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SUMMARY 

The leaching and migration of radionuc1ides from shallow land burial 
sites is controlled by the amount, composition and mobility of soil water. 

The measurement of soil water together with the prediction and monitoring of 
its behavior in soil is critical to the proper design and operation of a 

burial site. The amount of water present may be measured and expressed as 
cubic meters of water per cubic meter of soil, or the soil water pressure may 

be measured and expressed as bars. The amount of water is called the water 
content and the pressure is referred to as the water potential. Low-level 

waste management has two major tasks that require the ability to measure soil 
water potential. There are the soil hydraulic characterization studies per

formed during selection of a burial site, and the monitoring of soil water dur

ing site operation and post-closure. Soil hydraulic characterization requires 

the determination of two basic relationships, the relationship between soil 

water content and soil water potential, known as the soil water characteristic, 

and the relationship between hydraulic conductivity ~nd soil water potential. 

Monitoring activities include the long term measurement of soil water potential 

at active as well as retired burial sites. 

There are four basic types of sensors used to measure soil water poten

tial. These are: 1) tensiometers; 2) soil psychrometers; 3) electrical resis

tance blocks; and 4) heat dissipation probes. Tensiometers are designed to 
measure the soil water potential directly by measuring the soil water pres
sure. This is done by linking a pressure gage or manometer to a porous ceramic 

cup buried in the soil. The tensiometer has high precision (millibar), but a 
limited range (0 to -0.8 bars). Tensiometers perform best in loamy soils, and 

are difficult to use in sandy soils. They also have depth limitations and 
require regular maintenance. Soil psychrometers are sensors that infer water 
potential from a direct measurement of the relative humidity of the soil air. 
These sensors rarely achieve a precision of greater than 0.5 bars, and this is 

only in soils drier than -1 bar. The lower limit to soil psychrometry ranges 
from -70 to -90 bars depending on the soil temperature. Psychrometers are 

very sensitive to temperature gradients present in the so;l and also seem to 
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require frequent cleaning to achieve optimum performance. These two factors 
severely limit the effectiveness of soil psychrometers in field applications. 

Electrical resistance blocks consist of two electrodes embedded in a 

porous material such as fiberglass or gypsum. When buried in soil, the fiber
glass or gypsum absorbs or loses water until the water potential in the block 
is equal to the water potential in the surrounding soil. As the block loses 
and gains water, the electrical resistance measured between the two electrodes 
changes and this can be used to infer the water potential of the soil. These 
sensors must be calibrated for each soil, as opposed to the tensiometer and the 

soil psychrometer. Fiberglass blocks are most effective in the range of -0.1 
to -1 bar, while the gypsum block may be used in soils drier than -0.5 bars. 

Electrical resistance blocks are not as accurate as tensiometers but show 

greater versatility. They are most effectively used to monitor relative 

changes in water potential, and water content, over long periods of time. 

Calibration of these sensors requries a great deal of time (several months), 

but they should require no maintenance after installation. The greatest advan~ 
tage is their long term stability, and their simplicity of operation. They 

are also the least expensive of the water potential sensors available. Heat 
dissipation probes use a porous material (usually ceramic) to equilibrate with 
the soil in much the same manner as the electrical resistance blocks. The heat 
dissipation probe differs in that the thermal conductivity of the sensor is 

used to infer soil water potential rather than electrical resistance. These 
sensors must also be calibrated for each soil they are to be used in, and pro
duce results of comparable accuracies and precision to the electrical resis
tance blocks. The operation of commercial units has been optimized for the 
range of -0.3 to -1 bar. A limitation common to all water potential sensors 
is their failure in frozen soils. 

The use of water potential sensors in the characterization of soil 
hydraulic properties generally requires a sensor with high accuracy. This 

essentially limits the choices to tensiometers. Most laboratory procedures 
for measuring the soil water characteristic curve use modified tensiometers 

(pressure plates and hanging water column) to make the water potential measure
ment. The pressure plate uses the basic principles of a tensiometer, however, 
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avoids the range limitations of a field tensiometer. Field measurements of 
the soil water characteristic curve are most useful in the 0 to -1.0 bar, so 
the range limitations of the tensiometer are not a problem. The field measure

ment of the hydraulic condutivity function also requires accurate water poten
tial measurements that only tensiometers can provide. If tensiometers cannot 
be used successfully at the burial site due to the soil conditions, then the 
hydraulic characterization studies will largely be limited to the analysis of 

laboratory samples. 

Monitoring efforts at burial sites require measurements of soil water 
over long time periods. They also require measurements at key locations such 

as waste-soil interfaces and within any barrier system installed. Electri

cal resistance blocks are well suited for these types of measurements. They 

require no maintenance, are inexpensive, and have the required spatial resolu
tion to measure the accumulation or loss of water at the key positions men

tioned. Heat dissipation probes do not provide higher levels of accuracy and 
cost several times more, and soil psychrometers are too unreliable for long 

term use in field situations. 

The measurement of soil water potential can be a difficult task. There 

are several sensors commercially available; however, each has its own limita
tions. It is important to carefully select the appropriate sensor for the 

job. The accuracy, range, calibration, and stability of the sensor must be 

carefully considered. This study suggests that for waste management activi

ties, the choice of sensor will be the tensiometer for precise soil charac
terization studies and the electrical resistance block for long term monitoring 
programs. 
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INTRODUCTION 

The measurement of soil water is important to the shallow land burial of 
low-level waste. Soil water flow is the principle mechanism of radionuclide 
transport, allows the establishment of stabilizing vegetation and also governs 
the dissolution and release rates of the waste. There are two basic methods 
of measuring soil water, the measurement of water content and the measurement 
of water potential. This report focuses on the measurement of soil water 

potential and provides an evaluation of several field instruments that are 
available for use to monitor waste burial sites located in arid region soils. 

