at the land surface are measured in specially constructed piezometers (Figure 7.4.4). Pressure response data
combined with information on the air-filled porosity allow calculation of air permeability. If the Klinkenberg
effect is small, hydraulic conductivity can be ‘calculated from air permeability. Section 9.4.4 provides further
information of methods for measuring air permeability in shallow zones.

Method Selection Considerations: Advantages: Can be used to estimate hydraulic conductivity in layered
materials in the vadose zone. Disadvantages: (1) Is indirect; (2) soils must be dry, since too much soil water
inhibits air flow; (3) is expensive and time consuming; (4) is complex, requiring trained personnel; (5) in fine-
grained materials, the permeability to air is greater than the hydraulic permeability because of the Klinkenberg
effect; and (6) presence of clays with high shrink-swell make it difficult to accurately calculate hydraulic
conductivity from air permeability. :

Frequency of Use: Uncommon.

Standard Methods/Guidelines: Weeks (1978).
Sources for Additional Information: Everett et al. (1982), Wilson (1982).
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
7.5 WATER FLUX (UNSATURATED ZONE)

7.5.1 Water Budget Methods

Other Names Used to Describe Method: Water balance method, water content method.

Uses at Contaminated Sites: Estimating leachate generation by percolating water in the subsurface; estimating
solute velocity. :

Method Description: Water flux: The method itself involves calculations of water flux in the subsurface based
on inflow (precipitation), outflow (runoff, evapotranspiration), and changes in storage (water content).
Parameters, which must be estimated or measured in the field, include: (1) Precipitation (Sections 8.1.1 and
8.1.2), (2) evapotranspiration (Sections 8.3 and 8.4), and (3) available water capacity (Section 6.3.3) or changes
in water content or soil matric potential with time (using methods described in Sections 6.2 and 6.3). Figure 7.5.1
shows a cumulative water balance used to determine seepage from a wastewater lagoon to ground water.
Simplified versions of this approach include: (1) The instantaneous profile method (Section 7.2.1); (2) Wilson
(1980) describes a variant of this method, which provides a profile-specific water budget by measuring changes
in water content at different depths by assuming all terms of the water budget calculation are zero except for flux
and soil-water storage changes (similar to draining profile method, Section 7.2.2); and (3) the Thornthwaite
method, which can be used with climatic data (monthly precipitation and temperature) and soil water holding
characteristics. Vadose-zone solute-transport models involving the soil rooting zone are based primarily on water
budget principles and allow estimation of water and contaminant flux. Velocity: Everett et al. (1983) describe
a simplified method for estimating vertical travel time to a water table where the vadose zone is very thick.
Depth of penetration (dv2) equals depth of percolating water during a specified time period (dw), divided by the
volumetric water content at field capacity (§): dv2 = dw/d. Dividing this value into the thickness of the vadose
zone provides an estimate of how long it will take water to percolate below the rooting zone to reach the water
table if no preferential flow paths occur. :

Method Selection Considerations: Advantages: (1) Provides estimates of flux for an entire area, rather than point
estimates; and (2) relatively simple if most parameters in the water budget equation can be estimated with
acceptable accuracy or set equal to zero. Disadvantages: (1) Accurate field measurement of some parameters,
such as evapotranspiration, is difficult and field measurement of all required parameters is expensive and time
consuming; (2) errors in measurement or estimation of components (inflow and outflow, evapotranspiration,
rainfall, and ambient temperature) might accumulate in flux estimates; (3) difficuit to use where water table is
high and changes in water storage are minimal; (4) contaminant chemical reactions in soil solution, which change
" water transmission and water holding properties, reduce accuracy of estimates; (5) flux calculations based on soil-
water storage changes will be underestimated in highly structure soils where water flow occurs primarily in cracks
and macropores; and (6) in poorly leveled fields, water might pond in low spots, and run off rapidly in other
areas, resulting in actual local fluxes, which can vary considerably from average fluxes calculated assuming
uniform water application.

Frequency of Use: Relatively common (most vadose zone computer models use some form of water budget)

Standard Methods/Guidelines: Wagenet (1986).
Sources for Additional Information: Everett et al. (1983), Wilson (1980, 1982). See also, Table 7-6.
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
7.5 WATER FLUX (UNSATURATED ZONE)
7.5.2 Soil Moisture/Matric Potential Methods

Other Names Used to Describe Method: Hydraulic gradient/unit hydraulic gradient methods, instantaneous
profile method (Section 7.2.1), draining profile methods (7.2.2).

Uses at Contaminated Sites: Estimating water flux in the vadose zone.

Method Description: A variety of methods are available to estimate flux in the vadose, based on measurements
of changes in soil moisture and/or matric potential with depth and over time. Depending on the specific method,
various types of calibration curves, such as matric potential versus water content and hydraulic conductivity as
a function of matric potential and/or water content, can be used. The instantaneous profile method (Section
7.2.1) and various draining profile methods (Section 7.2.2) can be used to calculate water flux. The hydraulic
gradient method uses the basic approach of the instantaneous profile method (Section 7.2.1), except that
evapotranspiration and infiltration of natural precipitation can be allowed. Hydraulic gradients in the unsaturated
zone are measured in the subsurface by installing tensiometers or psychrometers (Sections 6.2.1 and 6.2.2). For
each textural change, calibration curves are required to relate negative pressure measurement to water content
(moisture retention curves, see Section 6.4.1) and water content to unsaturated hydraulic conductivity (see
methods allowing measurement of the K(#) function in Table 7-1). The unit hydraulic gradient method is similar
to the hydraulic gradient method, except that a hydraulic gradient of 1 is assumed, requiring only one pressure
measuring unit at each depth of interest. Curves relating water content to matric potential (Section 6.3.1), and
water content to hydraulic conductivity, allow calculation of the amount of water flowing at the time of each
measurement, and measurements taken over time allow calculation of water flux. Alternatively, curves directly
relating hydraulic conductivity to matric potential can be used (see Table 7-1).

Method Selection Considerations: Instantaneous Profile: See Section 7.2.1. Draining Profile: See Section 7.2.2.
Hydraulic Gradient Advantages: Allows accurate measurement over a relatively large area. Hydraulic Gradient
Disadvantages: (1) Is relatively expensive to install enough units to characterize spatial variability for statistical
analysis; (2) generally is restricted to shallow depths in the vadose zone and might not be suitable for ponds or
landfills; (3) results are subject to hysteresis in the calibration curves (i.e., water content-pressure relations differ
depending on whether the soil is wetting or drying.); (4) requires obtaining calibration curves (water content
versus matric potential and hydraulic conductivity as a function of water content/matric potential) for each change
in texture; (5) requires measurement units in depthwise increments throughout the vadose zone, and gradients
across layers might suggest vertical flow when horizontal flow is actually predominant; and (6) might not be
suitable at sites underlain by fractured media. Unit Hydraulic Gradient Advantages: Simpler and less expensive
than the unit hydraulic gradient method because fewer calibration relationships are required. Unit Hydraulle
Gradient Disadvantages: (1) A large number of units are still required to characterize spatial variability; (2) the
assumption of unit hydraulic gradients might not apply, particularly in layered media; (3) might not be suitable
for ponds or landfills; and (4) as with the hydraulic gradient method, calibration measurements are required for
each change in texture and results are subject to hysteresis in calibration curves.

Frequency of Use: Commonly used in research applications, less commonly used for monitoring flux at
contaminated sites.

Standard Methods/Guidelines: Everett et al. (1983) describe steps, equations, and sample calculations for several
draining profile and hydraulic gradient methods.

Sources for Additional Information: Bouwer and Jackson (1974), Everett et al. (1983), Wilson (1980, 1982). See
also, Table 7-6.
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
7.5 WATER FLUX (UNSATURATED ZONE)
7.5.3 Tracers

Other Names Used to Describe Method: Chloride mass balance, bomb-pulse radionuclides (tritium, chlorine-36),
stable isotopes (deuterium and oxygen-18), other tracers.

Uses at Contaminated Sites: Estimating flux and velocity.

Method Description: A wide variety of tracers can be used to estimate flux and velocity in the vadose zone. The
chloride mass-balance flux method is a geochemical technique in which vertical profiles of chloride concentration
are developed by analysis of soil samples. Flux is calculated based on assumed flux contributed to the soil from
precipitation, The tritium and chloride-36 flux methods are used to identify water that has infiltrated in the last
30 to 40 years (see Section 4.3.5). The technique involves extracting soil water from core samples and analyzing
for tritium concentration (liquid scintillation counting technique) or extracting chloride as AgCl for analysis of
chloride-36 on using a tandem accelerator mass spectrometer. The stable isotope flux method is a relatively new
method based on the movement of deuterium and oxygen-18 in water molecules through the vadose zone (the
same isotopes have long been used to date ground water [see Section 4.3.4]). Water from soil cores is extracted
using a vacuum distillation procedure and the soil water is processed using CO2/H20 equilibration or hydrogen
reduction for analysis of stable isotope ratios on a ratio mass spectrometer. Velocity methods: A conservative
tracer (iodide, bromide) is introduced into the liquid source. Samples obtained from suction samplers and/or
free drainage samplers at successive depths are used to plot tracer breakthrough. Artificial tracers are used by
applying a known amount of a conservative tracer, such as chloride or bromide, to the ground surface and
collecting samples (from vertically spaced suction and/or free drainage samplers) at intervals to trace the speed
of flow. Analysis of changes in concentration with time also allows estimation of flux by mass balance analysis.

Method Selection Considerations: Chloride Mass-Balance Advantages: Is relatively inexpensive and easy to use.
Chloride Mass Balance Disadvantages: Is inaccurate if the following key assumptions do not apply: (1) Average
rate of chloride deposition from precipitation to the soil is constant; and (2) chloride does not move below the
root zone by preferential flow paths. Bomb-Pulse Advantages: Good method for determining whether water has
infiltrated in the last 30 to 40 years. Bomb-Pulse Disadvanteges: Extraction and analytical techniques are
relatively complex and expensive and required equipment might not be readily available. Stable Isotope
Advantages: In addition to estimating recharge rate, other soil-water movement processes, such as evaporation
and liquid/vapor flux, can be estimated. Stable Isotope Disadvantages: (1) Extraction and analytical techniques
are relatively complex and expensive and required equipment might not be readily available; (2) requires
sampling to be done during a lengthy period of little or no precipitation, or infiltration into the soil from other
sources will occur (i.e., the method is restricted to arid and semi-arid areas); and (3) requires vertical movement
of soil water because significant lateral soil-water movement would invalidate assumptions used to calculate flux.
Artificial Tracer Velocity Advantages: (1) Direct and simple method; (2) reflect flow in actual pores’if free-
drainage samplers are used; and (3) more accurate than methods requiring measurements of parameters in
Darcy’s equation. Artificial Tracer Velocity Disadvantages: (1) Use of nonconservative tracers (i.e., tracers that
move slower than the velocity of water) will underestimate fluxAvelocity; (2) use of suction samplers might alter
flow field and suction samplers cannot be used to sample soil water in very dry soil; (3) in structured media,
actual velocity might be higher than measured because of flow in cracks (can be dealt with by also using zero-
tension samplers [Section 9.3.1]); (4) if velocities are slow, long time periods might be required for tests; and (5)
average velocity of water-borne tracers might not be the same as average velocity of chemical liquids.

Frequency of Use: Tracer velocity: Relatively common.

Standard Methods/Guidelines: ASTM Draft Guide for Compérison of Techniques to Quantify the Soil-Moisture
Flux (in preparation).

Sources for Additional Information: Everett et al. (1983). See also, Table 7-6 and Sections 4.3.6 and 4.3.7.

762



7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
7.5 WATER FLUX (UNSATURATED ZONE)
7.5.4 Soil-Water Flux Meters

Other Names Used to Describe Method: Soil water flowmeter, direct flow/intercepting/hydraulic-resistance type,
thermal/heat probe type.

. Uses at Contaminated Sites: Measuring soil-water flux (amount of water moving through a unit cross-sectional
area of soil in a unit time period).

Method Description: Two major types of instruments have been developed for direct measurement of in situ
unsaturated soil-water flux: (1) Units that measure flow directly (intercepting meters), and (2) thermal meters,
which measure the movement of a thermal pulse in a porous cup. The intercepting-type hydraulic-resistance
meter, first developed by Cary (1968, 1970) and refined by Dirksen (1972, 1974), involves intercepting part or
all of the soil-water flux and determining its magnitude by measuring the hydraulic-head loss across the inflow
and outflow portions of the meter. Tensiometers are installed nearby to monitor head loss in the undisturbed
soil and hydraulic resistance of the valve in the meter adjusted to match conditions in the soil. A recent
refinement combines features of the methods by Dirksen (1974) and by Duke and Haise (1973--see Section 9.2.6).
In this instrument, soil-water flow is intercepted by a porous plate in which the suction is automatically adjusted
to maintain the same matric potentials above the plate and in the surrounding undisturbed soil (Figure 7.5.4).
Both the hydraulic-resistance type and suction type meters require excavation of a pit and installation of the
meter in the side of the pit at the desired depth.

Method Selection Considerations: Advantages: (1) Information on hydraulic conductivity or hydraulic gradient
is not required; (2) can provide reasonable direct water flux measurements if properly used; (3) most useful for
localized and specialized studies; (4) suction-type meter overcomes most of the major disadvantages of other
types by eliminating the need for extensive laboratory or in situ calibrations, is not adversely affected by air
bubbles, and can sample flux over a larger area. Disadvantages: (1) Is relatively expensive and complex method;
(2) localized nature of measurement does not allow estimating flux over large areas unless many flux meters are
installed; (3) soil is disturbed during installation of most types and might interrupt normal soil-water flow
patterns; (4) calibration procedures are tedious, especially for multilayered media (Dirksen hydraulic-resistance
type and suction type do not require much calibration); (5) requirement for trench installation limits use to
relatively shallow depths; (6) hydraulic-resistance type meters require fairly wet soils to perform effectively and
the presence of air bubbles in soil water or in filter cloth and tubing will reduce flow into the meter; (7) most
types involve the measurement of flow in disturbed soil, and meters are especially difficult to install in layered
media without affecting flow lines; (8) most units require contact with relatively fine-grained porous media and
will not work well in coarse-grained or fractured media (not a problem with suction type); and (9) thermal meter
will give erroneous readings if chemical waste fluids have different heat conducting properties than water and
have not been thoroughly tested in the field.

Frequency of Use: Uncommon.

Standard Methods/Guidelines: Hydraulic-resistance type: Wagenet (1986); Suction type: van Grinsven et al.
(1988).

Sources for Additional Information: Bouwer and Jackson (1974), Everett et al. (1983), Wilson (1980). See also,
Table 7-6.
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
7.5 WATER FLUX (UNSATURATED ZONE)
7.5.5 Velocity Estimation

Other Names Used to Describe Methdd: Velocity-flux/velocity-long-term infiltration calculation, velocity from -
suction cups.

Uses at Contaminated Sites: Measuring or estimating velocity with which water travels in the vadose zone.

Method Description: Flux er long-term infiltration calculation: Velocity can be calculated by dividing flux values
obtained by methods described above (Sections 7.5.1 to 7.5.4), or dividing the long-term infiltration rate (as
determined using methods in Sections 7.1.1 or 7.1.4) by average water content. Both methods assume that: (1)
Hydraulic gradients are unity, (2) an average water content can be determined, (3) flow is vertical, and (4) a
homogenous media exists. Indirect estimates of velocity can be obtained using suction samplers (Section 9.2).
Apparent vertical velocity is estimated by observing the time it takes a wetting front from a surface source to
reach vertically placed suction samplers, as indicated by a change from little or no soil-water retrieval during
sampling to ready collection of soil water during suction. Section 7.5.1 (flux water budget methods) describes
a simplified method for estimating velocity using water budget data, and 7.5.3 (tracers) describes use of tracers
to estimating velocity.

Method Selection Considerations: Flux/Inflltration Calculation Advantages: (1) Is simple and inexpensive when
coupled with other methods; and (2) is suitable for making a preliminary estimate of travel time of pollutants
in the vadose zone. Flux/Infiltration Calculation Disadvantages: (1) Underestimates velocity in structured media;
(2) is not valid if perching layers cause lateral flow; (3) for multi-layered media, an average moisture content
value might be difficult to obtain; (4) might be difficult to obtain equivalent water content values where liquid
wastes have different properties than water.

Frequency of Use: Flux/infiltration calculations: Relatively common.
Standard Methods/Guidelines: Flux calculation: Bouwer (1980), Wilson (1980); Suction cup: Everett et al. (1983).

Sources _for Additional Information: Wilson (1982), Everett et al. (1983); Case studies: Biggar and Nielsen
(1976), Jury and Sposito (1985).
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX
7.5 WATER FLUX (UNSATURATED ZONE)

7.5.6 Physical and Empirical Equations
Other Names Used to Describe Method: --

Uses at Contaminated Sites: Estimating water flux in the vadose zone.