The theoretical concept of water potential is introduced and its rela
tionship to water content and soil water flow is discussed. Next, four major 

areas of soils research are presented in terms of their dependence on the 

water potential concept. This is followed by a discussion of four major types 
of sensors available to measure soil water potential. The theoretical prin

ciples behind each sensor type are discussed followed by the equipment needed, 
calibration procedures and a brief outline of precautions to be taken in their 
use. Finally, the report concludes with a summary of the information pre
sented. This summary takes the form of recommendations as to the use of water 

potential measurements in burial site characterization, site operation, site 

closure, and post-closure monitoring. Also included in this section are 
recommendations regarding the appropriate water potential sensor to be used 

for each task. 
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WATER POTENTIAL THEORY 

DEFI NITIONS 

There are two fundamentally different ways to characterize soil water. 

The absolute amount of water may be measured and reported as the water content, 

or the energy state of the water may be measured and reported as the water 

potential. The water content may be described on a mass basis (grams of water 

per gram of soil) or on a volume basis (cubic centimeters of water per cubic 

centimeter of soil). These two expressions of water content are related 
through the soil bulk density, (grams of soil per cubic centimeter of soil). 

The mathematical relation is: 

( 1 ) 

where: 

ev = volumetric water content 

em mass water content 

Pb = soil bu 1 k dens ity 

P = w density of water. 

Water potential is defined as the amount of work needed to remove a unit 
volume or mass of water from a given location in the soil profile to a 

reference pool of free water. This is equivalent to defining water potential 

as the total potential energy, of the soil water, per unit mass or volume 
(Baver et al. 1972). The conceptualization of water potential as potential 
energy or work has its origin in physical mechanics. Water potential may also 

be understood through the thermodynamic concept of free energy (Taylor and 

Ashcraft 1972). This leads to defining the soil water potential as the chemi
cal potential of the soil-water system. The standard result of both pOints of 

view is to divide the soil water potential into five major components: 

1. matric potential ('I'm) 

2. osmot i c potenti a 1 ('1' ) o 
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3. gravitational potential ('1' ) g 
4. pressure potential (~p) 

5. overburden potential (~n) 

The total water potential (~) is equal to the sum of its components. 

The matric potential arises from the forces of attraction between the 
water molecules and the sediment particles, as well as fluid surface tension 

forces. Osmotic potential results from the presence of dissolved ions in the 
soil water. The gravitational potential is due to the water's position in the 

earth's gravitational field relative to some chosen reference position, usually 
the water table. The pressure potential is due to either the air pressure in 

the pores or, in saturated systems, to the weight of the free-standing water. 
The overburden potential is due to a percentage of the weight of the soil 

column above the point of interest. 

The soil water potential may be expressed in a variety of units. Poten

tial being a measure of potential energy or work per unit mass or volume, 

implies that dimensionally, potential is (length)2/(time)2 or mass/length 

(time)2, respectively. Work per unit volume is dimensionally equivalent to 

pressure per unit area so potential is frequently expressed in units of pres

sure. Atmospheres (atm) and bars are the most common units. Pressure may 
also be expressed by "equivalent head" units. This is the height of a column 

of water or mercury needed to produce an equivalent pressure. One bar is 
75.0 cm mercury or 1020 cm of water. Barometric pressure is usually presented 

in these units. The units used in this report are bars and those specified 
under the SI measurement system. They express water potential as Joules per 

kilogram (J/kg) which is dimensionally equivalent to energy/mass. The conver
sion from J/kg to more familiar units may be summarized by 

1 bar = 1020 cm of water = 100 J/kg = 0.987 atm (2) 

Work must be done when water is being removed from the soil because of 

the adsorptive forces between the water and the soil particles. Thus the 
water possesses netgative potential energy relative to free water. This 

"negative energy" is expressed as a negative pressure or as a suction. Soil 
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water potential is often called soil suction. The term soil suction clearly 
conveys the concept of the soil exerting a force to hold the soil solution in 
place. According to the fundamental equation of water flow, water moves from 
areas of low suction (i.e., water potentials closer to zero), to areas of high 

suction (i.e., water potential that are more negative). This generally cor

responds to water moving from regions of high water content to regions of low 
water content. For a more detailed discussion on water potential see Taylor 

and Ashcroft (1972), Baver et al. (1972). 

Relationship Between Water Content and Water Potential 

One of the most important properties of any soil relative to describing 

water movement is the relationship between soil water content and soil water 
potential. As the soil water content decreases from total saturation, the 

soil adsorptive forces are acting on less water and therefore are stronger. 

Consequently, more work must be done to remove each additional increment of 

water. This results in the water potential being dependent on the amount of 
water contained in the soil (i.e., the degree of saturation). The lower the 

soil water content, the lower the water potential (i.e., a larger negative 
number). This relationship may be demonstrated dramatically by examining the 

use of soil water by plants. 

The soil water potential is always negative in unsaturated soil systems. 

Therefore, a plant must do work to uptake water (i.e., the plant must suck 

harder than the soil). When the water content of the soil decreases, the plant 

must work harder to maintain an adequate supply of water. There is a value of 

the water content where the adsorptive forces of the soil cannot be overcome 
by the plant and the water supply stops. The plant will wilt even though 
there may be substantial quantities of water in the soil. In the prodution of 
crops under irrigated conditions, the soil water content is maintained at 
levels that correspond to water potentials greater than -100 J/kg, (-1 bar). 
If the potential drops below this level, the available water supply may be 

reduced to an extent that hurts production. Many flowering plants may perma
nently wilt if the water potential drops to around -1500 J/kg, (-15 bar). 

Water potentials have been measured under desert plants as low as -7000 J/kg, 
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(-70 bars) (Campbell and Harris 1977). One of the key characteristics of a 
drought-hardy plant is its ability to withdraw water from soils with extremely 
low water potentials. 

The relationship of water content to water potential is different for each 

soil. It depends primarily on the soil texture (i.e., percent sand, silt and 
clay) but also on bulk density and temperature. The most common method of sum

marizing this relationship is with a graph. The curve constructed by plotting 
water content versus water potential is called the soil water characteristic 

curve. Figure 1 shows this curve for the soil material used in the Buried 
Waste Test Facility (BWTF) lysimeters (Cass et a1. 1981). It has been found 

that when this curve is constructed by starting with a saturated soil sample 
and measuring water content and potential as the sample is drying, a different 

curve is obtained than if the soil sample started dry and was allowed to wet 
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up. This phenomenon is known as hysteresis, and the result is that the soil 
water characteristic curve is not a unique function but a family of curves 
defined through different wetting and drying cycles. The data shown in 

Figure 1 was obtained while drying the sample and is often referred to as the 

soil water retention or desorption curve. 

Figure 2 shows two curves generated from the soil used in Figure 1. The 

desorption data was obtained by starting with a saturated sample while the 

sorption data was obtained by letting an oven dry sample adsorb water. Since 

the drying curve started at complete saturation and the wetting curve started 

completely dry, these two curves should bound the family of curves possible 

and form what is referred to as the hysteresis loop. It can be shown in 
Figure 2 that the effects of hysteresis are negligible below -1 bar as sug

gested by Papendick and Campbell (1980). If a soil sample has been through 
several cycles of wetting and drying, then water content may not be predicted 

from water potential any better than the uncertainty contained in the measured 
hysteresis loop. 
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WATER POTENTIAL AND WATER FLOW 

The fundamental principle behind the isothermal flow of water in soils is 

that water will redistribute in a manner that brings the soil water into poten
tial equilibrium. This requires the flow of water from regions of high water 

potential (i.e., potential closer to zero) to regions of low water potential 
(i.e., potentials more negative). The rate at which this redistribution 

occurs is proportional to the magnitude of the difference in water potential. 
Formally this is expressed by Darcy's law: 

where: 

Jw = water flux (cm/sec) 

J = -kV0 w 

k = hydraulic conductivity (cm/sec) 

V0 = gradient of the water potential (cm/cm) 

(3) 

The water potential gradient (V0) may be approximated by the difference in 

water potential at two locations divided by the distance between the two loca

tions. Then equation (3) is approximated by: 

J =-k w (0a1x- 02) 

Theoretically this requires measurements of total water potential (~m + 

(4) 

~o + ~g + ~O + ~p). In practical applications measurement of all components 
is rarely needed because small or relatively constant components can often be 
ignored without introducing significant error into the calculation of the gra

dient. This is true for the pressure potential (~p)' and the overburden 
potential (~o). The pore air pressure is generally assumed to be constant; 

therefore, its gradient is zero. Under unsaturated water conditions, the soil 
matrix sustains the weight of the overburden and essentially no force is 

transmitted to the soil water, making the overburden potential essentially 

zero. The gradient of the overburden potential (~o), therefore is ignored. 
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In order for the osmotic potential (~o) to playa direct role in water 
flow, the free movement of solutes must be restricted by a semipermeable mem
brane. Sediments do act as semipermeable membranes to a certain extent and 

this effect as been examined in agricultural soil materials. It has been 
determined that the affect that osmotic potential gradients have on water flow 

is negligible except under extremely low water contents or in fine-textured 
soils with very high clay contents. In most applications, the components of 

water potential that are important to describe flow are the gravitational 

potential and the matric potential. The gravitational potential is calculated 

from the position in the soil column and need not be measured. Most sensors, 
therefore, are designed to measure matric potential; but some sensors measure 

more than one component of the total water potential. It is important to know 

what components need to be measured as well as what components are actually 

being measured. 
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APPLICATIONS OF WATER POTENTIAL MEASUREMENTS 

The concept of water potential is fundamental to the study of soil water. 

Water flow is more directly linked to water potential than to water content. 
It has been shown above how important the concept of water potential is to the 

study of plant water uptake. Also, the soil water characteristic curve dis
cussed above is very helpful in the estimation of the unsaturated hydraulic 

conductivity function. This conductivity function is critical to any soil 
water study (see Equations 3 and 4), and is extremely difficult to estimate 

without the soil water characteristic. Another important area of application 
for the water potential concept is in the monitoring of water redistribution 

in layered soils or barrier systems. The advantage of water potential in this 
area is determined primarily by the properties of the sensor used to measure 

water potential rather than the concept of water potential itself. This sec
tion contains a brief discussion of the use of water potential measurements in 

the areas of calculating water flux, characterization of unsaturated hydraulic 

conductivity, and the monitoring of water redistribution in layered soils. 

In the following section, selected sensors used to measure water poten
tial will be described. Following a description of the theory and operation 

of each sensor an evaluation of the sensor performance in each of these areas 
will be given. 

Calculation of Water Flux 

The two fundamental equations describing water flux are Darcy's Law 
[equations (3) and (4)J and the Richards Equation (Jones 1978). Both of these 
descriptions are based upon water potential not water content. The equations 
may be written in terms of water content by using the soil characteristic 

curve (Figure 1) to transform variables. This kind of transformation is 
replete with uncertainties due to hysteresis as well as bulk density effects 
on the shape of the characteristics curve. This transformation is even more 
complicated when dealing with layered soils because there are different 

characteristic curves for each layer. Ideally, the direction and magnitude of 
water flux should be calculated from measurements of water potential. In 
practical situations the measurement of water potential, particularly in field 
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situations, is very difficult and inaccurate relative to water content measure

ments. Where accurate water potential data are available, they are preferred 
for estimating water flow. In most field studies, the calculation of water 

flux is based on water content meaurements because they are usually all that 
are available. 

Characterization of Unsaturated Hydraulic Conductivity 

The importance of the soil water characteristic curve has been indicated 
above for the study of water flow and plant water relations. Another impor

tant use of this curve, and therefore water potential, is in the estimation of 
unsaturated hydraulic conductivity. There are many laboratory procedures 

designed to measure this conductivity directly (Klute 1972). However, they 

are time consuming and therefore expensive. More popular methods of estimat
ing this function require only the measurement of the soil water characteristic 
curve. The applicability of these methods to sandy soils was investigated by 

Jones et al. (1979) and Gee et al. (1981). Good agreement was found between 
measured conductivities and those predicted from the soil water characteristic 

curve. Using these methods obviously requires an accurate representation of 
the soil water characteristic curve. 