Method Description: A soil-physics based approach to quantifying soil-water flux requires measurement or
estimation of hydraulic characteristic data and the use of physically or empirically-based equations to calculate
flux. Any technique that measures hydraulic conductivity as a function of water content or matric potential (see
Section 6.3.1 and Section 7.2 generally) allows calculation of water flux if the appropriate parameter (water
content or matric potential) is monitored. Most of the methods in Section 7.5.2 (Soil Moisture/Matric Potential
Methods) use this approach in one way or another. Numerous physically- and empirically-based equations have
been developed to model infiltration and flow in the unsaturated zone. Sections 7.1.4 (Infiltration Equations)
and Section 7.2.8 (Physical/Empirical Equations and Relationships) provide an overview of these approaches.
The catalog-of-hydraulic-properties approach involves the use of "typical” hydraulic properties associated with
physical soil properties, such as texture, porosity, and bulk density, to estimate both saturated and unsaturated
hydraulic conductivity, provided that physical characteristics of the soils of interest are similar to soils for which
data are available.

Method Selection Considerations: Physical and empirical equations: See Sections 7.1.4 and 7.2.8. Catalog-of-
hydraulic-properties advantages: (1) Simple, quick, and can be used to estimate relative variations in hydraulic
conductivity caused by stratification; and (2) is good for sensitivity analysis. Catalog-of-hydraulic-properties
disadvantages: Might be prone to large errors because of lack of comparability between soil properties and
because of spatial variability in soil properties.

Frequency of Use: Most methods for measuring soil hydraulic properties are based on, or require the use of, one
or more physical and/or empirical models. Estimation of hydraulic properties from other soil physical properties
is commonly used to obtain "ballpark" estimates of flux.

Standard Methods/Guidelines: --

Sources for Additional Information: Warrick et al. (1977). See generally, references for Sections 7.1.4, 7.2.8, and
Table 7-5.
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Table 7-3 Reference Index for Measurement of Unsaturated Hydraulic Conductivity and Flux in the Vadose Zone

Topic

References

Reviews

Instantaneous Profile

Draining Profile

Tension Infiltrometers

Crust-Imposed Steady Flux

Sprinkler/Dripper Methods

Entrapped Air Method

Bouma (1977), Bouma et al. (1974), Bouwer and Jackson (1974), Dirksen (1991),
Green et al. (1986), Hendrickx (1990), Hillel and Benyamini (1974), Stephens and
Neuman (1982a), U.S. EPA (1986)

Ahuja et al, (1976), Arya et al. (1975), Baker et al. (1974), Cassel (1974), Dane
(1980), Davidson et al. (1969), Fliihler et al. (1976), Hillel and Benyamini (1974),
Hillel et al. (1972), Hsieh and Enfield (1974), Klute (1972), Nagpal and DeVries
(1976), Niclsen and Biggar (1973), Nielsen et al. (1964, 1973), Ogata and
Richards (1957), Richards et al. (1956), Roberts (1984), Rose and Krishnan
(1967), Rose et al. (1965), Schuh and Cline (1990), Shouse et al. (1992), Simmons
et al. (1979), Stone et al. (1973), Stoner (1985), Unlu et al. (1989, 1990), van
Bavel et al. (1968), Warrick and Amoozegar-Fard (1980), Watson (1966); In Situ
Soil Block: Cheng et al. (1975), Luxmoore et al. (1981); Tensiometers/Soil Cores:
Cassel (1971), Carvallo et al. (1976), Miller et al.. (1965)

Moisture Profile: Chong et al, (1981), Dane (1980), Dane and Hruska (1983),
Libardi et al. (1980), Luxmoore et al. (1981), Sisson et al. (1980); Pressure
Profile: Ahuja et al. (1980, 1982, 1988), Schuh et al. (1984), Wall and John (1982)

Designs: Ankeny et al. (1988), Perroux and White (1988); Hydraulic Conductivity:
Ankeny et al. (1991), Baumgartner et al. (1987), Clothier and Smettem (1990),
Cook (1991), Elrick et al. (1987), Havlena and Stephens (1992), Reynolds and
Elrick (1991), Sai and Anderson (1991), Smettem and Clothier (1989), Warrick
(1992), White and Perroux (1987, 1989); Sorptivity/Diffusivity: Chong and Green
(1983), Clothier and Smettem (1990), Clothier and White (1981), Dirksen (1975),
Russo and Bresler (1980), Smettem and Clothier (1989), Smiles and Harvey
(1973), Walker and Chong (1986), White and Perroux (1987, 1989);
Infiltration/Macroporosity: Ankeny et al. (1990), Clothier et al. (1981a), Jarvis et
al. (1984), Watson and Luxmoore (1986), Wilson and Luxmoore (1988).

Anderson and Bouma (1977-laboratory), Baker (1977), Baker and Bouma (1976),
Booltinck et al. (1991), Bouma (1975), Bouma and Denning (1972), Bouma et al.
(1971), Hillel and Gardner (1969, 1970), Reinds (1988-laboratory), Roberts
(1984), Spaans et al. (1990), Stoner (1985)

Sprinkler-Imposed Flux: Chong (1983-sorptivity), Hillel and Benyamini (1974),
Hills et al. (1989), McQueen (1963), Morin et al. (1967), Rawitz et al. (1972),
Reinds (1988-laboratory), van de Pol et al. (1977), Youngs (1964-laboratory);
Dripper Infiltrometers: Bridge and Ross (1985), Shani et al (1987); Infiltration
Rates: See Section 7.1.2.

Dixon and Linden (1972), Peck (1965), Starr et al. (1978), Takagi (1960); see
also, references on effects of entrapped air on hydraulic conductivity in Table 7-4
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Table 7-4 Reference Index for Measurement of Saturated Hydraulic Conductivity in the Vadose Zone

Topic References

Saturated Hydraulic Conductivity
(Above Shallow Water Table)

Reviews Amoozegar and Warrick (1986), Boersma (1965), Bouwer and Jackson (1974),
Hamilton et al. (1981), Hendrickx {1990), Kessler and Oosterbaan (1974), Lambe
(1955), Sai and Anderson (1991), Stephens et al. (1988), Winger (1960), Youngs
(1991); Method Comparisons: Havlena and Stephens (1992), Lee et al. (1985),
Reynolds et al., (1983), Roberts (1984), Sai and Anderson (1991), U.S. EPA
(1986); Chemical Effects on Clays: Brown (1988), Roberts (1984)

Effect of Entrapped Air Bouwer (1966, 1978), Bouwer and Jackson (1974), Chahal (1964), Corey (1957),
Jarrett and Fritton (1978), McWhorter et al. (1973), Peck (1969), Stephens et al.
(1984)

Temperature Effects Chahal (1964), Constantz (1982), Giakoumakis and Tsakiris (1991), Haridasan

and Jensen (1972), Hopmans and Dane (1986)

Cylinder Infiltrometers Aronovici (1955), Bouwer (1963), Burgy and Luthin (1956), Dixon (1975-sealed
infiltrometer), Havlena and Stephens (1992), Johnson (1963), Priksat et al. (1992),
Reynolds and Elrick (1990), Roberts (1984), Sai and Anderson (1991), Scotter et
al. (1982), Swartzendruber and Olsen (1961a,b); Compacted Liner Tests: Daniel
(1984, 1989), Daniel and Trautwein (1986), Elsbury et al. (1988), Panno et al.
(1991), Pederson et al. (1988), Rogowski (1990), Sai and Anderson (1991), U.S.
EPA (1989), Youngs (1991)

Constant-Head Borehole

Infiltration Amoozegar (1989a,b), Banton (1993), Boersma (1965), Bouwer (1978), Elrick and
Reynolds (1992), Fritton et al. (1986), Haviena and Stephens (1992), Heinen and
Raats (1990), Kanwar et al. (1987), Philip (1985a), Picomell and Guerra (1992),
Reynolds et al. (1983, 1985), Stephens et al. (1987, 1988), Talsma (1987), Zanger
(1953)

Guelph Permeameter Elrick and Reynolds (1992), Elrick et al. (1987, 1988), Havlena and Stephens
(1992), Heinen and Raats (1990), Jabro and Fritton (1990), Lee et al. (1985),
Logsdon et al. (1990), Reynolds and Elirick (1985a, 1985b, 1986, 1987), Reynolds
et al. (1983), Sai and Anderson (1991), Stephens et al. (1988), Talsma (1987),
Talsma and Hallam (1980), Wilson et al. (1989)

Air-Entry Permeameter Aldabagh and Beer (1971), Bouma (1983), Bouwer (1966, 1978), Bresler et al.
(1978-K™**"), Havlena and Stephens (1992), Lee et al. (1985), Reynolds et al.
(1983), Roberts (1984), Russo and Bresler (1980), Sai and Anderson (1991),
Shani et al. (1987), Stephens et al. (1988), Topp and Binns (1976), U.S. EPA
(1981), Youngs (1991)

Double Tube Method Boersma (1965), Bouma (1971, 1983), Bouma and Hole (1971), Bouwer (1961,
1962, 1964a, 1978), Bouwer and Rice (1964, 1967), Brust et al. (1968), Kessler
and Qosterbaan (1974), U.S. EPA (1981)

Infiltration Gradient Bouwer (1964a, 1978), Bouwer and Jackson (1974), Bouwer and Rice (1967),
Rice (1967)
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Table 7-4 (cont.)

Topic

References

In Situ Monoliths

Percolation Test

Saturated Hydraulic Conductivity
(Deep Water Table)

Cube Method: Bouma and Dekker (1981), Roberts (1984); Column Method:
Baker and Bouma (1975), Bouma (1980), Bouma et al. (1976, 1979, 1981), Vroon
et al. (1988); Column-Crust Method: Bouma (1982); Monoliths: Jager and van der
Voort (1966), Mielke (1973), Sai and Anderson (1991), Stibbe et al. (1970),
Tzimas (1979)

Barbarick et al. (1976), Chan (1976), Elrick and Reynolds (1986), Hill (1966),
Jabro and Fritton (1990), U.S. EPA (1980), U.S. PHS (1969); Percolation_Test
Relationship to Ksat: Bicki et al. (1988), Bouma (1971), Fritton et al. (1986),
Healy and Laak (1973), Jabro and Fritton (1990), Mellon (1973), Paige and
Veneman (1993), Winneberger (1974)

See Section 7.4
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Table 7-5  Reference Index for Physical and Empirical Equations and Models of Hydraulic Properties in the

Vadose Zone

Topic

References

Infiltration/Saturated Hydraulic
Conductivity

Infiltration Theory/Equations

Unsaturated Hydraulic Conductivity

Parameter Identification

Empirical Equations/Models
(Sce also, Table 6-3)

Hydraulic Properties from
Soil Physical Properties
(Sce also, Table 6-3)

Bouwer (1964b), Brandt et al. (1971), Broadbridge and White (1988), Childs
(1967), Clothier et al. (1981b), Hanks and Bowers (1962), Hanks et al. (1969),
Hogarth et al. (1989), Horton (1935, 1939, 1940), Knight (1983), Knight and
Philip (1974), Kutilek (1980), Panikar and Nanjappa (1977), Parlange (1972),
Parlange and Smith (1976), Parlange et al. (1982, 1985), Parr and Bertrand
(1960), Philip (1954, 1957a,b, 1958a,b, 1969, 1973, 1975, 1985b, 1989a,b), Philip
and Knight (1974), Pullan (1990), Raats (1973), Reichardt et al. (1972), Richards
(1931, 1965), Rijtema and Wassink (1969), Rubin and Steinhardt (1963), Rubin et
al. (1964), Sharma et al. (1980), Stallman (1967), Swartzendruber (1987a,b),
Swartzendruber and Clague (1989), Swartzendruber and Hogarth (1991), Talsma
and Parlange (1972), Warrick (1985), Warrick and Hussen (1993), White and
Broadbridge (1988), White and Sully (1987), White et al. (1989), Wilson and
Luthin (1963), Wooding (1968)

Dane and Hruska (1983), Hornung (1983), Kool and Parker (1988), Kool et al.
(1985, 1987), Parker et al. (1985), Ravi and Jennings (1990-laboratory
measurements), Sisson et al. (1980), van Dam et al. (1992), Van Genuchten et al.
(1989), Zachmann (1981, 1982) :

Empirical Equations: Bresler et al. (1978), Brooks and Corey (1964, 1966),
Gardner (1958), Laliberte et al. (1966-values for use with BC equation), Messing
(1989), Raats and Gardner (1971), Ritjema (1965), Wind (1955); Macroscopic
Models: Irmay (1954), Mualem (1978); Statistical Models: Burdine (1953), Childs
and Collis-George (1950), Marshali (1958), Millington and Quirk (1959, 1961,
1964), Mualem (1976a), Mualem and Dagan (1978), Purcell (1949), Rieu and
Sposito (1991a,b), Ross and Smettem (1993), Vachaud (1967), Van Genuchten
(1979, 1980), Weeks and Richards (1967); Use/Comparisons: Bruce (1972), Brust
et al. (1968), Brutsaert (1967), Green and Corey (1971), Jackson (1972), Jackson
et al. (1965), Kunze et al. (1968), Nielsen et al. (1960), Rogers and Klute (1971),
Roulier et al. (1972), Stockton and Warrick (1971),

Ahuja et al. (1984), Alexander and Skaggs (1987), Anderson and Bouma (1973),
Basak (1972), Bloeman (1980), Burdine (1953), Campbell (1974), Clapp and
Hornberger (1978), Clausnitzer et al. (1992), de Jong (1982), Hanks et al. (1969),
Laliberte and Corey (1967), Marshall (1958), Mason et al. (1957), McCuen et al.
(1981), Mehuys et al. (1975), Mishra et al. (1989), Mualem (1976b), Puckett et al.
(1985), Rawls and Brakensiek (1985), Rawls et al. (1982), Reichardt et al. (1975),
Rogowski (1972), Saxton et al. (1986), Schuh et al. (1988), Tyler and Wheatcraft
(1989), Van Genuchten and Nielsen (1985), White and Perroux (1989-sorptivity),
Williams et al. (1992), Wésten and Van Genuchten (1988)
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Table 7-6 Reference Index for Water Flux Methods

Topic

References

General Reviews

Water Budget

Soil Moisture/Potential

Tracers

Soil-Water Flux Meters

Allison (1987), Gee and Hiliel (1988), Roth et al. (1990), Simmons et al. (1979),
U.S. EPA (1986-vadose zone travel time), Wagenet (1986) :

Fenn et al. (1975), Gee and Hillel (1988), Jensen (1974), Kmet (1982), Simmers
(1987), Sokolow and Chapman (1974), Warrick and Amoozegar-Fard (1981),
Zepp and Belz (1992); Thornthwaite Method: Dunne and Leopold (1978),
Thornethwaite and Mather (1957), Wilmott (1977); Case Studies: Aguilar and
Aldon (1991), Dreiss and Anderson (1985), Fenn et al. (1975), Forslund and
Daily (1990), Mather and Rodriguez (1978), Orr et al. (1990), Panno et al.
(1991), Young and Clapp (1989)

Case Studies: Aguilar and Aldon (1991), Enfield et al. (1973), LaRue et al.
(1968), Simmons et al. (1979), van Bavel et al. (1968)

Chloride: Allison (1987), Allison and Huges (1978, 1983), Allison et al. (1985),
Johnston (1987), Knowlton et al. (1992), Scanlon (1991), Sharma and Hughes
(1985), Sukhija et al. (1988), Walker et al (1991); Tritium: Allison and Huges -
(1978), Evans et al. (1976), Frissel et al. (1974), Knowlton et al. (1992), Phillips et
al. (1988); Other: Allison et al. (1985), Frissel et al. (1974), Knowlton et al.
(1992), Sharma and Hughes (1985)

Thermal: Byrne (1971), Byrne et al. (1967, 1968); Hydraulic Resistance: Cary
(1968, 1970, 1971, 1973), Dirksen (1972, 1974); Suction-Hydraulic Resistance: van
Grinsven et al. (1988).
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SECTION 8

VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS

Water movement and transport of contaminants in the vadose zone is determined by the amount of
precipitation that enters the ground by infiltration, and the amount of water that is removed from the soil by
evaporation from bare soil or by evapotranspiration where vegetation covers the soil. This section contains
information on more than 50 techniques for measuring or estimating: (1) Hydrometeorological parameters, and
(2) evaporation and evapotranspiration for water budget calculations in the vadose zone and shallow ground-
water systems. Methods for measuring and estimating infiltration are covered in Section 7.1.

Hydrometeorological Data

Table 8-1 provides some general summary information on 38 techniques for measuring six major
hydrometeorological parameters and identifies sections of this guide were more detailed information can be
found. Precipitation is a primary input into water budget calculations, and devices for measuring precipitation
fall into two main categories: (1) Manual gages (Section 8.1.1), and (2) recording gages (Section 8.1.2).
Measurement of humidity (Sections 8.1.3 and 8.1.4) might be required during field work for protection of health
and safety and are required with most micrometeorological methods for measuring evapotranspiration (Section
8.4). Other hydrometeorological measurements might be required for monitoring weather conditions, such as
temperature (Sections 8.2.1 and 8.2.2), windspeed (Section 8.2.3), and wind direction (Section 8.2.4).
Measurement or estimation of these same parameters, as well as atmospheric pressure (Section 8.2.5) and
insolation or radiation measurement (Sections 8.2.6 and 8.2.7), might be required in order to quantify the
evapotranspiration component of water budget studies (discussed further below). Although numerous techniques
and devices have been developed for hydrometeorological measurements, most of the parameters of interest
usually can be estimated for purposes of vadose zone water budget studies by using data from nearby weather
stations or interpolations using hydrometeorological tables or maps. Consequently, only those methods relevant
to health and safety (temperature, humidity, windspeed, and direction) are likely to be used routinely during site
investigations. Table 8-1 identifies the specific hydrometeorological techniques or devices that are most
commonly used for site investigations. ASTM (1986) provides guidance on determining the operational
comparability of meteorological measurements.