There is always concern over the applicability of laboratory measurements 
to large scale field studies. The current trend in hydrologic characterization 

is to conduct field measurements whenever possible. The available methodology 
is limited and generally involves water potential measurements. Naturally the 

results are totally dependent on the quality of the water potential sensor 
used. 

The most common field test for hydraulic conductivity places tensiometers 
at various depths in the soil profile (Watson 1966, Nielsen et al. 1973). The 

profile is saturated by ponding large amounts of water on the surface and then 
allowing it to drain. The amount of water draining is monitored as a function 

of depth and time by a neutron probe. This information along with the poten

tial gradients measured by the tensiometers is used to calculate the hydraulic 

conductivity. Difficulties with tensiometer performance has led some 
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researchers to abandon water potential measurements altogether and assume a 

unit gradient drainage condition. Obviously, properly functioning tensiometer 

is the obvious preferred method. 

The field measurement of a soil characteristic curve (water content vs. 

water potential) also combines a neutron probe with a tensiometer. A single 

tensiometer is placed 1-2 meters below the surface and the profile is allowed 

to go through a complete wetting and drying cycle. A neutron probe measures 

the water content at the same depth as the tensiometer. Readings taken simul

taneously provide data points from the wetting and drying loops of the charac

teristic curve. The problem of slow tensiometer response times makes sorption 

data difficult to obtain but desorption data comes easier since this is a 

slower process. 

Monitoring Redistribution of Soil Water in Layered Soil 

Future burial ground designs will likely include some form of backfill 

layering to aid in isolating radionuclides from the soil surface and ground 

water aquifers. The purpose of these engineered barriers is to modify the 

naturally occurring water flow pattern to one more favorable to radionuclide 

containment. 

Proposed designs will require a sUbstantial amount of field testing. The 

question arises of how to evaluate the performance of engineered barriers in 

the field. Some way must be found to monitor how the water is being redis

tributed in the new system. The most common ways to measure water content are 

by drilling and sampling, and neutron probe. Sampling presents the obvious 

problem of destruction of the barriers and neutron probes have limited spatial 

resolution. Rather than measuring the water content at a point, the neutron 

probe has a spherical region of influence that may be as large as 0.7 meters 

in diameter. This may be inappropriate since many barriers contain layers of 
only 0.2 meter thickness. Neutron probe measurements would generally be inap

propriate in such studies. A water potential sensor seems the best choice in 

situations such as these because potential sensors do have the required spatial 

resolution. Figure 3 illustrates the relative sizes of the regions of influ

ence between neutron probes and soil water potential sensors. While these 

sensors may not provide data sufficient for precise flux predictions, they can 
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show if water is accumulating in parts of the profile that would be detrimental 

to radionuclide burial. Water accumulation on top of shallow plastic barriers 

may increase erosion potential, excessive accumulation in the bottom of 

trenches can accelerate waste package deteri ation, but the repeated "dry" 

readings taken in a thin gravel layer would indicate it is providing a good 

capillary barrier to the upward flow of water. 
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WATER POTENTIAL INSTRUMENTS 

Four types of water potential sensors are being discussed in this report. 

These sensors represent the most widely used sensors that are commercially 

available; however, some modifications designed to improve performance are 

being studied. The four types of sensors are 1) tensiometers, 2) soil psy

chrometers, 3) electrical resistance blocks, and 4) heat dissipation units. 

Tens i omete rs 

Principles 

The only direct reading instrument available for measuring water potential 

is the tensiometer. All other instruments infer potential from measuring elec

trical resistance, temperature, or relative humidity. Tensiometers measure the 

matric potential component by directly reading the soil water pressure. They 

do this by linking the soil solution to a pressure measuring device by a porous 

ceramic cup (Richards 1965). The ceramic cup is filled with de-aired water, 

(to limit cavitation and bubble formation) and placed in the soil. A tube 

(generally plastic) filled with water is used to hydraulically link the cup to 

any device that measures pressure. Salts found in the soil solution are gen

erally free to diffuse across the ceramic interface and therefore, the tensi

ometer is insensitive to osmotic potentials. Tensiometer systems may be 

designed to measure the gravitational component of potential but generally 

measure only the matric potential. This pressure instrument may be placed a 

few centimeters to several meters away. Common devices used are differential 

pressure transducers, mercury and water manometers, and vacuum gages (Fig-

ure 1a). Most comercial tensiometers are supplied with vacuum gages while 

most "homemade" tensiometers use mercury manometers (Figure 1b). 

The precision of the measurement is limited only by the pressure gage 
used. Millibar (i.e., -0.1 J kg-I) and higher resolution is not at all 

uncommon, particularly when monometers are being used. The range of the 

instrument is from 0 bars (i.e., saturation) to approximately -80 J kg-1 

(-0.8 bars). This limited range is due to the small amount of vacuum that can 

be placed on a column of water before cavitation takes place. 
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App aratus 

Tensiometers are perhaps the simplest instrument used to measure water 

potential. This simplicity of design has been one of its great advantages 

over other methods. The main ingredients are a porous ceramic cup, a pressure 
measuring device, and a tube used to hydraulically connect the two. There are 

many different sizes and shapes available commercially; however, many investi

gators build their own. Figure 4 shows two examples of what a commercial and 

a homemade unit may look like. 

( a ) 

FIGURE 4. 

FILL SPOllT~ 

GAGE 

--- MANmlETER 

~ 
501 L SURFACE 

'l/ '-.: ./ ... / / ;:::::~/ / -</. ~/; </ -- /"./'" 

(b) 

Example of (a) Commercial Tensiometer with Vacuum Gage (Taken 
from Soil Test, Inc. Brochure), and (b) Homemade Tensiometer 
with Mercury Manometer (After Richards 1965) 

Calibration 

Tensiometers provide a direct reading of the soil water potential. 

Because of this, they require no calibration other than the calibration of the 

pressure reading device used. The readings do require a correction to account 
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for the vertical distance between the ceramic cup and the readout device. The 
separation of cup from readout device imposes an artificial gravitational 
potential that should be eliminated (Taylor and Ashcroft 1972, p. 286), 

Tensiometers generally require a fairly high level of maintenance. Air 
bubbles tend to form in the connecting tubes that need to be periodically 

purged. They also need to be refilled with water periodically. 

Limitations and Precautions 

The most obvious limitation of the soil tensiometer is the range. The 

-80 J/kg limitation comes from the fact that a column of water cannot remain 
cohesive at tension above this land. The column of water in the tensiometer 

tube actually breaks or cavitates. This limitation not only limits the range 
of water contents covered by a tensiometer but also the depth at which it can 

be installed. If a tensiometer were installed at a depth of 300 cm, the 

effective range of measurement would be reduced to -50 J/kg, or 500 cm, 

because the reading registered on the pressure gage located at the surface 
would be the soil water potential in cm plus the 300 cm resulting from the 

depth of placement. 

Maintaining good contact between the porous cup and the soil is extremely 

important. This represents the most significant problem when using tensiome
ters in sandy soil. In order to work effectively the pressure inside the cup 

must be in equilibrium with the soil water. This requires water to be trans
ferred between the two systems to equalize pressure differences. In sandy 

soils the contact between the fine grained ceramic and coarse grained sand is 
a real problem. If air spaces are left between the cup and the soil, no water 
will be transferred and the tensiometer will not respond to potential changes 
in the soil. 

One possible technique to overcome this contact problem is to 'silt in' 

the ceramic cup during installation. This procedure involves making a slurry 

out of a silt textured soil and pouring this mixture around the cup to form an 
intermediate textured buffer zone between the fine textured ceramic and the 

coarse grained sand. Figure 5, taken from Cass and Campbell (1981), shows the 
dramatic improvement that may be obtained from such a practice. In this 

experiment, two tensiometers were placed in samples of the coarse grained BWTF 
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in Sandy Soil Resulting From Encasing the Tensiometer Cup 
in a Silt Slurry (After Cass and Campbell 1981) 

12 

1ysimeter sand. One tensiometer being 'silted in' the other not. The soil was 
saturated and then cycled through a range of potentials between 0 and 100 mm Hg 
(-13 J kg-I). This process is shown in the first two days on Figure 5. After 
day two, the soil was allowed to dry out by evaporation. Figure 5 shows that 
even in the range of 0 to -13 J kg-I, the encased tensiometer showed increased 
performance. During the evaporative drying, the unencased tensiometer fails 
to track the changing water potential due to poor hydraulic contact between 
the soil and the ceramic cup. This technique would seem to be extremely use

ful in situations where the soil may be wetted after the tensiometer is 
installed. Problems may occur, however, when the technique is used to monitor 
potentials in the range field water contents. If a silt slurry is used to 
encase the tensiometer, it will raise questions about the state of equilibrium 

between the slurry and the surrounding sails. This should not be a major 
problem to address but should be something taken into consideration. 
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Another potential problem with using tensiometers in the field is the 

effect of temperature on the tensiometer reading. Tensiometer readings made 
in the heat of the day, when the temperature difference between soil and air 

is at its greatest, can be quite erratic. It is often hard to separate the 
real affect of temperature on water potential from the artifact of tensiometer 
response (Taylor et al. 1961). A recent innovation allows this problem to be 

minimized (P. J. Wierenga, personal communication). This new procedure uses a 
removable pressure transducer to measure the air pressure in the tensiometer 

tube rather than the water pressure. The fact that the pressure transducer is 
removable allows the tensiometer to be completly buried with the top a few 
centimeters below the soil surface. When readings are taken, the tensiometer 
is uncovered and the transducer attached to take the reading. This helps 

limit any temperature gradient that may result from portions of the tensio

meter being exposed directly to the atmospheric weather conditions. 

Soil Psychrometers 

Principles 

Soil psychrometers are instruments designed to infer the soil water poten
tial from a measurement of the relative humidity of the soil atmosphere. This 

measurement is based on the following relationship between the sum of the solu
tion matric and osmotic potentials, and the relative humidity of the soil air: 

'¥ + _ RT ln (Rh) 
m '¥o - M 

where: 
'¥ = soil water matric potential (J kg-I) 

m 
'¥ = soil water osmotic potential (J kg-I) 

o ( -1 ° -1) R = universal gas constant J mole K 
T = Kelvin temperature (OK) 
M = molecular weight of water (kg mole-I) 

Rh = relative humidity x 0.01. 
For water at 25°C, RT/M is 1.37 x 103 J kg, so: 

'¥ + '¥ = 1.37 x 105 ln (Rh) m 0 
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Table 1 shows this relationship for several values of potential. To be useful 
in the range of 0 to -1 bar the soil psychrometer must be able to measure 
relative humidity accurately to the fifth decimal. For this reason, soil 

psychrometers are generally considered unreliable above -1.0 bars. Soil 

psychrometers are able to measure relative humidity accurately to ~.01% so 
these instruments may be useful in soils drier than -1.0 bars. This extremely 

precise humidity measurement is accomplished by encasing very fine thermocouple 
wires (0.001 in dia) in a small ceramic cup placed in the soil. A small cur
rent (-10 ma) is then passed through the wire to cause water to condense on 
the tip of the thermocouple (Peltier effect). The current is then stopped and 

the water formed on the thermocouple evaporates. This causes the thermocouple 
junction to cool which causes a new current to flow (thermoelectric effect). 