Evaporation and Evapotranspiration

Water that reaches the earth’s surface can return to the atmosphere either by evaporation from free
water surfaces or bare 50il, or by transpiration by plants. The term evapotranspiration (ET) specifically refers
to the combined effects of evaporation and transpiration from the land surface, but also might be used loosely
to refer to the combined effects of evaporation from water and soil surfaces and transpiration. ET is a critical
component of vadose zone water budget calculations, and is one of the most difficult of these components to
measure accurately. The numerous methods that have been developed for measuring or estimating ET can be
broadly classified as water budget or balance methods and micrometeorological methods. Table 8-1 summarizes
mformation on 10water balance methods and 6 micrometeorological methods, and identifies specific applications
for each method (water evaporation, bare soil evaporation, evapotranspiration, and transpiration). Most of these
methods are too complex and time-consuming for routine site investigations.

Lysimeters (Section 8.3.1) and soil moisture monitoring (Section 8.3.2) probably are the most commonly
used methods for measuring evapotranspiration where site-specific data are required. Most vadose zone
hydrologic models use empirical equations (Section 8.4.1) and use data from nearby weather stations data and
published maps. The physically-based Penman equation (and various methods developed as refinements and
adaptations of the Penman equation) probably is the most commonly used method for estimation of evaporation
and/or evapotranspiration, where some measurements of meteorological data are feasible but the more complex
measurements and instrumentation of other micrometeorological methods are not feasible.
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Table 8-1 Summary Information on Vadose Zone Water Budget Characterization Methods

Technique Parameters Manual/ S/A/R Section Tables
Measured Automatic
Water-Related Hydrometeorological Measurements A
Sacramento Gage Rain Manual + 1 mm* 8.1.1 82
Storage Gage Rain Manual " 8.1.1 82
Automatic Wet/Dry Collectors Rain/Snow Either " 8.1.1 82
Weighing Gage Rain/Snow Automatic " 8.1.2 8-2
Tipping Bucket Gage Rain Automatic " 8.12 82
Float Gage Rain Automatic " 8.1.2 82
S/A/R

Sling Psychrometer Humidity Manual 0.1/0.5/- 8.13 82
Aspirated Psychrometer Humidity Either 0.02/0.1/-- 8.1.3 8-2
Thermocouple Psychrometer Humidity Either ? 6.1.2 ) 6-1, 6-3
Mechanical Hygrometers Humidity Either 1.0/5.0/20 to 100% 8.14 82
Dew-/Frost-Point Hygrometer Humidity Either .05/0.25/—- 8.14 82
Dew Cell/Probes Humidity Automatic 0.5/2.0/10 to 100% 8.14 8-2
Electric Hygrometers Humidity Either 0.5/2.0/5.0 to 98% 8.14 82
Diffusion Hygrometers Humidity ? ? 8.14 8-2
Absosption Spectra Hygrometers Humidity ? ? 8.14 82
Other Hydrometeorological Measurements A/R
Liquid-in-Glass Thermometer Temperature Manual +0.5°C/-40 to +60° 821
Bi-Mctal Thermometer Temperature Either " 8.2.1
Bourdon Tube Thermometer Temperature Either " 8.21
Thermocouple Temperature Either " 822
Metallic Resistance Bulb Temperature Either " 822
Thermistor Temperature Either " 822
Cup Ancmometers H windspeed Either 1.0 to 50/4-0.5m/s* 823 82
Windmill Anemometers V-H windspeed  Either " 823 82
Pressure Anemometers H windspeed Manual " 8.23 8-2
Hot-Wire Ancmometer V-H windspeed  Automatic " 823 82
Acoustic Anemometer V-H windspeed Automatic " 823 82
Wind Vanes Direction Either 0.5 to 50/45° 824 82
Wind Cones Direction Manual " 824 82

. S/A
Mercury Barometer Air pressure Manual ? 825
Altimeter Air pressure Manual 2 hPa/+0.2% 825
Precision Aneroid Air pressure Either 0.5 hPa/? 825

A

Thermopile Pyranometers Global rad. Automatic +0.1 to 0.5 mW/cm? 8.2.6 82
Bimetallic Pyranometer Global rad. Either +1.0 mW/em? 8.2.6 82
Photovoltaic Pyranometer Global rad. Either ? 8.2.6 8-2
Net Radiometers Net flux Either ? 827 82
Pyrheliometers Direct rad. Either ? 82.7 82

Boldface = Most commonly used instruments/methods.

S = Seasitivity = The smallest fraction of a division on a scale on which a reading can be made directly or by estimation; A =
Accuracy = The closeness with which an observation approaches the true value; R = Range of relative humidity that can be
measured.

*Recommended accuracy by World Meteorological Organization. Less precise measurements might be acceptable, depending on the
purpose of measurements.
YRange and accuracy of specific thermometers can range considerably, value shown is the recommended specification in U.S. EPA
(1987b). .
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Table 8-1 (cont.)

Technique Parameters Manual/ Accuracy Section Tables
Measured Automatic

Evapotranspiration (Water Balance Methods

Lysimeters WESEET,T Either Moderate to high* 83.1 8-3
Soil Moisture Monitoring SEET, T Manual Moderate to high" 8.3.2 83
Water Budget Methods WESEET, T Manual Low to high 833 8-3
Evaporation Pans WE Manual Moderate 834 8-3
Bvaporimeter SE Manual High* 83.5
Atmometers SE,T Manual Moderate 83.5 8-3
Chloride Tracer SE,ET,T Manual Moderate 8.3.6
Ground-Water Fluctuation SE,ET Manual Moderate 83.7 8-3
Other Transpiration Methods -T Manual Moderate to high* 8.3.8 8-3
Thermal Infrared WESEET Either Low to moderate 1.13 1-3
Evapotranspiration (Micrometeorological)

Empirical Equations WESEET,T Manual Moderate to high 8.4.1 8-3
Physically-Based Equations WESEET Either Moderate to high 842 83
Mass Transfer Methods WEET,T Either Moderate to high 843 83
Eaergy Budget Methods WESEET,T Either Moderate to high 844 8-3
Profile/Gradient Method WESEET Either Low to moderate 845 8-3
Eddy Correlation WEET Either High 8.4.6 83

Boldface = Most commonly used methods.
WE = Water evaporation; SE = Bare soil evaporation; ET = Evapotransplrauon, T = transpiration.

“For high accuracy, numerous measurements at different locations might be required to adequately characterize the variability of
evapotranspiration.



8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS
8.1 WATER-RELATED HYDROMETEOROLOGICAL DATA
8.1.1 Precipitation (Nonrecording Gages)

Other Names Used to Describe Method: Standard gage, sacramento gage, conduit gage.

Uses at Contaminated Sites: Monitoring of site conditions during field work; measuring precipitation for water
budget analysis.

Device Description: Nonrecording gages require visual observation or manual measurement to record the amount
of precipitation, even though some types might involve automated handling of collected precipitation.
Sacramento gage: An 8-inch diameter receiving funnel, routes precipitation into a measuring tube with a cross-
sectional area one-tenth that of the gage. The funnel attached to the collector both directs the precipitation into
the tube and minimizes evaporation loss (Figure 8.1.1). Accumulated precipitation is measured periodically.
Snow and other forms of frozen water are melted before measurement in order to give the equivalent amount
of rainfall. The receiving cylinder can be clear with graduated markings for direct readings, or depth is measured
using a measuring stick. Storage gages are similar to funnel gages, except that the storage container is large
enough to store the seasonal catch and oil or other evaporation suppressing material is added to reduce
evaporation between measurement. Automatic wet/dry precipitation collectors are specialized nonrecording
instruments, where chemical and/or radioactive analysis of precipitation is required. The collector is built with
a sensor, which detects the onset and cessation of precipitation, and automatically releases a lid to open and
cover the collector, which prevents evaporation of the samples collected between precipitation events. Other
manual gages: A wide variety of inexpensive gages, with various shapes for openings and graduated scales for
measuring precipitation, are available.

Device Selection Considerations: Sacramento Gage Advantages: (1) Is inexpensive and easy to use; and (2) has
no moving parts or electronic equipment to malfunction. Sacramento Gage Disadvantages: (1) Accurate
characterization of precipitation events requires measurement after each precipitation event, which is difficult
unless personnel are readily available to take readings at the required intervals; and (2) tend to underestimate
precipitation that falls as snow. Storage Gages: Used at inaccessible sites where seasonal measurements are
adequate for data needs. Automatic Precipitation Collectors: Used to collect bulk samples of precipitation for
chemical analysis. Standard collectors require manual recording of the precipitation that is collected, but recent
advances allow both automated recording of precipitation amounts and collection of snow and rain samples for
chemical analysis (Purcell and Brown, 1991). o

Frequency of Use: The Sacramento gage is the standard nonrecording gage used in the United States.

Standard Methods/Guidelines: NWS Specification No. 450.2301.

Sources for Additional Information: Brakensiek et al. (1979), Brock and Nicolaidis (1984), Lockhart (1989a),
Malone (1951), National Weather Service (1972), U.S. EPA (1985), U.S. Geological Survey (1980), WMO (1971).
See also, Table 8-2. Most of the general hydrology texts listed in Table 8-3 also discuss methods for measuring
precipitation.
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Figure 8.1.1 Typical non-recording rain gage (Kazmann, 1988, by permission).
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS

8.1 WATER-RELATED HYDROMETEOROLOGICAL DATA

8.1.2 Precipitation (Recording Gages)

Other Names Used to Describe Devices: Weighing, Fergusson, or un_ivexsal gage; tipping bucket gage; float gage.

Uses at Contaminated Sites: Measuring precipitation at remote sites or where accurate characterization of the
amount and intensity of precipitation is required for water budget analysis.

Device Description: Weighing gage: A mechanical recording device is attached to a scale, which provides
continuous weight measurements of precipitation that enters a cylinder gage (Figure 8.1.2a). Changes in weight
are recorded on a chart recorder. Tipping bucket gage: A pair of small containers designed so that when a
certain amount of rainfall (typically 0.01 inches) falls in one of the containers, it tips, and moves the other
container into position to receive the next rainfall (Figure 8.1.2b). When the collection container empties into
a storage container, an electrical contact is closed and the event is recorded on an electronic data logger. Float
gages are cylinder gages equipped with a float and a recording device to automate measurement (used in Great
Britain). Special features, which can be used with any gage, include: (1) Shields to improve collection efficiency
of snow, (2) heaters to melt frozen precipitation so it will not clog the collectors or funnels of the gage, and (3)
suppressants to reduce evaporation losses.

Device Selection Considerations: Weighing Gage Advantages: (1) Are very reliable; (2) equipment is readily
available; and (3) measures both rain and frozen precipitation. Weighing Gage Disadvantages: (1) Manual
reading of the chart recorder is required; (2) collection container usually must be emptied manually; and (3)
measurements of snow might not be accurate (accuracy can be increased by shielding [Simmons and Bigelow
(1990)]. Tipping Bucket Gage Advantages: (1) Data are generated electronically, which facilitates data analysis,
and (2) is reliable and equipment is readily available. Tipping Bucket Gage Disadvantages: (1) Requires more
maintenance than weighing gages; (2) is not accurate for measuring snowfall; and (3) requires power source for
recording.

Frequency of Use: The weighing gage is the official precipitation measurement device of the National Weather
Service. Tipping bucket gages are both readily available and widely used.

Standard Methods/Guidelines: Weighing gage: NWS Specification No. 450.2201.
Sources_for Additional Information: Brakensiek et al. (1979), Brock and Nicolaidis (1984), Lockhart (1989a),
Malone (1951), National Weather Service (1972), U.S. EPA (1985), U.S. Geological Survey (1980), WMO (1971).

See also, Table 8-2. Most of the general hydrology texts listed in Table 8-3 also discuss methods for measuring
precipitation.
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Figure 8.1.2 Recording rain gages: (a) Typical weighing rain gage (Kazmann, 1988, by permission); (b) Typical
tipping bucket rain gage (Dunne and Leopold, 1978, from: Water in Environmental Planning by Dunne
and Leopold, Copyright © 1978 by W.H. Freeman and Company, reprinted with permission).
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS
8.1 WATER-RELATED HYDROMETEOROLOGICAL DATA
8.1.3 Humidity Measurement (Psychrometers)

Other Names Used to Describe Device: Sling psychrometer, dry-bulb/wet-bulb thermometer, aspirated
psychrometer, thermocouple psychrometers.

Uses at Contaminated Sites: Estimating effective air temperature when it is very hot; psychrometers are required
for several micrometeorological evapotranspiration methods (profile, eddy correlation, mass transfer).

Device Description: Psychrometers operate on the principle of reduction of temperature by evaporation.* Sling
pychrometer: A dry-bulb/wet-bulb thermometer (two matched mercury-in-glass thermometers mounted on a
metal frame with the bulb of one covered by a moistened wick) is attached to a handle with a chain so that the
thermometer can swing around to equilibrate (Figure 8.1.3). Charts are used to determine relative humidity
based on the difference in temperature between the two thermometers. Readings from a static dry-bulb/wet-bulb
thermometer also can be used, but are not quite as accurate. Aspirated psychrometers are dry-bulb/wet-bulb
thermometers in which a motor-driven fan or blower draws air over the thermometers at a constant rate. Aswith
the sling psychrometer, humidity is determined using charts. Thermocouple psychrometers are discussed in
Scction 6.1.2.

Device Selection Considerations: Sling psychrometers are accurate, readily available, and easy to use. Aspirated
psychrometers provide greater accuracy (Table 8-1), but require a power source and involve more complex
installation procedures, such as use of a radiation shield. Humidity should be monitored whenever use of
protective clothing in hot temperatures creates a possibility of heat stress.

Frequency of Use: Commonly used.

Standard Methods/Guidelines: ASTM (1982, 1984a).

Sources for Additional Information: Berry et al. (1945), Lockhart (1989a), Spithaus and Middleton (1973), U.S.
EPA (1987a,b), U.S. Geological Survey (1980), Wexler (1965), WMO (1971). See also, Table 8-2.

*Note that the terms "psychrometer” and "hygrometer” might be used interchangeably in the published literature.
In this guide, the term psychrometer is applied to methods involving evaporation and hygrometer to any other
method of measuring humidity.



Figure 8.1.3 Sling psychrometer (in motion) for obtaining wet-bulb and dry-bulb temperatures for calculating
relative humidity and dew point (Cameron et al., 1966).



8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS

8.1 WATER-RELATED HYDROMETEOROLOGICAL DATA

8.1.4 Humidity Measurement (Hygrometers)

Other Names Used to Describe Device: Mechanical hygrometer, dew-point or frost-point hygrometer, dew cell

or dew probe, electric hygrometers (resistance, capacitance, or Dunmore Cell), diffusion hygrometer, absorption
spectra hygrometers (infrared, ultraviolet, alpha radiation).

Uses at Contaminated Sites: Estimating effective air temperature when it is very hot; hygrometers required for
several micrometeorological evapotranspiration methods (profile, eddy correlation, mass transfer).

Device Description: Hygrometers* include a wide variety of instruments that measure humidity by methods other
than evaporative effects on temperature (psychrometry, previous section). Mechanical hygrometer: Operates on
a similar principle to a bi-metal thermometer (Section 8.1.1), except that materials with differing response to air
moisture (hair, wood, and natural and synthetic fibers) are used. Mechanical hygrometers usually are read
manually, but can be attached to chart recorders. Dew-point and frost-point hygrometers measure the
temperature at which dew or frost condenses from the air on a cooled surface, usually a polished mirror. The
temperature can be converted into vapor pressure from vapor-pressure formulations or tables. For relative
humidity, the dry-bulb temperature also must be measured, and measurement of atmospheric pressure is required
for calculating the mixing ratio. Dew cells operate on the principle that the equilibrium vapor pressure of a
saturated solution is a function of the temperature of the solution. The dew cell consists of a temperature sensor
surrounded by a wick impregnated with a saturated solution of a salt, such as lithium chloride. A control circuit
maintains the solution at the temperature at which the equilibrium vapor pressure of the solution is equal to the
vapor pressure of the ambient air. The output from the sensor is indicated on a dial or is recorded on a chart,
which is calibrated in terms of the dew-point temperature of the ambient air. Figure 8.1.4 illustrates a typical
dew cell sensor housing and transmitter. Electric hygrometers measure changes in resistance or capacitance of
a thin film of hygroscopic material. Most instruments consist of a sensor and a measuring circuit with the output
indicated on a meter or recorded. The response of the sensor is an empirical function of relative humidity and
temperature. Diffusion hygrometers involve the diffusion of moisture through porous membranes. Absorption-
spectra hygrometers use the absorption spectra of water vapor, in response to infrared, ultra-violet, or alpha
radiation.