This current is a measure of the wet bulb depression used in atmospheric 
psychrometry. The wet bulb depression together with a soil temperature mea
surement are combined to give a humidity reading which in turn gives a measure 
of water potential. The wet bulk depressions are extremely small so any 

interfering temperature gradients can be disastrous. An error of 1°C can pro
duce a measurement error of nearly 100 bars. The magnitude of cooling possible 

by the Peltier effect limits the measurement range to above -100 bars. The 

current produced by the evaporating water is a microvolt signal. These small 

TABLE 1. Moisture Potential as a Function of 
Relative Humidity at 25°C 

Potential 
Rh/100 (-bars) 
0.99993 0.10 
0.99985 0.20 
0.99964 0.50 
0.99927 1.00 

0.99855 2.00 

0.98918 15.00 

0.93002 100.00 
0.69575 500.00 

0.48407 1000.00 
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signals are very difficult to measure, especially under field conditions. The 
sensitivity of most soil psychrometers is from 0.40 to 0.60 ~v/bar at 25°C; 

however, this drops to about 0.2 ~v/bar at 0°. The problems of measurement 

from a purely electronic point of view, particularly at low temperatures, also 

add to the problems of using psychrometers in soils above -1.0 bar. The mea

surement of relative humidity represents the sum of the matric and osmotic 
potentials because the air-water interface is impermeable to salts. The 

gravitational potential must be inferred from the sensors position in the soil 

profile. If soil water flow is of interest, the osmotic potential must be 
substracted to allow evaluation of the matric potential. 

The osmotic potential can be approximated as a function of soil solution 
electrical conductivity (Richards et ale 1954)by: 

where: 

~ = -0.36 * EC o 

~o = osmotic potential (bars) 
EC = soil solution electrical conductivity (mmhos/cm). 

(6) 

For nonsaline soils such as those found at the BWTF, the osmotic potential is 
usually assumed negligible and psychrometer readings are considered represen

tative of matric potential. For water potentials of less than -1.0 bars, this 
assumption is generally valid. 

Apparatus 

The soil psychrometer is the most complex water potential sensor dis
cussed here, both in terms of the sensor construction and the readout instru
mentation. As discussed above, the main feature of the psychrometer is a 
chromel-constantan thermocouple positioned in the center of a porous ceramic 
cup. Figure 6 shows this schematically. There are many different designs 
available commercially and the difference between available units are subtle 

but significant. Figure 6 illustrates the two basic designs available. Psy
chrometer (a) is the most common unit used, consisting of one sensing junc

tion, while psychrometer (b) is a double junction model. Psychrometer (b) 
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FIGURE 6. Two Examples of Commercially Available Soil Psychrometers 
(a) Traditional Single Junction Thermocouple Housed in 
Ceramic, and (b) Double Junction Psychrometer Housed in 
Stainless Steel with End Screen (After Wiebe et ale 1977) 

is also housed in a stainless steel case with a stainless steel screen. The 

double junction model was designed to compensate for fluctuations in tempera
ture that occur during measurement (Hsieh et ale 1972). While this design 

does compensate for fluctuating temperatures, the most serious problem with 
soil psychrometers are not high frequency changes in temperature but with 
static or temperature gradient along the sensor. As explained by Weibe et ale 
(1977), the double junction design is not desirable under these conditions. 

It was also shown by Wiebe et al. (1977) that the end screen design of Fig
ure 6b was most susceptable to error due to longitudinal temperature gradi

ents. Recently, units have become available that use the steel screen for the 

entire psychrometer in an attempt to correct this affect. 

The readout equipment needed to use soil psychrometers is equally com

plex. A unit that can send a timed cooling current and then measure a mi cro

volt level response is required. Several commercial units are available, even 

for automated use. 
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Calibration 

Soil psychrometers are generally calibrated by using different molarity 

salt solutions to create various relative humidities. Salts commonly used 

together with appropriate concentrations are given in Brown et al. (1977). 

The psychrometer is suspended over the liquid solution and sealed in a con
stant temperature bath or at least in an insulated container such as a dewan 

flash. Precise temperature control is required as illustrated by Equation 3. 
The same readout unit to be used during the application phase should be used 

for calibration because the magnitude and length of the cooling current as 
well as the read delay time are critical. 

Limitations and Precautions 

The most serious theoretical limitations to the use of soil psychrometers 
are their lack of accuracy at high water potentials (greater than -100 J kg-I), 

and the susceptibility to measurement error in the presence of temperature 
. . ( 5 / -1 0 / -1 0) gradlents. The low slgnal output O. ~v bar at 25 C, 0.2 ~v bar at a C 

make readings unreliable in wet soils, particularly when the soil temperature 

is close to freezing. Successful psychrometry requires choosing an appropri

ate aplication. These would include the measurement of low (less than 
-100 J kg-I) water potentials either under controlled laboratory conditions 

or at soil depths sufficient to eliminate large temperature gradients. 

Electrical Resistance Sensors 

Principles 

A standard matrix is equilibrated with the soil solution, generally under 
conditions such that both water and solutes are exchanged. The measurement is 
made when the matric potential of the standard matrix in the sensor equals the 
potential of the soil solution. The matric potential of the sensor is inferred 

from a measurement of electrical resistance of the sensor and a previously 
determined relationship between electrical resistance and water potential of 

the matrix. The standard matrix can be of any material which desaturates over 

the water potential range of interest to the investigator. Materials in com

mon use are gypsum, nylon, and fiberglass. Ions from the soil solution pro

vide the conducting medium in the fiberglass and nylon units. In the gypsum 
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sensors, the gypsum dissolves to provide Ca 2+ and so~- in solution. The 

electrical conductivity of a saturated gypsum so l ution is around 2 mmho/cm, so 

if the soil solution is more dilute than this, the electrical resistance of 
the sensor will be determined primarily by the water content of the sensor. 

If the soil solution electrical conductivity approaches or exceeds 2 mmho/cm, 

the resistance of the sensor will be determined by both the EC of the soil and 

the water content of the sensor. The electrical resistance of nylon and 

fiberglass sensors will always be functions of both variables. 

App aratus 

Electrical resistance water potential sensors are commercial ly available 

and are perhaps the least expensive of all sensor types. Figure 7 shows the 
basic design of the two most popular blocks. The fiberglass blocks can be 

constructed with a thermistor thermometer built into the case to allow soil 

temperatures to be read as well as water potential. 

The readout units are also readily ava1ab1e; however, many laboratories 

construct their own. The readout units consist of an AC signal generator that 
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FIGURE 7. Example Design of Commercially Available (a) Fiberglass 
Block (After Colman and Hendrix 1949), and (b) Gypsum 
Block (After Hillel 1980) 

24 



supplies an AC voltage to the sensor. The resulting voltage drop across the 
sensor is measured as an indication of sensor resistance. The AC signal is 
used instead of a DC signal to prevent artificially-high reading due to polari

zation. Because of the AC signal, the system capacitance may affect the read
i ngs of the sensor as the lead wi res are several hundred feet long. In thi s 
case, special circuitry is required (Sauer and Hoff 1981). Some precaution 

should be taken to ensure that the meter used in the application is used for 
sensor calibration, as the AC bridge frquency does change from one meter to 
another and can somewhat affect the readings obtained. 

Calibration 

A calibration for electrical resistance sensors (blocks) is obtained by 
equilibrating the blocks with soil at various water potentials and measuring 

the electrical resistance of the block at these potentials. The calibration 
is most easily made using a pressure plate apparatus (Tanner et al. 1949; 

Haise and Kelley 1946). 

The pressure chamber may be modified so that electrical connections can 
be made through the wall or lid of the chamber, allowing measurements of block 
resistance to be made without releasing the pressure and removing the lid 
(Taylor et al. 1961). Small screws are inserted through holes drilled in the 
lid or wall of the chamber. The holes are sealed, and screws electrically 
insulated from the metal chamber using rubber washers. The holes should be 
large enough so that some rubber squeezes in around the screw when it is 
tightened, assuring that it is electrically insulated from the chamber. When 

several blocks are calibrated at once in a single chamber, it is important to 
run separate leads for each block rather than running a single common lead for 
all blocks since the soil between the blocks provides a conductive path if the 
blocks have a common lead. 

The calibration is performed by placing the blocks in saturated soil on 
the pressure plate. Soil should be from the location where the blocks will be 

used so that electrical conductivity of the soil solutions will be as similar 
as possible during calibration and measurement. This is particularly true for 
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nylon and fiberglass units where soil solution concentration determines con

ductance. Pressure is increased in the desired increments, and readings made 
after outflow ceases. 

An indirect calibration procedure has been used by Cannell and Asbell 

(1964). Blocks are placed randomly in a large soil container which is subse
quently planted with wheat or a rapid growing grass species. After complete 
root penetration of the soil mass, the electrical resistance and water content 
of the soil are determined periodically as the soil dries to wilting. By 

relating the water content to matric potential from a previously determined 
water release curve for the test soil, the matric potential-electrical con
ductivity calibration for the sensors can be determined. Although not as pre
cise a method as the pressure plate method, one advantage of this technique is 
that a relatively large number of units can be calibrated at once in an envi
ronment that more closely reflects field conditions than those found in the 

pressure plate method. 

A much simpler calibration procedure for gypsum sensors, which may be 

adequate for some studies, is outlined by Tanner et al. (1949). They saturated 
blocks under vacuum with distilled water, and grouped them according to their 

saturated resistance. Representative calibration curves for each group were 
then obtained, by the pressure plate technique and these were used for all 

blocks in that group. 

The data obtained from the calibration can be transformed in various ways 
to obtain useful calibration curves. Taylor et al. (1961) suggest plotting 
the log resistance as a function of log potential. 

For nylon and fiberglass resistance blocks the linear range extends from 
near saturation to approximately -1 bar (Figure 8). Rapid desaturation of the 
fiberglass due to limited fine porosity, results in these units displaying 

their greatest sensitivity in the 0 to -1 bar range. Upon further drying, 
these units have resistance values that increase rapidly, hence exhibit only 

limited sensitivity below -1 bar. In contrast, gypsum blocks generally do not 
desaturate until the soil matric potential is less than -0.3 or -0.5 bar 
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FIGURE 8. Typical Calibration Curves for Gypsum and 
Fiberglass Block Soil Moisture Sensors 

therefore are not sensitive in the wet soil range (Bourget et al. 1958). How
ever, their response is quite linear over the matric potential range from -0.3 
to -15 bar or lower (Figure 8). 

It is important to note the temperature at which resistance sensors are 
calibrated, and to correct field readings for the difference between their 
temperature in the field and the laboratory calibration conditions. Tempera
ture correction data are given by Bouyoucos and Mick (1940), Colman and Hendrix 
(1949), and Cary (1981). Some manufacturers supply temperature correction 
data for their units. The temperature correction is typically around 3 per 
degree, so a temperature correction adequate for many purposes is 
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where Rc is the resistance at calibration temperature, Tc' and R is the 
resistance measured in the field at temperature, T, when the temperature is 
above freezing. 

Temperatures Below Freezing. High electrical resistance (low conductiv

ity) has been observed for sensors in frozen soils, hence electrical resistance 
measurements have been used to measure or infer frozen soil conditions (Gartska 
1944; Colman and Hendrix 1979; Harrold and Robert 1960; Sartz 1967; Wilen 
1972; Bauder et al. 1975). The low electrical conductivity (high resistance) 
of ice is due to the lack of mobile ions to assist in the transport of an 
electrical current, hence there is a sharp rise in electrical resistance as 

the water in the electrical resistance block freezes. Since soil solution 
contains varying amounts of salt which can lower the freezing point below that 

of pore water (Richards 1965), frozen soil generally occurs at temperatures 
somewhat below O°C. For saline soils, a soil frost depth indicator using an 

electrical resistance measurement will show frost penetration several cm above 
the O°C isotherm, hence cannot be used for precise indication of frost depth 

without correction for freezing point depression of the soil solution. 

Limitations and Precautions 

There are a number of errors and uncertainties in using electrical resis
tance methods to infer soil water potential. The most serious are a) improper 
selection of measurement range over which sensor is to perform, b) effects of 
changing soil solution concentration on sensor resistance, c) hysteresis in 
the water potential-sensor resistance relationship (the sensor resistance is a 
function of sensor water content; the relationship of water content to poten
tial depends on the wetting history of the sensor), d) improper contact 
between sensor and surrounding soil causing sensor isolation and sluggish 

response, e) improper measurement of sensor resistance because of polarization 
of the sensor with improperly designed readout equipment, and f) changes in 
calibration over time due to changes in sensor matrix characteristics. 