Device Selection Considerations: Mechanical hygrometers are simple and inexpensive, but the least accurate of
available methods. Dew-/frost-point hygrometers are the most accurate of available methods. Dew cells are less
accurate than sling psychrometers, but can be adapted for automatic data collection. Electric hygrometers are
comparable to dew cells in terms of accuracy, allow automatic data collection, and have the added advantage
being able to measure a somewhat wider range of relative humidity. Diffusion and absorption spectra
hygrometers are very accurate but require frequent attention and are expensive to purchase and maintain,

Frequency of Use: Mechanical hygrometers are widely used when a high degree of accuracy is not required.
Diffusion and absorption spectra hygrometers are used primarily for specialized research purposes

Standard Methods/Guidelines: ASTM (1982, 1983, 1985b).

Sources for Additional Information: Berry et al. (1945), Lockhart (1989a), Spilhaus and Middleton (1973), U.S.
EPA (1987a,b), U.S. Geological Survey (1980), Wexler (1957, 1965), Wexler and Brombacher (1951), WMO
(1971). See also, Table 8-2.

* Note that the terms "psychrometer” and "hygrometer" might be used interchangeably in the published literature.
In this guide, the term psychrometer is applied to methods involving evaporation and hygrometer to any other
method of measuring humidity.

8-10



Figure 8.1.4 A typical dew cell sensor housing and transmitter (Lockhart, 1989a).
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS
8.2 OTHER HYDROMETEOROLOGICAL DATA
8.2.1 Air Thermometry (Manual)

Other Names Used to Describe Device: Liquid-in-glass thermometer; deformation thermometers: Bi-metallic (flat
spiral, single helix, multiple helix) and filled systems/Bourdon tubes (hquld -filled, vapor-pressure systems, gas-
filled systems, mercury-in-steel).

Uses at Contaminated Sites: Measuring air temperature for calculating evaporation and relative humidity; health
and safety monitoring for potential heat or cold stress.

Device Description: Liquid-in-glass thermometer: Liquid in a sealed glass tube expands and contracts in
response to changes in temperature, and changes in the level read from a calibrated scale. The most common
liquid-in-glass thermometer is the mercury thermometer (Figure 8.2.1a), which measures to -38.9°C or -38.0°F.
Other liquids can be used if extremely low temperatures must be measured (spirit thermometers, ethyl alcohol
freezes at -117°C, and mercury-thallium thermometers record to -59°C). Deformation Thermometers: Metals
with different coefficients of expansion (bi-metallic, Figure 8.2.1b), or filled systems in which liquid, gas, or
mercury in a sealed, coiled metal tube (Bourdon tube, Figure 8.2.1c), expand and contract in response to
temperature changes, which are recorded by a moving pointer or pen on a calibrated scale. The accuracy of
filled-systems depends on the extent to which the differential responses of different components in the system
are compensated for. The most accurate types have full compensation, others provides for compensation of the
detecting element only. See section 8.1.4 for discussion of radiation shields for air temperature measurements.
Bi-metallic and filled-system thermometers can be used for continuous recording of temperature changes by
attaching them to a rotating drum recorder.

Device Selection Considerations: Unless required data can be obtained easily and cost-effectively with manual
temperature readings, these methods are not recommended. Liquid-in-Glass Advantages: (1) Have a simple
design; (2) are easy to use; (3) are inexpensive; and (4) are accurate. Liquid-in-Glass Disadvantages: (1) Are
very fragile; (2) have a relatively long time constant (the time required to respond to a temperature change is
relatively long). Bimetallic Advantages: Are rugged. Bimetallic Disadvantages: (1) Severe mechanical shock or
vibration can cause distortion resulting in large shifts in their calibration; (2) have time constant about the same
as liquid-in-glass thermometers; and (3) are less accurate and more expensive the liquid-in-glass thermometers.
Filled System Advantages: (1) Fundamental simplicity allows rugged construction; and (2) bulb and detection
element can be separated by some distance. Filled System Disadvantages: (1) Are sensitive to severe shock,
vibration, or other forms of mechanical abuse; and (2) capillary tube is not highly flexible or convenient to
handle.

Frequency of Use: Liquid-in-glass thermometers are commonly used for monitoring temperature conditions under
which field personnel are operating.

Standard Methods/Guidelines: ASTM (annual).

Sources for Additional Information: Brock and Nicolaidis (1984), Hardy and Fisher (1972-Chapter 1), Lockhart
(1989a), Meteorological Office (1956-Chapter 1), Spilhaus and Middleton (1973), National Weather Service
(1975-Chapter A.9), Stevens et al. (1975), Thompson et al. (1989), U.S. Geological Survey (1980), WMO (1971-
Chapter 4, 1974-Chapter 4).
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS
8.2 OTHER HYDROMETEOROLOGICAL DATA
8.2.2 Air Thermometry (Electric)

Other Names Used to Describe Device: Thermocouple, wire bobbin probe, wire resistance probe, wire bobbin
bulb, wire resistance bulb, thermistor.

Uses at Contaminated Sites: Measuring temperature of air, soil, and/or water (see also, Sections 1.6 and 3.5.2).

Device Description: A thermocouple is a circuit made of two dissimilar metals (See Figure 1.6.1). A current
is produced in the circuit when the two junctions are at different temperatures. Maintaining one junction at a
known temperature and exposing the other allows sensitive and accurate measurement of temperature, provided
that the temperature is calibrated. The two major types of electrical-resistance thermometers are: (1) Metallic
resistance thermometers, which pass an electrical current through a wire (platinum and nickel-iron being the
most commonly used wires), the resistance of which is proportional to temperature; and (2) thermistors, which
are glass insulated semiconductors with a negative coefficient of resistance such that electrical resistance varies
sharply with changes in temperature. For all types of thermometers, measurement of ambient air temperature
requires some form of shielding so that the air temperature measurements are not influenced by radiant heat.
Figure 8.2.2 provides examples of 14 types of radiation shields.

Device Selection Considerations: All electrical temperature measuring devices are well suited for electronic data
logging. Thermocouples or thermistors are the recommended method for temperature measurement when
automatic data recording is desired. Thermocouple Advantages: (1) Can be separated a considerable distance
from the measuring instrument; (2) have very rapid response time (slower in water because they have to be
cased); and (3) are relatively inexpensive. Thermocouple Disadvantages: (1) Measuring instruments used with
thermocouples are relatively expensive; and (2) insertion of electric leads of different metals between the
thermocouple and the measuring can cause errors as a result of extraneous voltages. Resistance Thermometer
Advantages: (1) Both types can be separated a considerable distance from the measuring instrument; (2) metallic
resistance thermometers are more sensitive to small temperature changes than thermocouples; and (3)
thermistors are less expensive that metallic resistance bulbs and even more sensitive. Resistance Thermometer
Disadvantages: (1) Metallic thermometers have slightly longer response time than thermocoupies to changes in
temperature; and (2) thermistor’s response to temperature might change with time, requiring recalibration.

Frequency of Use: Thermistors and thermocouples are most commonly used.

Standard Methods/Guidelines: ASTM (annual).

Sources for Additional Information: Brock and Nicolaidis (1984), Hardy and Fisher (1972-Chapter 1), Lockhart
(1989a), Meteorological Office (1956-Chapter 1), Spilhaus and Middleton (1973), National Weather Service
(1975-Chapter A.9), Stevens et al. (1975), Thompson et al. (1989), U.S. Geological Survey (1980), WMO (1971-
Chapter 4, 1974-Chapter 4).
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS

8.2 OTHER HYDROMETEOROLOGICAL DATA

8.2.3 Wind Speed

Other Names Used to Describe Device: Cup/bridled cup, windmill (air meter, propeller/acrovane), pressure

anemometers (hand-held/pith-ball wind meter, Dines), hot-wire anemometer; acoustic/sonic anemometer, contact
anemometer, condenser-discharge anemometer.

Uses at Contaminated Sites: Evaluating transport of atmospheric pollutants or dust from disposal sites; evaluating
evaporation rates; evaluating wind chill for field work in the winter.

Device Description: Numerous specific types of anemometers have been developed to measure wind speed. Six
major types of anemometers are described here. Cup anemometers consist of three or four cups mounted around
a vertical axis on radial arms at equal angles, which allow the anemometer to be equally responsive to wind in
any direction (Figure 8.2.3). The vertical shaft transfers the motion of the cups either to a counter or to a
generator for electronic recording. Windmill anemometers include: (1) Propeller anemometers with helicoidal
vanes, which rotate about an axis and drive a miniature generator with an electrical output that is proportional
to the wind speed, and (2) air meters with flat vanes that records the number of linear feet (or meters) of air
that has passed the instrument during its exposure. Propeller anemometers are usually combined with a wind
vane to maintain an orientation directly into the wind, but sometimes are built with three propellers oriented at
right angles to each other to measure horizontal and vertical components separately. Manually operated
pressure anemometers consist of a thin tube open at one end. The pressure change produced by air moving
across the opening is proportional to the wind speed. In a variant of this, a pith ball rises in a graduate tube.
Hot-wire and acoustic (or sonic) anemometers are very precise instruments, which measure velocity by measuring
the change in resistance of a heated tungsten wire and accurately measuring sound velocity, respectively. A
contact anemometer actuates an electrical contact at a rate that depends on windspeed. The number of contacts
during a given time is indicated by the number of flashes of a lamp or sounds of a buzzer. A condenser-
discharge anemometer is a type of contact device with an electrical circuit that indicates average windspeed.

Device Selection Considerations: Propeller and cup anemometers are the most common types because they are
rugged, reliable, and accurate to within a few percent or less. Both are well suited for electronic data logging.
Propeller-type anemometers can measure wind speeds up to 200 miles per hour; cup-type anemometers measure
up to 100 miles per hour and can be constructed to be extremely sensitive to slight changes in speed. Pressure
anemometers are not recommended unless manual measurement is acceptable. Hot-wire and acoustic
anemometers are for specialized applications where accurate measurement of turbulence is required.

Frequency of Use: Both propeller and cup-type anemometers are widely used.

Standard Methods/Guidelines: ASTM (1985a, 1990).

Sources for Additional Information: Hardy and Fisher (1972-Chapter 3), Lockbart (1989a), Meteorological
Office (1956-Chapter 5), National Weather Service (1975-Chapter A10), Spilhaus and Middleton (1973-Chapter
6), Thompson et al. (1989), U.S. EPA (1987a,b), U.S. Geological Survey (1980). See also, Table 8-2.

8-16



Figure 8.2.3 Portable hand cup anemometer for measuring windspeed (Cameron et al., 1966).
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS
8.2 OTHER HYDROMETEOROLOGICAL DATA
8.2.4 Wind Direction

Other Names Used to Describe Method: Wind cone/sleeve/sock, vanes (flat-plate, acrodynamic-shaped, splayed,
bivanes).

Uses at Contaminated Sites: Assessing possible directions of air-borne contaminant transport and deposition.

Method Description: Wind direction can be determined visually by observing the direction of movement of any
freely moving substance or object, such as smoke or ribbons attached to poles. Wind cones are made of a
tapered fabric sleeve, which is shaped like a truncated cone and pivoted to a standard at its larger end. Various
types of wind vanes also can serve as indicators of wind direction. A flat-plate vane is mounted on a horizontal
shaft, which is attached to a vertical bearing shaft that is free to rotate (Figure 8.2.4). Aerodynamic-shaped vanes
use an airfoil section instead of a flat plate, and are usually heavier than the flat plate type. Splayed vanes have
two flat plates joined at a small angle at the end of the horizontal shaft, and react to small changes in the wind
somewhat better than flat-plate or aerodynamic vanes. Bivanes consist of two light-weight airfoil sections
mounted orthogonally on the end of a counter-balanced rod, which is free to rotate in the horizontal and vertical
planes and is used in turbulence studies to record horizontal and vertical components of wind. Wind roses can
be developed from manual recording of wind direction at specified intervals or automatic recorders attached to
wind vanes. The frequency with which the wind blows in various directions can be useful information in
designing soil sampling plans where a point source has released contaminants to the air that have been deposited
at downwind locations.

Method Selection Considerations: Some kind of wind direction indicator should be used any time site activities
could result in release of contaminants to the air.

Frequency of Use: Commonly used for health and safety purposes; less common for obtaining
hydrometeorological applications.

Standard Methods/Guidelines: ASTM (1985a).

Sources for Additional Information: Hardy and Fisher (1972-Chapter 3), Lockhart (1989a), Meteorological Office
(1956-Chapter 5), National Weather Service (1975-Chapter A10), Spilhaus and Middleton (1973-Chapter 6),
Thompson et al. (1989), U.S. EPA (1987a,b), U.S. Geological Survey (1980). See also, Table 8-2.
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS
8.2 OTHER HYDROMETEOROLOGICAL DATA
8.2.5 Atmospheric Pressure

Other Names Used to Describe Method: Mercury barometers (Fortin-type, fixed-cistern type), aneroid
barometer, altimeter. .

Uses at Contaminated Sites: Interpreting ground-water level measurements; required for several methods of
measuring or estimating evapotranspiration using micrometeorological method (Section 8.4); required for
calculations involving humidity measurement (Sections 8.1.3 and 8.1.4); estimating altitude in remote locations.

Method Description: There are two major types of instruments for measuring atmospheric pressure. Mercury
barometers use changes in the level of mercury in a container to measure changes in atmospheric pressure. The
Fortin-type mercury barometer is used by the National Weather Service as the official station pressure
instrument. A cistern containing mercury has a pointer made of noncorrodible materials, such as ivory or
stainless steel, projected down from the roof. The level of mercury within the cistern is raised or lowered by
turning a thumb screw beneath the cistern, until it just touches the tip of the pointer (called the ivory point, index
point, or zero point). Pressure is read from mercury in a graduated column connected to the cistern that can
be read to a thousandth of an inch or a tenth of a millibar with a vernier on the scale. Aneroid barometers
measure pressure by the response of a capsule that is practically evacuated of gas. The response can be
measured either by deflection of a spring connected to the cell, by the change in curvature of a Bourdon tube,
or by a change in natural resonant frequency. The barometer must be temperature compensated at a given
pressure level by adjusting the residual gas in the aneroid or by a bimetallic-link arrangement. Altimeters are
aneroid barometers that have a pointer and a dial calibrated for elevation or pressure readings (Figure 8.2.5).
Precision anerolds can be of the direct-reading kind, similar to altimeters, but are designed for more accurate
measurements. A relatively recent development is the accurate digital-readout precision aneroids, which use
electronic indicators rather than mechanical linkages. Sensor types used in these instruments can be a fused
quartz Bourdon tube (quartz barometer), an aneroid capsule with which the natural frequency as related to
pressure is measured (vibrating diaphragm barometer), or the conventional aneroid capsule in which spring
deflection is measured.

Method Selection Considerations: Fortin barometers are very accurate (can be read to a thousandth of an inch),
but require permanent installation. Aneroid barometers have the main advantage of being portable.
Disadvantages include requirements for periodic calibration against mercury barometers, and the requirement
for temperature compensation.

Frequency of Use: Not commonly used at contaminated sites.

Standard Methods/Guidelines: ASTM (1984c).

Sources for Additional Information: Brock and Nicolaidis (1984), Lockhart (1989a), U.S. Geological Survey
(1980), U.S. Weather Bureau (1963b), National Weather Service (1975-Chapter 8), WMO (1971).
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Figure 8.2.5 Rugged precision altimeter for measurement of elevation (Cameron et al., 1966).
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS
8.2 OTHER HYDROMETEOROLOGICAL DATA
8.2.6 Solar Radiation (Pyranometers)

Other Names Used to Describe Methods: Thermopile, photovoltaic, bimetallic (Robitzsch-type, actinograph),
thermo-electric pyranometers, incident solar radiation meter, solarimeter.

Uses at Contaminated Sites: Global radiation data are needed for some empirical and physically-based equations
for estimation of evaporation and evapotranspiration (Sections 8.4.1 and 8.4.2).

Device Description: A pyranometer measures global solar radiation (direct plus diffuse radiation falling on a
horizontal surface, see Figure 8.2.6a), and is the most commonly measured type of radiation. It does not
measure terrestrial or atmospheric radiation. Most pyranometers incorporate a sensor that responds to the
temperature difference caused by differential absorption of radiation of a black surface and a white surface
(Figure 8.2.6b). The most commonly used temperature sensor is a thermopile, but bimetallic sensors also can
be used. Photovoltaic pyranometers use silicon cells that respond to solar radiation by generating an electric
current, which is proportional to the amount energy hitting the cell. WMO (1971) has established criteria for
classification of pyranometers according to physical response characteristics, with 1st class being the most
sensitive and 3rd class being the least sensitive. A net pyranometer measures the net upward and downward solar
radiation flux through a horizontal surface. A spherical pyranometer measures solar radiation on a spherical
surface.

Device Selection Considerations: Thermopile Advantages: (1) A variety of instruments of this type have been
developed and are commercially available; (2) are the most accurate and responsive of available instruments
(most are Ist or 2nd class); (3) the thermopile pyranometer is the standard instrument to use if direct
measurements are required; and (4) can be readily configured for output to an electronic recording device.
Bimetallic Advantages: (1) Are simple; (2) can be attached to a chart recorder for continuous recording; and (3)
are suitable for measurements in which daily or longer interval data are acceptable. Bimetallic Disadvantages:
(1) Are relatively inaccurate (3rd class) compared to thermopile pyranometers; (2) have relatively slow response
time; and (3) require use of temperature-correction factor or some temperature compensation mechanism.
Photovoltaic Advantages: (1) Are simple and inexpensive; (2) have a nearly instantaneous response; (3) have high
current output, which can be used for automatic data recording; and (4) use can be acceptable as long as
integration periods are 1 day or longer. Photovoltaic Disadvantages: Least accurate of available methods due
to variations in sensitivity to different wavelengths.

Frequency of Use: Rare. Often estimated from nearby meteorologic station or from charts or maps.

Standard Methods/Guidelines: --
Sources for Additional Information: Brock and Nicolaidis (1984), Carter et al. (1977), Coulson (1975), Latimer

(1972), Lockhart (1989a), Monteith (1972), Norris (1974), Selcuk and Yellott (1962), Thompson et al. (1989),
U.S. Amy (1975), U.S. Geological Survey (1980), WMO (1971). See also, Table 8-2.
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS
8.2 OTHER HYDROMETEOROLOGICAL DATA
8.2.7 Solar Radiation (Other Radiometers)

Other Names Used to Describe Method: Net radiometer/pyrradiometer, pyrhehometer (Angstrom electrical
compensating, silver-disk, absolute, operational)

Uses at Contaminated Sites: Measuring net radiation flux for energy budget measurements of evapotranspiration
(Section 8.4.4).

Method Description: Other radiometers measure different types of radiation. Pyrradiometers measure total
radiation falling on a horizontal surface (combined solar, atmospheric and terrestrial radiation), and are similar
in design to pyranometers (Section 8.2.6). Net pyrradiometers or radiometers are designed to measure the
difference between downward and upward total radiation. Most commercially available net radiometers are made
with a small disc-shaped thermopile covered by polyethylene hemispheres. Pyrheliometers measure the intensity
of direct solar radiation and normal incidence, and are mounted in trackers that keep the devices pointed toward
the sun as the traverses from east to west (Figure 8.2.6a and 8.2.7).

Method Selection Considerations: Unlikely to be used unless an energy budget method for computing
evapotranspiration is used.

Frequency of Use: Uncommon for site characterization. Net radiometers are sometimes used in air-pollution
related programs.

Standard Methods/Guidelines: ASTM (1984b).

Sources for Additional Information: Brock and Nicolaidis (1984), Carter et al. (1977), Coulson (1975), Latimer
(1972), Lockhart (1989a), Monteith (1972), Norris (1974), Selcuk and Yellott (1962), Thompson et al. (1989),
U.S. Amy (1975), U.S. Geological Survey (1980), WMO (1971). See also, Table 8-2.
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS
8.3 EVAPOTRANSPIRATION (WATER BALANCE METHODS)
8.3.1 Lysimeters

Other Names Used to Describe Method: Panffilled-in lysimeters (nonweighable, weighing, hydraulic/floating),
monolith/soil block lysimeter, monolith/soil block evapotranspirimeter, microlysimeter.

Uses at Contaminated Sites: Measuring evaporation from vegetated soil (pan lysimeter) or unvegetated soil
(microlysimeter), in order to separate out the transpiration component of evapotranspiration (ET).

Method/Device Description: A lysimeter consists of a block os soil, usually planted with some vegetation that
is enclosed in a container, which isolates the lysimeter hydrologically from its surroundings. Lysimeters used for
sampling soil solutions are discussed in Section 9.3.1 (Free-Drainage Samplers). There are three main types of
filled-in lysimeters, in which disturbed soil is used for measuring ET: (1) Nonweighing lysimeters (Figure 8.3.1a);
(2) hydraulic or floating lysimeters, which rest on rubber bags or other water-filled tubing or bolsters that aliow
recording of changes in pressure in response to changes in weight (Figure 8.3.1b); and (3) weighing lysimeters,
in which changes in moisture contents are measured by changes in the weight of the soil block (Figure 8.3.1c).
A typical pan lysimeter is 1 meter in diameter (range from 0.1 to 10 square meters) and range from 0.5 to 3
meters deep. Soil and vegetation representative of the area are placed in the lysimeter with the surface level the
same as the surrounding soil. Monolith lysimeters are constructed of undisturbed soil. In nonweighing
lysimeters, changes in soil moisture are determined by various soil moisture determination methods, such as
neutron-mojsture logging, gamma-ray transmission, electrical resistance blocks, or tensiometers (see Section 6.3).
Weighing and hydraulic lysimeters measure changes in moisture content by recording changes in the total weight
of the lysimeter over time with a sensitive scale or transducer. Most lysimeters record ET over relatively large
areas. An exception is the microlysimeter, where a thin-walled cylinder is pushed into the soil, the sample is
removed, sealed at the bottom, and weighed. The sample is replaced in the original hole to subject it to the same
evaporative conditions as the soil, and is removed periodically for reweighing (Figure 8.3.1d).

Method Device Selection Considerations: Pan Lysimeter Advantages: (1) Probably are the most accurate of the
water balance methods; (2) allow measurement of ET from a medium or large area; and (3) cost is moderate
to low. Pan Lysimeter Disadvantages: (1) Are relatively complicated to install; and (2) must be surrounded by
a considerable area of the same vegetation to avoid horizontal diversion in energy for ET. Microlysimeter
Advantages: (1) Measure evaporation under a wide range of soil moisture conditions; and (2) are inexpensive
and easy to use. Microlysimeter Disadvantages: Have small areal coverage.

Frequency of Use: Lysimétexs are a commonly used method, if field measurement of ET is required.
Standard Methods/Guidelines: Pan lysimeter: Aboukhaled et al. (1982); Mlcrolysimeter: Boast (1986).

Sources for Additional Information: Dunne and Leopold (1978), Sharma (1985), Thompson et al. (1989), U.S.
Geological Survey (1982), Veihmeyer (1964). See also, Table 8-3.
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Figure 8.3.1 Lysimetric methods: (a) Nonweighing, drainage type; (b) Weighing float type; (c) Spring-balance
weighing type (Dunne and Leopold, 1978, tirom: Water in Environmental Planning by Dunne and Leopold,
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microlysimeter determination of evaporation (Boast, 1986, after Boast and Robertson, 1982, by
permission).
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS
8.3 EVAPOTRANSPIRATION (WATER BALANCE METHODS)

8.3.2 Soil Moisture Budget

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Measuring evapotranspiration (ET).

Method Description: Soil moisture content is measured over the entire root zone using one or more methods
described in Section 6.3, before and after irrigation events. Assuming that irrigation brings the soil to field
capacity, the initial moisture content after irrigation will be the available water capacity of the root zone. The
evapotranspiration rate is the difference in moisture content between the two sampling periods divided by the
time interval.

Method Selection Considerations: Advantages: Relatively simple method with the added advantage that soil
moisture monitoring is often required for other objectives (see Section 6). Disadvantages: (1) Requires uniform
soil type and texture and a water table deep enough that it does not influence the soil root zone; (2) precipitation
eveats will disrupt the method; and (3) calculation of ET requires adjustments (modulation) to account for the
fact that ET rates might change as soil moisture decreases.*

Frequency of Use: Probably the oldest and most commonly used method for determining ET.

Standard Methods/Guidelines: --

Sources for Additional Information: Thompson et al. (1989), U.S. Geological Survey (1982), Veihmeyer (1964).
See also, Table 8-3.

*There is not universal agreement on the need for such corrections (see, for example, Veihmeyer and
Hendrickson, 1955), although Gray (1973) reviews some of the literature on this question and recommends that
"modulated" values of ET be used when doing soil moisture budget calculations. See also, references identified
in Table 8-3.
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS
8.3 EVAPOTRANSPIRATION (WATER BALANCE METHODS)
8.3.3 Water Budget Methods

Other Names Used to Describe Method: River basin water balance, inflow-outflow measurement, integration
method.

Uses at Contaminated Sites: Estimating evaporation and evapotranspiration (ET).

- Method Description: Inflow-outflow method: All inflows (precipitation), outflows (surface runoff, ground water
leaving basin), and changes in storage in a watershed, are measured or estimated except for ET. ET is calculated
using a water-balance equation. Figure 8.3.3 illustrates the components of the water balance equation. Figure
8.4.1 compares evaporation from a lake in Canada, which was computed using a water budget, to six other
methods. Integration method: Evaporation and ET for an area is calculated by the summation of the products
of ET for each crop times its area, plus the ET of natural vegetation times its areas, plus water-surface
evaporation times its surface areas, plus evaporation from bare land times its areas. This method requires
knowledge of unit ET and the areas of various classes of agricultural crops, natural vegetation, bare land, and
water surfaces. Often this can be done using sequential remote sensing data (satellite, airphotos) to identify
crop/vegetation patterns (see Raymond and Rezin, 1989, for a recent example of this approach).

Method Selection Considerations: Advantages: Water budget methods can be manageable to difficult, with
moderate to low cost. Disadvantages: (1) Small errors in measuring or estimating various components of the
water-balance equation (such as deep percolation) can cumulatively result in a large error in the calculated ET
value; (2) suitable for application to a specific site only if ET at the site can be assumed to be close to the
average ET for the watershed or area of interest; and (3) use of water budgets to calculate evaporation from
lakes is not recommended for time periods of less than 1 month in duration if the estimate is expected to be
within plus or minus 5 percent of the actual amount (Gray, 1973).

Freguency of Use: Commonly used in hydrologic studies; rarely used at the site-specific level.

Standard Methods/Guidelines: --

Sources for Additional Information: Bras (1990), Dunne and Leopold (1978), Rosenberg et al. (1983), Sharma
(1985), Thompson et al. (1989), U.S. Geological Survey (1982), Veihmeyer (1964). See also, Table 8-3.
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P=1+AET + OF + ASM + AGWS + GWR
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Figure 83.3 Water balance equation and schematic diagram for a hiliside or a small catchment (Dunne and
Leopold, 1978). P = precipitation; I = interception; AET == actual evapotranspiration; OF = overland
flow; ASM = change in soil moisture; AGWS = change in ground-water storage; GWR = ground-water
outflow. Solving for ET requires measurement or estimation of other elements in the equation.
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS
8.3 EVAPOTRANSPIRATION (WATER BALANCE METHODS)
8.3.4 Evaporation Pans

Other Names Used to Describe Method: Class A land pan, U.S Bureau of Plant Industry sunken pan, Colorado
sunken pan, U.S. Geological Survey floating pan, insulated evaporation pan.

Uses at Contaminated Sites: Estimating of evaporation from water impoundment surfaces; can also be used to
indirectly estimate potential evapotranspiration (ET) (Veihmeyer, 1964).

Method Description: The standard U.S. Weather Service Class A pan is built of unpainted galvanized iron. It
is 4 feet in diameter, 10 inches deeps, and mounted 12 inches above the ground on a wooden frame (Figure
8.3.4a). The rate of evaporation of water from the pan is measured. Precipitation also must be measured to
correct for additions to the pan. A pan coefficient is used (generally from .70 to .75) for large bodies of water,
to estimate actual evaporation from the water body of interest (Figure 8.4.1 illustrates the tendency of Class-A
pans to overestimate actual evaporation). The insulated evaporation pan is constructed of fiberglass with 8
centimeters of freon-blown polyethylene (Figure 8.3.4b). The insulation reduces effects of climate and season
on variability of coefficients used to calculate actual evaporation. Other commonly used types of evaporation
pans include the U.S. Bureau of Plant Industry sunken pan, Colorado sunken pan, and U.S. Geological Survey
floating pan.

Method Selection Considerations: Advantages: (1) The Class A pan is the standard method for measuring
evaporation; (2) data on pan evaporation for the vicinity of a site in question might be published or available;
and (3) insulated pans allow use of standard coefficients. Disadvantages: (1) Several years of data are required
to characterize seasonal and annual variations in evaporation; (2) use of incorrect pan coefficient can bias results;
(3) coefficients measured using noninsulated evaporation pans can vary with location, climate, or season; (4)
cannot be used when temperature is below freezing; and (5) sunken pans are difficult to install and maintain,
they tend to collect trash, leaks are hard to detect, and it is difficult to evaluate heat loss from the pan to the
surround soil. Floating pans probably give the best estimates of lake evaporation (see Figure 8.4.1), but are not
widely used due to operational difficulties (inaccessibility and water splashing into or out of the pan).

Frequency of Use: Uncommon for site specific field measurement. Other methods usually are available for
estimating evaporation. Pan evaporation data are commonly used to estimate potential ET.

Standard Methods/Guidelines: Class A pan: National Weather Service (1972). Insulated pan: U.S. Geological
Survey (1982). ) .

Sources for Additional Information: Dunne and Leopold (1978), Thompson et al. (1989), U.S. Geological Survey
(1982), Veihmeyer (1964). See also, Table 8-3.
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Figure 8.3.4 Evaporation Pans: (a) U.S. Weather Bureau Class A land pan (after Veihmeyer, 1964); (b) Cross
section of National Weather Service insulated evaporation pan (U.S. Geological Survey, 1982).
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS

8.3 EVAPOTRANSPIRATION (WATER BALANCE METHODS)

8.3.5 Evaporimeters anci Atmometers

Other Names Used to Describe Method: First-stage evaporimeter; Piche/Bellani/Livingston/Wilde atmometer.

Uses at Contaminated Sites: Evaporimeter: Measuring evaporation from unvegetated soil; Atmometers:
Measuring latent evaporation (mainly a measure of the drying power of the air).

Method/Device Description: Evaporimeter: A flat, soil-covered tray 0.1 meters in area is connected to a constant
suction water supply (Figure 8.3.5a). The rate of water loss from the water supply equals the evaporation rate.
Atmometer: A water-filled glass tube that has an open end through which water evaporates from a filter paper
(Piche type) or porous plate (Bellani type, Figure 8.3.5b). The tube supplying water is graduated to read
evaporation in millimeters. Atmometer measurements require different conversion factors related to evaporation
rate and location to estimate evaporation from water bodies.

Method Selection Considerations: Evaporimeter Advantages: Are relatively simple and easy to use. Evaporimeter
Disadvantages: (1) Only measure evaporation during the stage when evaporation equals potential evaporation;
and (2) have small areal coverage. Atmometer Advantages: (1) Are inexpensive; (2) are portable and easily
maintained and installed; (3) are representative of conditions affecting moisture loss from plants; and (4) require
a small amount of water to operate. Atmometer Disadvantages (1) Value for estimating evaporation loss from
water bodies is questionable because they are more responsive to windspeed than radiant energy; (2) observations
are difficult to interpret; (3) Class-A pans are better for estimating evaporation from lakes; and (4) cannot be
used when temperature is below freezing.

Fregquency of Use: Evaporimeters: Uncommon. Generally measurement or estimates of total evapotranspiration

will meet the requirements for most water budget calculations. Atmometers commonly are used in agricultural
studies but their use has not been reported at contaminated sites.

Standard Methods/Guidelines: --

Sources_for Additional Information: Evaporimeters: Adams et al. (1976), Arkin et al. (1974), Boast (1986).
Atmometers: U.S. Geological Survey (1982), Veihmeyer (1964). See also, Table 8-3.
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS

8.3 EVAPOTRANSPIRATION (WATER BALANCE METHODS)

8.3.6 Chloride Tracer

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Indirectly estimating evapotranspiration (ET).

Method Description: The chloride content of precipitation and shallow ground water samples is measured at
intervals to obtain average chloride concentrations of the precipitation and ground water. Annual ET is
calculated by multiplying the ratio of chloride concentration in precipitation to.chloride in ground-water times
the long-term average precipitation.

Method Selection Considerations: The following site conditions need to apply if this method is to be used: (1)
There is a shallow water table; (2) chloride in the ground water comes only from precipitation; and (3) runoff
is negligible, Laboratory analysis of samples is required and collection of precipitation samples results in

moderate to high cost.

Frequency of Use: Uncommon.

Standard Methods/Guidelines: --
Sources for Additional Information: Sharma (1985), Thompson et al. (1989).
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS
8.3 EVAPOTRANSPIRATION (WATER BALANCE METHODS)

8.3.7 Ground-Water Fluctuation

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Indirectly estimating evapotranspiration (ET).

Method Description: Aquifer storage values are measured or estimated, and continuous measurement of water-
level fluctuations are continuously measured or measurements are taken at sufficiently close intervals to plot
diurnal fluctuations in ground-water level (Figure 8.3.7). Estimation of average ET rates requires continuing
measurements over months. A variant of this approach in floodplain areas is to analyze diurnal fluctuations in
stream hydrographs to estimate daily ET rates (Reigner, 1966), or based flow recession curves for monthly
estimates of ET (Langbein, 1942).

Method_Selection Considerations: This method requires; (1) A shallow water-table, (2) uniform coarse or
medium soil texture that results in measurable, diurnal fluctuations in water table in response to ET, and (3)
limited precipitation unless precipitation is accurately measured as well. Where conditions are suitable, the cost
is moderate to low.

Frequency of Use: Uncommon.

Standard Methods/Guidelines: Davis and DeWiest (1966).

Sources for Additional Information: Thompson et al. (1989), U.S. Geological Survey (1982), Veihmeyer (1964).
See also, Table 8-3.
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS
8.3 EVAPOTRANSPIRATION (WATER BALANCE METHODS)
8.3.8 Other Transpiration Methods

Other Names Used to Describe Method: Enclosures, physico-biological methods, heat-pulse method,
radioisotopes.

Uses at Contaminated Sites: Directly or indirectly measuring the transpiration component of evapotranspiration
is not likely to be required.

Method Description: The transpiration component of evapotranspiration can be measured or estimated by a
number of the methods discussed elsewhere in this section: Lysimeters (Section 8.3.1, considered one of the best
approach), soil moisture depletion (Section 8.3.2), mass transfer methods (Section 8.4.3), and energy balance
methods (Section 8.4.4). Other field methods for indirect estimation of transpiration include: (1) Enclosures,
in which changes in air moisture resulting from transpiration are measured; (2) heat-pulse methods, where plants
with woody stems are heated quickly and the rate of ascent of the heated sap is timed; and (3) injecting
radioisotopes into trees and tracing their movement through the plant (see Section 4.4.5 for additional
information on radioisotope tracers). Methods for direct measurement of transpiration (such as the use of
phytometers, photometers, porometers, thermocouple psychrometry, and corona analysis) is generally are done
in the laboratory.

Method Selection Considerations: If transpiration needs to be estimated, lysimeter or soil moisture depletion
methods probably are the best for use with water budget studies.

Frequency of Use: Rare.

Standard Methods/Guidelines: --
Sources for Additional Information: See Table 8-3.
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS
8.4 EVAPOTRANSPIRATION (MICROMETEOROLOGICAL METHODS)
8.4.1 Empirical Equations

Other Names Used to Describe Method: Equations are often identified by the names of individuals who
developed the equation.

Uses at Contaminated Sites:. Estimiating' evaporation and evapotranspiration (ET).

Method Description: Evapotranspiration: Numerous empirical equations have been developed that allow
estimation of potential evapotranspiration (PET) using climatic data, which can be available from nearby weather
stations or charts and maps. Once PET is known, empirical factors based primarily on the type of vegetation
are used to estimate actual evapotranspiration (AET). Three of the most commonly used empirical methods
are described here. Thornthwaite: This equation requires data on mean monthly air temperature. Latitude,
month, and average monthly daylight are required to determine adjustment factors to take into account the total
numbers of days and hours available for ET. The main advantage of this equation is that it allows general
estimates in areas where climatic records and ET data are limited. Blaney-Criddle: This equation requires mean
monthly temperature, monthly percentage of daylight hours per year, and an empirical coefficient for the month,
which depends on the crop. A modified equation accounts for changes in the sun’s zenith angle to correct for
reduced power of the sun’s rays during winter, allowing use of a single empirical coefficient for crop/vegetation
type. Jensen-Haise: This equation requires mean air temperature, solar radiation; and the saturated vapor
pressures at the mean maximum and mean minimum temperature for the warmest month of the year. Numerous
other empirical equations have been developed (Table 8.4.1 shows eight of these equations), but the above
mentioned ones are the most commonly used equations. Evaporation equations: A number of empirical
equations have been developed for estimating lake evaporation. Most are based on simple aerodynamic
equations, which require measurement or estimation of: (1) Windspeed, (2) vapor pressure of saturated air at
the temperature of the water surface, (3) actual vapor pressure of air at some height above the water surface,
and (4) empirical constants appropriate to the type of water body. Table 8-3 identifies a number of references
that review and present empirical evaporation equations. Figure 8.4.1 shows calculations of evaporation from
a lake using three empirical formulas (Nordenson-Kohler-Fox, Lake Hefner "upwind formula," and Meyer
formula) with four other methods (Class-A and floating pan, water budget, energy budget, and Penman formula).
It is clear from this figure that empirical formulas can yield good results if the appropriate one is used, but can
be very far off if the wrong formula is used.

Method Selection Considerations: Evapotranspiration Equation Advantages: (1) Is best for developing monthly,
seasonal, or annual consumptive water use values; and (2) is very inexpensive if input data can be obtained from
existing meteorological records. Evapotranspiration Equation Disadvantages: (1) Calculations might not be very
accurate if site conditions are not typical of conditions upon which the equation is based (use of several equations
and comparing the results can be useful for developing an estimated range); (2) should not be used to estimate
short-term (hours to days) variations in ET because no allowance is made for variation in wind and relative
humidity; and (3) equations tend to overestimate water use during vegetation emergence and underestimate water
use for midseason, unless appropriate crop factors are used (such as Blaney-Criddie method). Thornthwaite:
Works best in the central and eastern United States for sod with high moisture content in areas with limited
advection; is inaccurate if short-term (less than one-month) data are used. Blaney-Criddle: Is widely used in the
western United States; requires empirical coefficient for crop or vegetation type (already available for many crops
and vegetation types). Jensen-Haise: Was developed for use with irrigated crops in the western United States.
Evaporation Equation Advantages: Is very simple and allow estimates from standard meteorological data.
Evaporation Equation Disadvantages: (1) Most equations of this type require measurement of the surface
temperature of the body of water, which is difficult to obtain; (2) if mean air temperature is used instead, the
failure to account for effects of advected energy to the lake on evaporation might cause considerable error
because small errors in temperature induce large errors in the calculations; (3) measurement of wind speed and
vapor pressure must be taken at heights specified in the equation; and (4) results will be inaccurate if the
characteristics of the water body are not similar to the water body for which the empirical constants were
developed.

Frequency of Use: All equations are commonly used. See method selection considerations for geographic
limitations.
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Table 84.1 Some Empirical and Physically-Based Evapotranspiration Equations

Name Date ?g:“;}l fgt!‘l(t} Equation
Hedke (Harding et al,, 1930) ... ... .. ......... 1930 | Annual Feet U =kl (11-20)
Lowry-Johnson (1942) ..ovviiiii 1942 | Annual Fect U = 0.000156H + 0.8 (11-21)
m
Blaney-Morin (1942) ... ..................... 1942 | m mouths { Inches U=k E pt(114-1) (11-22)
1
Thomthwaitc and Wilm (1944) . . ................ 1944 | Monthly | Centimneters | U = 1.6 (_;1_0_1; ¢ (11-23)
‘ where a = 0.000000675(TE)?* — 0.0000771(TE)? + 0.01792TE + 0.49239
) e - All —027E
Penman (1948) . ... ...........ooiiiiiie, 1948 | Daily Millimeters | U = Ao (11-24)
where E = 0.35(ea — ed) (1 + 0.0008w2)
H = R(1 — r)(0.18 4 0.558) — B(0.56 — 0.092e4°5)(0.10 + 0.90S)
. m m
Blaney-Criddle (1950) ....................... 1050 | m months | Inches U=tk E pt = kI where I = E o (11-25)
) 1 1
Halkias-Veihmeyer-Hendrickson (1955) .......... 1955 | Mouthly | Inches U=3SD - (11-27)
m .
Hargreaves (1956) ., . ... .............. 1956 | m months | Inches U= E kd(0.38 — D.0038h)(t — 32) (11-26)
1

n the air) in mm Hg, being équal to es multiplied Ly relative hwmnidity in per cent

= (¢/5)184, where ¢ is inean monthly temperuture in °C

NOTATION
A = slope of saturated-vapor-pressure curve of air at absolute temperature in °F, or dea/dt in inm Hg/°F (Fig. 11-8)
B = a coeflicient depending on temperature (Table 11-7)
D = difference in evaporation between white and black atimoineters in cin?
d = monthly daytime coefficient dependent upon latitude (Table 11-9)
ea = saturation vapor pressure at mean air temperature in inm Hg (Iig. 11-7)
eq = saturation vapor pressure at mean dew point (i.e., actual vapor pressure i
E = daily evaporation in mm
h = mean monthly relative humidity at noon, in Eq. (11-26), or annual mean relative humidity in per cent, in Eq. (11-22)
II = accumulated degree-days above minimum growing tcmperature for growing season, in Eq. (11-20); or aceumulated degree-days of maximum daily teinperature
“above 32°F for growing season, in Eq. (11-21); or daily heat budget at surface in mm of water, in Eq. (11-24) :
k = annual, seasonal, or monthly consumptive-use coefficient
p = per cent of daytime lours of the year, occurring during the period, divided by 100 ('F'able 11-4)
r = estimated percentage of reflectiniz surface :
R = mean monthly extraterrestrial radiation in mm of water evaporated per day (Table 11-6)
S = estimated ratio of actual duration of bright sunshine to maximum possible duration of bright sunshine; or slope of regression line between D and U in liq. (11-27)
TE = Thornthwaite's temperature-efficiency index, being equal to the sum of 12 monthly values of heat index i =
t = mean monthly temperature in °F, in Eqs. (11-22), (11-25), and (11-26), or in °C in Eq. (11-23)
U = evapotranspiration or consumptive use for given period
wa =

Source: Veihmeyer (1964)

mean wind velocity at 2 in above the ground in miles/day, or equal to w1 (log 6.6/log &), where w1 is measured wind velocity in miles/day at height % in t
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Figure 8.4.1 Comparison of 1961 cumulative measured and computed evaporation for Weyburn reservoir, southern
Saskatchewan, using eight methods (McKay and Stichling, 1961).
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Standard Methods/Guidelines: --

Sources for Additional Information: See Table 8-3.
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS
8.4 EVAPOTRANSPIRATION (MICROMETEOROLOGICAL METHODS)
8.4.2 Physically-Based Equations (Penman and Related Methods)

Other Names Used to Describe Method: Combination method, Penman (combination) equation, Penman-
Monteith equation.

Uses at Contaminated Sites: Indirect field method for estimating evapotranspiration (ET).

Method Description: Physically-based process equations combine energy balance (Section 8.4.4) and aerodynamic
transport of water vapor (Section 8.4.3) to calculate potential evapotranspiration (PET). Specific parameters that
must be measured in the field vary slightly, depending on the equation, but can include: Surface temperature,
surface resistance, saturation vapor pressure at mean air temperature, actual vapor pressure, mean monthly solar
radiation, and wind velocity. Although these equations are physically-based, they require the measurement or
estimation of various empirical constants. The Penman equation (Penman, 1948) was the first equation
developed using this approach, and used weekly mean climatic data in empirically derived expressions for the
energy and aerodynamic components. Figure 8.4.1 illustrates lake evaporation computed using the Penman
formula compared to six other methods. Various modifications have been suggested since then, with the
Penman-Monteith equation (which eliminated the need for surface temperature measurement) being the most
commonly used. The theory of a complementary relationship between actual evapotranspiration (AET) and PET
(Bouchet, 1963) has contributed to the further development of physically-based evaporation and ET models. In
arid areas PET always exceeds AET, but as the amount of moisture available for removal from the soil increases,
AET increases and PET decreases (because moisture in the air reduces the capacity for further additions of
water vapor), until they converge on a value that is called wet environment evapotranspiration (WET). The
Morton or Complementary Relationship Areal Evapotranspiration (CRAE) model developed for calculating
WET, replaces the wind function in the Penman equation with a vapor transfer coefficient. The Brutsaert-
Stricker, or Advection-Aridity Evaporation model, has been developed for calculating evaporation and ET in arid
areas.

Method Selection Considerations: Penman and Related Equations Advantages: (1) Empirical constants in the
equations can be obtained from published tables and graphs, rather than being determined from additional
measurements for a specific site; and (2) work well for daily or larger periods in relatively humid areas where
horizontal heat divergence in negligible, there is a good vegetative cover, and water is not limiting. Penman and
Related Equations Disadvantages: (1) Field measurements for a number of meteorological parameters are
required and are relatively expensive (although generallyless expensive than other micrometeorological methods);
and (2) serious discrepancies can occur in dry areas where advected heat accounts for a significant proportion
of ET, unless locally determined empirical correction factors are developed. CRAE Model: Provides comparable
results to the Penman equation, with the advantage that wind speed measurement is not required. Advection-
Aridity Model: Works well for daily evaporation predictions. The main advantage is that it does not require
surface resistance, soil moisture content, or other land surface measures of aridity.

Frequency of Use: Equation has been widely in England and to some extent in the eastern part of the United
States. Not recommended for routine field applications and assessments.

Standard Methods/Guidelines: --

Sources for Additional Information: See Table 8-3.
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS
8.4 EVAPOTRANSPIRATION (MICROMETEOROLOGICAL METHODS)
8.4.3 Mass Transfer Methods

Other Names Used to Describe Method: Dalton’s law.

Uses at Contaminated Sites: Measuring evaporation.

Method Description: Mass transfer methods use semi-empirical equations for calculating evaporation as a
function of: (1) Windspeed, often called the wind function, (2) saturation vapor pressure calculated from the
temperature of the water surface, and (3) vapor pressure of the air. The wind function represents the combined
effect of many variables and requires the estimation or measurement of one or more empirical constants and a
mass-transfer coefficient.

Method Selection Considerations: Advantages: Once the wind function hasbeen determined, fewer measurements
are required than for energy balance methods. Disadvantages: (1) Most accurate results require taking
measurements in the center of a water body, which is difficult; (2) requires calibration with independently
determined evaporation estimates; and (3) mass transfer methods for determining evapotranspiration (ET)
generally require very complex instrumentation and well-trained personnel.

Frequency of Use: Widely used for measuring evaporation; rarely used for ET.

Standard Methods/Guidelines: --

Sources for Additiongl Information: Bras (1990), Dunne and Leopold (1978), U.S. Geological Survey (1982).
See also, Table 8-3.
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS

8.4 EVAPOTRANSPIRATION (MICROMETEOROLOGICAL METHODS)

8.4.4 Energy Budget Methods

Other Names Used to Describe Method: Energy balance/Bowen ratio method.

Uses at Contaminated Sites: Indirect field method for estimating evaporation and evapotfanspiration ET).

Method Description: The total energy available for evaporation or ET is measured. The equation for net
radiation at the earth’s surface is rearranged to solve for ET. Figure 8.4.4 illustrates the various components of
the heat budget equation for a vegetated soil surface. Required field measurements include humidity (vapor
pressure) and temperature profile above the ground or water surface, net radiation (Section 8.2.7), and soil heat
flux (Section 1.6.3). Temperature gradients usually are measured using thermocouples. Humidity gradient is
measured either by using two psychrometers or hygrometers (Sections 8.1.3 and 8.1.4) positioned at different
elevations above the vegetative cover, or two tubes for collecting of samples for which moisture content is
measured.

Method Selection Considerations: ET Advantages: (1) Is accurate in high humidity environments (within 5 to
10 percent of actual); and (2) can be used on hilly as well as flat terrain and for a wide variety of vegetation
types, such as croplands and forests. ET Disadvantages: (1) Is expensive because of the large number of
parameters that must be measured; (2) is less accurate where humidity is low; (3) heat divergence, sampling
techniques, and advection can cause problems; (4) weekly instrumentation maintenance is required; (5)
measurements over months or years are required to obtain average ET values; and (6) the energy required for
photosynthesis (around 5 to 10 percent) is difficult to measure accurately, so it must be estimated. Lake
Evaporation Disadvantages: (1) Does not consider flow of heat through the bottom of the lake, which can be
significant in shallow lakes; (2) does not account for effects due to radiative diffusivity, stability of the air, and
spray; and (3) is strongly affected by the ability to evaluate the advective energy component.

" Frequency of Use: Well accepted for research applications. Not recommended for routine field applications and
assessments. '

Standard Methods/Guidelines: --
Sources for Additional Information: Bowen (1926), Bras (1990), De Vries and Afgan (1975), Dunne and Leopold

(1978), Robins (1965), Rosenberg et al. (1983), Sharma (1985), Thompson et al. (1989), U.S. Geological Survey
(1982). See also, Table 8-3. '
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H=RN=S+ET+K+N + Storage Terms . . ....... e 111.42

in which H = heat budget,
RN = net radiation,
S = energy to soil heat,
ET = energy used for evapotranspiration,
K = sensible heat to air, and
N = energy used by plant in photosynthesis.

SENSIBLE
NET RADIATION . HEAT (K) WATER VAPOUR (ET)

B

PLANT HEIGHT U l l é

WATER VAPOUR

STORAGE
I. TEMPERATURE CHANGE OF CROP
WATER VAPOUR mmlp i
& 2. TEMPERATURE CHANGE OF MOIST AIR SENSIBLE HEAT
SENSIBLE HEAT C————> | 3 ABSOLUTE HUMIDITY CHANGES
4. PHOTOSYNTHESIS (N)
%, SOIL HEAT (S)

Figure 8.4.4 T}}e heat budget equation and diagram of energy balance over a vegetated surface (Gray, 1973, after
King, 1961). Ry S, K, and N must be measured or estimated to solve for cvapotranspiration.

8-46



8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS

8.4 EVAPOTRANSPIRATION (MICROMETEOROLOGICAL METHODS)

8.4.5 Profile/Gradient Method

Other Names Used to Describe Method: Aerodynamic/vapor transfer method.

Uses at Contaminated Sites: Indirect field method for estimating evapotranspiration (ET).

Method Description: The profile or gradient method relates the vertical gradients of humidity and horizontal
wind velocity to the rate of evaporation or ET from the underlying surface. Field measurements include: (1)
The humidity gradient above the vegetative cover, and (2) wind profiles to estimate a momentum transfer
coefficient (Km). The turbulent transfer coefficient for water vapor (Ke) might need to be measured to
determine an empirical coefficient in the equation used to calculate ET to account for observed differences
between the two transfer coefficients. The Thornthwaite-Holtzman equation is the most widely used formula
for calculating evaporation using this method.

Method Selection Considerations: Advantages: (1) Once required cocfficients have been determined, only
windspeed and humidity gradient need be measured; and (2) works best in large, flat areas with uniform plant
cover. Disadvantages: (1) Requires relatively complicated humidity and wind profile measurements; (2) the
turbulent transfer coefficient for water vapor (Ke) also must be measured, unless it can be assumed to equal the
momentum transfer coefficient (Km); (3) is less suitable for areas that are acrodynamically unstable because of
rough vegetation cover or topography; and (4) is less accurate than mass transfer and energy budget methods
because calculation sensitivity of instruments is more critical for accurate results and errors are more likely from
adverse boundary conditions.

Frequency of Use: Sometimes used for short-term intensive studies, but not recommended for routine field
applications and assessments.

Standard Methods/Guidelines: --

Sources for Additional Information: Sharma (1985), Thompson et al. (1989), U.S. Geological Survey (1982),
Veihmeyer (1964). See also, Table 8-3.
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS
8.4 EVAPOTRANSPIRATION (MICROMETEOROLOGICAL METHODS)
8.4.6 Eddy Correlation Method

Other Names Used to Describe Method: Eddy flux method.

Poee 1

Uses at Contaminated Sites: Indirect field method for estimating evaporation and evapotranspiration (ET).

Method Description: Accurate, closely spaced instantaneous measurements of vertical wind velocity and humidity
are averaged over a period of 1/2 hour or more. Water vapor flux (ET) is calculated from an equation relating
deviations of humidity and vertical wind velocity from the mean, Extremely sensitive instrumentation, such as
a propeller anemometer or sonic anemometer, is required for vertical wind measurements, Infrared hygrometry
or wet-bulb/dry-bulb psychrometers usually are used for humidity measurements. On sloping surfaces, three-
dimensional wind measurements are required.

Method Selection Considerations: Advantages: Is the most direct means of measuring ET; (2) is independent of
atmospheric conditions or types of underlying surfaces; (3) is accurate in low and high humidity environments.
Disadvantages: Requires expensive and delicate instrumentation.

Frequency of Use: Well accepted for short-term research applications. Not recommended for routine field
applications and assessments.

Standard Methods/Guidelines: --

Sources for Additional Information: Rosenberg et al. (1983), Sharma (1985), Thompson et al. (1989), U.S.
Geological Survey (1982). See also, Table 8-3.
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Table 8-2 Reference Index for Hydrometeorological Data Collection and Measurement Methods

Topic

References

Climatic Data Sources/Uses
Meteorological Tables

General References

EPA Guidance Documents

Precipitation Gages/Samplers

Precipitation Analysis
Wind Speed/Direction

Humidity

Solar Radiation

Eder et al. (1989), Hatch (1988), Whiting (1975, 1976)
Letestu (1966), List (1966)

ASTM (1986), Berry et al. (1945), Brakensiek et al. (1979), Brock and Nicolaidis
(1984), Brunt (1944), Fritschen and Gay (1979), Hardy and Fisher (1972),
Huschke (1970), Lockhart (1989a), Malone (1951), Meteorological Office (1956),
Monteith (1972), National Weather Service (1972, 1975), Spilhaus and Middleton
(1973), Tanner (1963), UNESCO (1969), U.S. Army (1975), U.S. Geological
Survey (1980), U.S. Weather Bureau (1955), WMO (1971, 1973, 1974, 1975),
WMO-IASH (1965)

U.S. EPA (1985, 1987a,b)

Gilman (1964), Neff (1977), Purcell and Brown (1991), Simmons and Bigelow
(1990) ‘

Butler (1957), DeWiest (1966), Kazmann (1988), Skeat (1969), Wisler and Brater

(1959); Frequency/Probability Maps: Thomas and Whiting (1977), U.S.
Department of Commerce (1961)

ASTM (19853, 1990), Finkelstein et al. (1986a,b), Hayashi (1987), Lockhart
(1985a,b, 1987, 1989b), Snow et al. (1989), Stearns (1985), Turner (1986)

ASTM (1982, 1983, 1984a, 1985b), U.S. Weather Bureau (1963a), Wexler (1957,
1965), Wexler and Brombacher (1951)

ASTM (1984b), Carter et al. (1977), Coulson (1975), Elsasser and Culbertson
(1960-atmospheric radiation table), Gates (1962), Kennedy (1949-pyrheliometers),
Latimer (1972), Norris (1974), Selcuk and Yellott (1962), Suomi and Kuhn
(1958); Estimation methods: Anderson and Baker (1967), Koberg (1964)
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Table 83 Reference Index for Evaporation and Evapotranspiration Measurement Methods

Topic

References

Hydrology Texts Covering ET

Genceral Reviews

ASCE (1952), Branson et al. (1981), Bras (1990), DeWiest (1966), Dunne and
Leopld (1978), Eagleson (1970), Gray (1973), Kazmann (1988), Linsley et al.
(1949, 1982), Skeat (1969), Viessman et al. (1977), Wisler and Brater (1959);
Sympaosia: Sokolow and Chapman (1974)

Anderson et al. (1950), Barry (1973), Bennett and Linstedt (1978), Black et al.
(1969), Brutsaert (1982), Christian et al. (1970), Criddle (1958), Doorenbos and
Pruitt (1977), Evans (1962), Gangopadhyaya et al. (1966), Hamon (1961), Hanks
and Ashcroft (1980), Hide (1954), Hillel (1982), Jensen (1974), Kittredge (1941),
Levine (1959), Lowry and Johnson (1942), Monteith (1965), Robins (1965),
Robins and Haise (1961), Rosenberg et al. (1968), Saxton and McGuiness (1982),
Sharma (1985), Stephens and Stewart (1964), Tanner (1967, 1968), Thompsen et
al. (1989), Thornthwaite (1948), U.S. Geological Survey (1982), Veihmeyer
(1964), Webb (1975), WMO (1966)

Water Balance Methods (See also, Tables 4-3 and 7-6)

Lysimetric Methods

Soil Moisture Budget

Water Budget Methods

Aboukhaled et al. (1982), Harrold (1966), Kohnke et al. (1940), Pelton (1961),
Robins (1965), Tanner (1967), van Bavel (1961), Visser (1962); Nonweighable
Lysimeters: Colman and Hamilton (1947), Evans (1971), Gilbert and van Bavel
(1954), Mather (1954), Patric (1961), Robinson (1970), Stevenson and van Schaik
(1967); Weighable Lysimeters (see also, monolith lysimeters, Table 9-4): Harrold
and Dreibelbis (1951, 1958), Katul and Parlange (1992), Mustonen and
McGuinness (1968), Pruitt and Angus (1960), Ritchie and Burnett (1968),
Rosenberg et al. (1967), van Bavel and Myers (1962), van Bavel and Reginato
(1965), van Hylckama (1966, 1968), Williamson (1963), Wind Hzn (1958);
Hydraulic Lysimeters: Black et al. (1968), Dagg (1970), DeBoodt et al. (1966),
Ekern (1967), Forsgate et al. (1965), Hanks and Shawcroft (1965); Lysimeters
(Unspecified): Blad and Rosenberg (1974), Blaney et al. (1930), King et al.
(1956), Kittredge (1941), Makkink (1957), Martin and Rich (1948), McGuiness
and Bordne (1972), Young and Blaney (1942); Microlysimeters: Abramova (1968),
Al-Khafaf et al. (1978), Boast and Robertson (1982), Shawcroft and Gardner
(1983), Staple (1974), Walker (1983)

Bowman and King (1965), Bresler and Kemper (1970), DeBoodt et al. (1966),
Hillel (1971), Idso et al. (1975), Jenson (1974), Ligon (1969), Lomen and Warrick
(1978), McGowan and Williams (1980), Rose (1966), Rose and Krishnan (1967),
Slaytor (1967), Tanner (1967, 1968), van Bavel and Stirk (1967); Methods of
Modulating Potential Rates to_Predict Soil Moisture Withdrawal: Holmes (1961),
Robertson and Holmes (1959), Taylor and Haddock (1956)

Eagleson (1978a,b); Evaporation: Anderson (1954), Hanks et al. (1969), Harbeck
and Kennon (1954), Horton (1943b), Langbein et al. (1951), McKay and Stichling
(1961), Winter (1981); Inflow-Outflow: Blaney et al. (1938, 1942), Jensen (1967),
Lowry and Johnson (1942), Wilcox (1960), Yin and Brook (1992);
Integration/I eaf Area Index Methods: Blaney et al. (1938, 1942), Hanks (1974),
Jensen et al. (1970), Kristensen (1974), Raymond and Rezin (1989), Ritchie
(1974); Watersheds: Hewlett et al. (1969), Lee (1970), Row and Reimann (1961),
Williams (1940); Floodplains: Bowie and Kam (1968), Culler (1970), Gatewood et
al. (1950), Hanson et al. (1972), Horton (1973-liteature review), Langbein (1942),
Reigner (1966), Taylor and Nickle (1933)
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Table 8-3 (cont.)

Topic

References

Water Balance Methods (cont.)

Pan Evaporation

Atmometers

Ground-Water Fluctuation

Transpiration

Micrometeorological Methods
General

Empirical ET Equations

ASCE (1934), Bouwer (1959), Doorenbos and Pruitt (1977), Gangopadhyaya et
al. (1966), Jensen (1974), Kohler et al. (1955), McKay and Stichling (1961),
Mortenson and Hawthorn (1934), Mukammal (1961), Mukammal and Bruce
(1960), Nordenson and Baker (1962), Peck and Munro (1976), Pruitt (1960),
Rohwer (1931, 1934), U.S. Weather Bureau (1955), Young (1947); Modified
Energy Budget with Insulated Pan: Cummings (1940), Kohler and Parmele
(1967), U.S.Geological Survey (1982); Pan Coefficients: ASCE (1934), Ficke et al.
(1977), Hall (1934), Kohler (1954), Rohwer (1931, 1934), Sonmor (1963), State of
California (1973), White (1932), Young (1947); Pan Evaporation Maps: Horton
(1943a), Kohler et al. (1959); ET Estimates from Pan Evaporation: Mortenson
and Hawthorne (1934), Pruitt (1960), Pruitt and Jensen (1955), Robertson and
Holmes (1956), Stanhiil (1962), Yin and Brook (1992)

Abbe (1935), Halkias et al. (1955), Livingston (1935), Livingston and Haasis
(1929), Mukammal (1961), Mukammal and Bruce (1960), O’Connor (1955),
Sonmor (1963), State of California (1973)

Blaney et al. (1933), Davis and DeWiest (1966), Gatewood et al. (1950), Troxell
(1936), Weeks and Sorey (1973), White (1932)

Cohen et al. (1981), Jarvis et al. (1981), Koch et al. (1971), Reicosky and Peters
(1977), Veihmeyer (1964). Also, U.S. Geological Survey (1982) contains .over 50
other references on methods for measuring or estimating transpiration.

Cruff and Thompson (1967), DeVries and Afgan (1975), Ficke (1972), Halstead
and Covey (1957), Hanks and Ashcroft (1980), Harbeck (1952), Hillel (1980,
1982), Hughes (1967), Lemon et al. (1957), Penman (1963), Penman et al. (1967),
Szeicz (1975), Tanner (1967, 1968), Thom (1975), Van Wijk and De Vries (1954);
Bare Soils: Black et al. (1969), Fuchs et al. (1969)

Reviews: Bras (1990), Criddle (1958), Cruff and Thompson (1967), Eagleson
(1970), Gray (1973), Jensen (1966a), Pierson and Jackman (1975), Pruitt and
Doorenbos (1977), Robins and Haise (1961), Sharma (1985), Tanner (1967),
Thompson et al. (1989), U.S. Geological Survey (1982), Veihmeyer (1964); -
Blaney-Morin/(Modified) Blaney-Criddle: Blaney (1959), Blaney and Criddle
(1950, 1962), Blaney and Morin (1942), Blaney et al. (1952), Criddle (1958), Cruff
and Thompson (1967), Dunne and Leopold (1978), Pruitt and Doorenbos (1977),
State of California (1973), Stephens and Stewart (1964), U.S. Weather Bureau
(1905), Yin and Brook (1992); Jensen-Haise: Jensen (1966b), Jensen and Haise
(1963), Jensen et al. (1970); Thomthwaite: Dunne and Leopold (1978), Pelton et
al. (1960), Stephens and Stewart (1964), Thornthwaite (1931, 1948), Thornthwaite
and Mather (1955, 1957), Thormnthwaite and Wilm (1944), Yin and Brook (1992);
Others: Behnke and Maxey (1969), Benson et al. (1992), Christiansen (1968),
Christiansen and Hargreaves (1969), Gardner (1958), Halkias et al. (1955),
Harding et al. (1930), Hargreaves (1956), Hargreaves and Samani (1985),
Holdridge (1962), Kincaid et al. (1979), Lowry and Johnson (1942), Makkink
(1957), Munson (1962), Priestly and Taylor (1972), Ritchie (1972), Saxton and
McGuiness (1982), Tanner and Jury (1976)
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Table 8-3 (cont.)

Topic

References

Empirical Evaporation
Equations

Physically-Based Equations

Mass-Transfer Methods

Energy Budget Methods

Profile/Gradient Method

Eddy Correlation

Reviews: Bras (1990), Helfrich et al. (1982), McKay and Stichling (1961),
Weisman (1975); Specific Equations: Harbeck (1962), Kohler (1954), Kohler et
al. (1955), Kuzmin (1957), Marciano and Harbeck (1954), Meyer (1915, 1942),
Rohwer (1931), Shulyakovsky (1969)

Benson et al. (1992), Bras (1990), Businger (1956), Chiew and McMahon (1991),
Cordova and Bras (1981), Crago and Brutsaert (1992), Duell (1990), Gray (1973),
Katul and Parlange (1992), Lemur and Zhang (1990), McKay and Stichling
(1961), Monteith (1963), Morton (1978, 1983, 1991), Penman (1948, 1956), Pruitt
and Doorenbos (1977), Robins (1965), Rosenberg et al. (1983), Sharma (1985),
Staple (1974), Tanner (1968), Tanner and Pelton (1960), Thompson et al. (1989),
Tumner (1957), U.S. Geological Survey (1982), van Bavel (1966), Veihmeyer
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SECTION 9

VADOSE ZONE SOIL-SOLUTE/GAS SAMPLING AND MONITORING METHODS

Monitoring of soil water in the vadose zone can serve as an early warning system at controlled waste
disposal sites that contaminants are entering the subsurface, and can allow actions to be taken before
contaminants reach the saturated zone. Methods for sampling and monitoring the vadose zone can be broadly
categorized as: (1) Indirect (surface geophysxcal methods and probes that focus on measuring variations in soil

_salinity), and (2) direct (in which soil water is collected directly in the field, or extracted from samples of soil
solids). .

Indirect Soil Salinity Measurements

A variety of methods are available for locating and monitoring areas of high soil salinity. These
> methods primarily have been developed for agricultural applications to identify saline soils and control irrigation
flows where soluble salts can affect crop productivity. Table 9-1 summarizes information on six indirect methods
for monitoring soil salinity. The four-probe electrical method is a direct application of the electrical resistivity
surface geophysical method (Section 1.2.1), with electrode configurations that measure near-surface resistivity.
The electromagnetic induction sensor is an instrument that is specifically designed to measure conductivity in the
near surface. The other indirect methods involve placement of probes or sensors in the subsurface. The main
advantage of indirect methods is that data can be collected quickly. The main disadvantages are: (1) Instruments
must be calibrated for each soil type by collection of samples where salinity is measured directly to obtain
quantitative measurement of soil salinity; and (2) actual chemical constituents that are contributing to soil salinity
cannot be determined. The four-probe electrical and porous matrix soil sahmty sensors are the most commonly
used indirect methods

Direct Soil Solute Sampling Methods

The U.S. Environmental Protection Agency is placing increasing emphasis on vadose zone soil solute
sampling as an early warning system to detect movement of contaminants before they reach the saturated zone
(Cullen et al., 1992; Durant et al.,, 1993). Three major types of soil water can be identified in the context of
sampling soil water: (1) Macropore or gravitational water, which flows through the soil relatively rapidly in
response to gravity (excess of 0.1 to 0.2 bars suction); (2) soil-pore or capillary water, which is held in the soil
at negative pressure potentials from around 0.1 to 31 bars of suction; and (3) hygroscopic water that is held at
tensions greater than 31 bars suction. Soil-pore water moves through the vadose zone, but at much slower rates
than gravitational water (see discussion of potential-conductivity relationships in Section 6.3.1), whereas
hygroscopic moves primarily in the vapor form. The term soil solute or solution sampling has been used loosely
in the literature to describe most sampling methods, whereas the term soil pore liquid is typically used in a more
restricted sense (and is so used here) to apply to sampling of capillary water. The chemistry of soil solute
sampling methods can differ significantly, depending the method used. Concentrations of inorganic species
generally increase as the matric potential increases. In general, ceramic soil suction samplers (which use suctions
up to around 0.8 bars) will collect samples that are most representative of the soil solution for the purpose of
evaluating contaminant transport.

There are a large number of specific methods by which soil water can be sampled. Suction samplers
draw water from the soil by applying a vacuum. A variety of free-drainage samples collect water percolating
through the soil by gravity flow. Other methods include: (1) Use of absorbent materials with retrieval and
extraction of water in the laboratory, (2) collection of soil solids with extraction of soil water in the laboratory
by a variety of methods, and (3) preparation of a soil saturation extract from a solids sample. Table 9-1
summarizes some information on six types of suction samplers, seven methods of collecting samples by free
drainage, and four miscellaneous methods. Table 9-1 also lists collection of soil solids for volatile constituents
and soil microorganisms in the vadose zone.

The main advantages of suction samplers is that they are relatively easy to install, and there are
essentially no limitations to the depth of sampling when a vacuum-pressure apparatus is used. The main
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Table 9-1 Summary Information on Soil Solute Monitoring and Sampling Methods

Mecthod Sampling Depth Chapter
Method Limitation Sections

lndirect Salinity Mcasurement Methods

Four Probe Electrical Resistivity Near surface 9.1.1,1.2.2
Portable EC Probe Resistivity 15m 9.1.2
In Situ EC Probe ) Resistivity None 9.1.2
Porous Matrix Salinity Sensors Resistivity None 9.1.3
Electromagnetic Induction Sensor Conductivity 2m 9.14,13.1
Diclectric Sensors Dielectric 2m* 9.14,6.2.3
Time Domain Reflectometry Sensor Dielectric Upto20m 9.14, 6.2.4

Neutron Probe Nuclear None 33.3,6.2.2

Direct Soil Solute Sampling Methods

Vacuum-Type Porous Cup Suction 2m 9.21
Vacuum-Pressure Porous Cup Suction 45 ft 9.2.2
Vacuum High-Pressure Porous Cup Suction 300 ft 9.22
Vacuum-Plate Sampler Suction 2m* 9.23
Mecmbrane Filter Suction 1-4md 9.2.4
Hollow Fiber Suction 2m' 9.2.5
Ceramic Tube Sampler Suction 2m' 9.2.6
Capillary Wick Sampler Capillary 4 9.2.7
BAT Sampler Suction 45 ft 552
Trench Lysimeter Gravity® 4 9.3.1
Caisson Lysimeter ’ Gravity 3m+ 9.3.1
Pan Lysimeter Gravity 4 9.3.1
Glass Block Lysimeter Gravity 4 93.1
Wicking Type Sampler Gravity 4 93.1
Tile Drain Outflow . Gravity 50+ ft 9.3.1
Perched Water Table Gravity None 9.3.2
Nylon Sponge Absorbent Near surface 93.3
Ceramic Rod Absorbent Near surface 9.33
Solid Soil Water Extraction . None 9.34
Soil Saturation Extract Slurry None 9.3.5
SEAMIST Absorbent 100s ft 9.3.7
Methods for Sampling Sensitive Soil Constituents

Static Soil-Gas Sampling Absorbent Near Surface 9.4.1
Soil-Gas Probes Suction t 9.42
Tank Leak Sensors Various Typically <2m 9.4.3
Soil Volatiles/Microorganisms Core t 9.3.6

Boldlace = Most commonly used methods.

*With vacuum sampling apparatus; greater depths would be possible using vacuum-pressure sampling system.

YUpper limit would require modification of system to use vacuum-pressure sampling apparatus.

*Sample is collected by free-drainage in all gravity samplers, but suction can be used to bring sample to the surface.

‘Depth limited by the depth to which a hole or trench can be safely dug for installation of sampler in the sidewall; typically 2 meters
or less.

*Various methods can be used to extract soil water from a sample: Squeezing, displacement, displacement/centrifugation,
centrifugation, and adsorption.

‘Depends on density of subsurface material and method of penetration/coring. Soil gas probes used with cone penetration rigs
(Scctions 2.2.2, 5.5.1, and 5.5.2) can penetrate 100 to 150 feet with favorable soil conditions; greater depths are possible if holes are
drilled before insertion of the soil gas probe. Coring depth limits are defined by the type of drilling/coring method used (Sections 2.3
and 2.4).



disadvantage of suction samplers is that they might not collect representative samples. Sampling for organic
chemicals, microorganisms, volatile chemicals, and metals is especially problematic due to potential
sorption/interferences by the porous cup. Vacuum-type and vacuum-pressure type porous cup samplers are by
far the most commonly used types of suction samplers. The main advantage of free-drainage samplers is that
relatively large volumes of water, which is representative of water that is actually percolating to deeper zones,
is obtained. The main disadvantages are that installation procedures are time consuming and complex and
limited to relatively shallow depths. Trench lysimeters with pan collectors are the most commonly used free-
drainage samplers. Figure 9-1a illustrates generic vadose zone monitoring installations for an existing hazardous
waste landfill and Figure 9-1b illustrates generic vadose zone monitoring installations for a new surface
impoundment. Capillary wick samplers (Section 9.2.7) are a relatively new development, which appear to have
good potential for collecting more representative samples of soil solutions than either porous cup or free-
drainage samplers in the near surface.

Gaseous Phase Characterization

Sampling of soil gases (volatile contaminants or gases such as methane and carbon dioxide, which are
indicators of increased microbial activity resulting for organic contaminants) has gained rapid acceptance as a
method for preliminary mapping of contaminant plumes in ground water, and monitoring of underground storage
tanks. Contaminant plume mapping can be done either by passive sampling, where absorbent collectors are
buried for a period of time and retrieved for laboratory analysis (Section 9.4.1), or by using soil-gas sampling
probes (Section 9.4.2). Various types of sensors can be used to detect leaks in underground storage tanks
(Section 9.4.3). Monitoring of air pressure (Section 9.4.4) and measurement of air permeability (Section 9.4.5)
might be required for modeling the transport of contaminants in the vadose zone.

Contaminant Flux
Section 9.5.1 (Solute Flux Methods) briefly describes four methods for estimating the mass transfer of

pollutants from the vadose zone to ground water, and Section 9.5.2 (Soil-Gas Flux) describes several methods
for estimating soil-gas flux to the atmosphere.
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9. VADOSE ZONE SOIL-SOLUTE/GAS SAMPLING AND MONITORING METHODS
9.1 SOLUTE MOVEMENT (INDIRECT METHODS)

9.1.1 Four Probe Electrical Resistivity

Other Names Used to Describe Method: Eom electrode technique/sensors.

Uses at Contaminated Sites: Measuring in situ soil salinity in the shallow vadose zone; locating brine and chloride
plumes; estimating water content.

Method Description: A Wenner four probe electrode array (see Section 1.2.1) is used to detect areas of low
electrical resistivity (high conductivity) in the soil. For a given soil type, electrical conductivity of the bulk soil
and electrical conductivity of the saturation extract from the soil are directly related. Once a calibration curve
has been developed (requiring multiple measurements of both soil conductivity and saturation extract conductivity
at different locations in a single soil type), soil conductivity measurements can be related to saturation extract
conductivity, which in tum can be related to salinity (see references in Table 9-2).

Method Selection Considerations: Advantages: (1) Is a nondestructive method (once calibration constants have
been calculated); (2) readings are obtained rapidly and inexpensively; (3) is useful for detecting the presence of
shallow saline ground water; (4) horizontal variations in salinity can be easily measured by lateral transects; (5)
vertical changes in salinity can be evaluated by changing the electrode spacing; and (6) a large volume of'soil can
be measured compared to other methods. Disadvantages: (1) Obtaining calibration relationships can be tedious;
(2) accuracy decreases in layered soils; (3) time-series monitoring is difficult due to the requirement of making
multiple traverses; (4) is generally limited to shallow depths; (5) does not provide data on specific pollutants; and
(6) will not detect pollutants that do not change the electrical conductivity of the subsurface. Water Content
Measurement: Moisture content can be estimated from four electrode resistivity measurements if salinity,
temperature, and bulk density can be quantified, and calibration curves are developed, however, other simpler
and more reliable methods generally are used (see Sections 6.2 and 6.3).

Frequency of Use: Commonly used for identification of saline soils in agricultural studies. DC resistivity methods
for detecting conductive contaminant plumes in the deeper subsurface are described in Section 1.2.1.

Standard Methods/Guidelines: Salinity: Rhoades and Oster (1986); Water content: Morrison (1983).

Sources for Additional Information: Everett et al. (1983). See also, Table 9-2.



9. VADOSE ZONE SOIL-SOLUTE/GAS SAMPLING AND MONITORING METHODS
9.1 SOLUTE MOVEMENT (INDIRECT METHODS)
9.1.2 EC Probes

Other Names Used to Describe Method: Four-electrode salinity probe, electrical conductivity probe*, portable
salinity probe, burial type salinity probe, four-electrode conductivity cell.

Uses at Contaminated Sites: Obtaining small volume soil salinity measurements.

Method Description: A cylindrical portable probe containing electrodes at fixed spacing is attached to a rod with
a handle (Figure 9.1.2a). A hole the same diameter as the probe is augered, and resistivity is measured at
successive depths. Alternatively, a specially dedicated burial-type probe is placed permanently in the ground with
a cable running to the surface for periodic measurements (Figure 9.1.2b): Calibration of probes is similar to the
calibration method for the four probe electrical method (Section 9.1.1). The four-electrode conductivity cell is
a variant of this approach, in which and undisturbed soil core is collected using a removable lucite columnar
insert in a soil-core sampler. The lucite section is removed from the sampler and segmented to form individual
cells. Electrodes are inserted into the soil through threaded holes in the lucite cell walls and resistivity is
measured.

Method Selection Considerations: Advantages: (1) Salinity changes with depth in stratified soils can be measured;
(2) burial probe measurements can be taken at a greater depth than with four electrode method; (3) in-place
units allow easy monitoring of changes in salinity with time; (4) are well suited for mapping and diagnosis as well
as monitoring; (5) compared to salinity sensor probes, are more versatile, durable, less subject to calibration
change, and respond to changes in salinity with less time lag; and (6) can be used to measure different soil
volumes. Disadvantages: (1) Developing individual calibration relationships for each strata is time consuming
and expensive; (2) use is limited to relatively shallow depths; and (3) provide no data on specific pollutants nor
will probes detect pollutants that do not change the electrical conductivity of the subsurface.

Frequency of Use: Primarily used for land treatment areas and irrigated fields,

Standard Methods/Guidelines: Portable probe: Rhoades and van Schilfgaarde (1976), Rhoades et al. (1977);
Burial probe: Rhoades (1979).

Sources for Additional Information: Everett et al. (1983). See also, Table 9-2.

*This probe actually measures resistivity, but measurements typically are reported in its reciprocal, conductivity.
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Figure 9.1.2 Electrical conductivity probes: (a) Schematic illustrating the principle of a soil-salinity probe (Rhoades

and van Schilfgaarde, 1976, by permission); (b) Installation of in situ soil salinity sensor (Morrison,
1983).
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9. VADOSE ZONE SOIL-SOLUTE/GAS SAMPLING AND MONITORING METHODS
9.1 SOLUTE MOVEMENT (INDIRECT METHODS) .
9.1.3 Porous Matrix Salinity Sensors

Other Names Used to Describe Method: Ceramic salinity sensors, in situ salinity sensors.

Uses at Contaminated Sites: Monitoring soil salinity; determining dispersion coefficients from salinity gradients
and evapotranspiration; measuring water content measurement.

Method Description: Electrodes and thermistors embedded in porous ceramic are placed in the soil. Many types
of sensors have been developed. Figure 9.1.3a illustrates a cylindrical sensor, and Figure 9.1.3b a square salinity
sensor. The specific conductance is measured when the soil solution equilibrates with the ceramic. As with the
four probe elcctrical and EC probe, calibration curves that relate signal to salinity and/or water content must be
developed to relate conductivity readings to salinity. Temperature also must be measured and used to develop
calibration relationships.

Method Selection Considerations: Most suitable for land treatment areas and irrigated fields. Could be installed
below ponds before they are filled with water. Advantages: (1) Are simple, easily read and sufficiently accurate
for salinity monitoring; (2) readings are taken at same depth and location each time; (3) vertical migration of
saline water can be monitored by installing units at different depths; and (4) output can be interfaced with data
acquisition systems. Disadvantages: (1) Are more subject to calibration changes than the four-electrode method;
(2) are more expensive and less durable than four-electrode method; (3) time lag in response to changing salinity
can be several days; (4) cannot be used at soil-water pressures less than about -2 bars; (5) soil disturbance during
installation can affect results (salinity readings will be lower compared to undisturbed soil if disturbed soil has
greater leaching due to increased permeability); and (6) does not provide data on specific pollutants.

Frequency of Use: Commonly used in agricultural research where continuous monitoring of soil salinity is
required.

Standard Methods/Guidelines: Rhoades and Oster (1986), Richards (1966).

Sources for Additional Information: Morrison (1983). See also, Table 9-2.
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Figure 9.1.3 Soil salinity sensors: Cylindrial (a); Square (b) (Morrison, 1983, after Enfield and Evans, 1969, by
permission).



9. VADOSE ZONE SOIL-SOLUTE/GAS SAMPLING AND MONITORING METHODS

9.1. SOLUTE MOVEMENT (INDIRECT METHODS)

9.1.4 Electromagnetic Sensors

Other Names Used to Describe Method: Electronﬁagnetic induction sensor, inductive electromagnetic soil

conductivity meter, soil conductivity sensor, EM soil salinity sensor, time domain reflectometry (TDR)/dielectric
Sensors.

Uses at Contaminated Sites: Monitoring soil salinity.

Method Description: The EM soil salinity sensor uses the principles of electromagnetic induction (see Section
1.3.1) to measure electrical conductivity in the soil rooting zone (1 to 2 meters). EM instruments are designed
for measurement of conductivity of the near surface. Dielectric sensors (Section 6.2.3) and time domain
reflectometry (Section 6.2.4) measure the dielectric properties of the subsurface using probes that transmit and
receive electromagnetic signals.

Method Selection Considerations: EM Soil Salinity Sensor Advantages: (1) Equipment is very portable and easy
to use; (2) direct contact with the ground is not necessary; and (3) continuous measurements are possible. EM
Soil Sensor Disadvantages: Depth of penetration is limited to 1 to 2 meters. Time Domain Reflectometry has
the advantage of allowing measurement of both moisture content and electrical conductivity (see Section 6.3.4
for additional discussion of advantages and disadvantages).

Frequency of Use: EM soil salinity sensors are used primarily for agricultural applications for measuring salinity
of the soil rooting zone and locating saline seeps. TDR sensors are relatively new but have gained rapid
acceptance.

Standard Methods/Guidelines: --

Sources for Additional Information: Salinity sensors: See Table 9-2. TDR: Kachonoski et al. (1992); see also,
references listed in Table 6.3.
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9. VADOSE ZONE SOIL-SOLUTE/GAS SAMPLING AND MONITORING METHODS

9.2 DIRECT SOIL-SOLUTE SAMPLING (SUCTION METHODS)

9.2.1 Vacuum-Type Porous Cup

Other Names Used to Describe Method: Suction/soil lysimeter, tension lysimeter, soil-water extractors

" Uses at Contaminated Sites: Sampling of soil pore liquids in the vadose zone to characterize contaminated sites
or provide early warning of break-through of pollutants at controlled disposal sites.

Method Description: A porous cup or plate (usually ceramic but other materials, such as alundum, fritted glass,
and nylon can be used*) is attached to a small diameter tube (usually PVC), which is placed in the soil, making
sure that there is good contact with the soil material. A one-hole rubber plug is placed in the other end of the
tube and small diameter tubing beginning at the base of the ceramic cup runs through the hole to the surface
(Figure 9.2.1a). A vacuum is applied to the small tubing and the soil solution is drawn into a small flask.
Tensiometers (Section 6.1.1) can be installed in the vicinity to determine that amount of suction that should be
applied during sampling. Figure 9.2.1b illustrates the use of vacuum-type porous cup lysimeters in a barrel
lysimeter. A purge-and-trap device at the surface (Figure 9.2.1c) can be used for collection of volatiles from
suction samplers.

Method Selection Considerations: Advantages: (1) Allows direct sampling of soil water; (2) successive samples
can be obtained from the same depth; (3) is inexpensive and simple; and (4) can be installed below shallow
impoundments and landfills prior to construction for monitoring of seepage when the facility is operating.
Disadvantages: (1) Generally is limited to depths less than 6 feet; (2) is limited to soil water pressure less than
air entry value of the cups (-1 atmosphere or -30 kPa), so will not work in very dry or frozen soils; (3) small
volumes sampled might not be representative; (4) only samples pore water, water moving through cracks and
macropores might have different chemical composition (can be overcome by also using zero suction samplers
[Section 9.3.1]); (5) suction might affect soil-water flow patterns, so installation of tensiometers is required to
determine the correct vacuum to apply; (6) samples might not be representative of pore water because method
does not account for relationships between pore sequences, water quality and drainage rates; (7) contact between
cup and soils difficult to maintain in very coarse textured soils, such as gravels, and exposure to freeze-thaw might
break contact with soil; (8) cup might be plugged by solids or bacteria; (9) chemistry of solute might be altered
in passage through cup (sorption of metals, ammonia, chlorinated hydrocarbons); (10) PTFE cups have relatively
limited operational ranges (up to 7 centibars); (11) dead space, where fluid in the cup is not brought to the
surface, might occur if the discharge tube hangs up on the lip of the cup during installation, and some PTFE
samplers have a permanent dead space; (12) generally is not suitable for bacterial sampling due to screening and
adsorption; and (13) heavy metals might be sorbed on the porous-cup matrix.

Erequency of Use: Ve