Figure 9 illustrates a major error in using resistance units to measure soil 
matric potential over the entire range of water contents for different soils. 

It is apparent from the figure that 
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fiberglass block units will work best in sandy soils and gypsum block units 

best in fine textured materials. Meaningless data is frequently obtained in 
sandy soils using gypsum blocks, particularly in the matric potential range 

where the gypsum block remains saturated and the sand has almost completely 
desaturated (Figure 9). Even in medium textured soils (loams, etc.) or fine 
textured soils with significant macroporosity, gypsum block data is not reli
able in the wet range (-0.3 bars or wetter). On the other hand, fiberglass 
block data is seldom reliable for measurement of matric potentials below 
-1.0 bar since the fiberglass material is virtually desorbed and little resis
tance change occurs with subsequent drying. 

The uncertainties under items b) and c) are part of the system, and there 

is little hope of eliminating errors arising from these sources. Figure 10 
illustrates the effects of changing salt concentration on a fiberglass block 

calibration curve. Errors resulting from soil solution effects are minimized 
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by using gypsum resistance sensors and calibrating the sensors using the soil 
for which they are intended. Where highly saline soil conditions occur, 
special considerations must be taken. Attempts have been made recently to 
correct electrical resistance readings for soil salt effects by making simul

taneous salinity sensor measurements. Scholl (1978) describes a two-element 
sensor used to measure matric potential in saline soils. The electrical 

resistance is monitored both in a desorbing ceramic and in a companion 
salinity sensor (a ceramic whose bubbling pressure is high enough to maintain 

saturation over the matric potential range of interest). The ceramic matric 
potential sensor is calibrated using soil solutions of known salt composition 

and the field readings are corrected using the companion salinity sensor 
data. Figure 11 shows three calibration curves for gypsum blocks placed in 

soils of low, medium, and high salt content. The saturated extract 
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-1 electrical conductivity is 0.3, 1.0, and 3.0 mmho cm , respectively. While 
the curves tend to be similar in shape, the different salinity levels do 

require different calibration curves. 

Sensor hysteresis seldom, if ever, matches the hysteresis found in the 
natural soil materials. Hence, the drying and wetting response of the sensor 
as well as that of the tested soil material must be considered for accurate 

estimations of matric potential. To minimize hysteresis effects, field drying 
cycle data should be matched with drying curve calibration data. Errors in 

using calibration based on drying curves to estimate matric potential during 
wetting may exceed several bars in the plant growth range (-0.3 to -1.5 bars) 
(Tanner and Hanks 1952, Bourget et al. 1958). Figure 12 shows the hysteresis 
in a wetting and drying gypsum block calibration curve. 
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Instrument errors are minimized by using conductivity bridges which oper
ate at frequencies at or above 1 KHz, and calibrating the sensors using the 

same meter that is to be used in the field. Another important consideration 
is the measurement range of the readout instrument. Figure 8 shows the extreme 
change in resistance that occurs over the potential range of 0 to -1000 J/kg 
(-10 bars). The resistance changes from about 100 ohms to 10,000 ohms for the 

gypsum block, and 1 megaohm for the fiberglass block. Very few meters, par
ticularly automated units, provide accurate readings throughout this entire 

range. The most likely range must be estimated and the best instrument 
selected. 

Errors due to changes in the properties of the matrix with time can be 
minimized by frequent calibration, however certain precautions are necessary 

if units are to be used for extended time (years) or under high rainfall con
ditions. England (1965) observed deterioration of fiberglass units after 2 to 

3 years and complete failure of some units after 10 years in wet soils in 
North Carolina. He reported significant changes in sensor calibration 

(decreased resistance for the same water content) after several years. He 
attributed these effects to observed penetration of the fiberglass fabric by 

fine soil material and to gradual decomposition of the fiberglass which pos
sibly shortened the interelectrode spacing of the sensor. Complete failure 
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after long term soil exposure was observed on units where the monel case of 
the sensor had corroded at the spot welds and had separated. Based on these 
observations and the small cost of the sensors, it is likely that periodic 

replacement of units may be a more suitable procedure than recalibration when 
fiberglass units are used in long term studies. 

Taylor et al. (1961) provide statistical data on various types of elec

trical resistance sensors which are in common use. A meaningful measure of 
precision for those intending to use electrical resistance sensors in the 

field would be the number of sensors required to estimate a given potential 
with a given certainty. Taylor et al. (1961) made measurements under green

house conditions on four soils using four types of sensors. The number of 
gypsum sensors required to estimate a soil water potential of -S bars to 

within ~.S bars, 9S% of the time ranged from S to 10. The number of fiber
glass sensors needed for the same precision ranged from 9 to 60, indicating 

the strong effect of changing soil solution concentration on these sensors. 
Cary (1981) found coefficients of variation for gypsum blocks in soil wetter 

than -l.S bars to be around 12%. 

Even though the uncertainties in measurements using electrical resistance 
sensors are relatively large, it is important to keep these uncertainties in 

perspective. The uncertainties are probably too great to make these units 

useful for measuring gradients to determine water fluxes in soil; however, 
they are quite capable of monitoring relative changes in water contents over 

long periods of time. Cary (1981) investigated the use of gypsum sensors for 
scheduling irrigation. He found that, even though uncertainties with the sen
sors are large, field variability is so much larger that the overall error is 
that due to spatial variability of the soil matric potential. This fact, 
along with the low cost and simplicity of operation make electrical resistance 
sensor attractive as a field method for monitoring water potential, particu
larly when the purpose of the measurement is to assess relative changes in 

soil water status over time. 

The ability of fiberglass resistance blocks to monitor water potential 

changes in sandy soils is illustrated in Figures 13 and 14. These figures 
compare fiberglass block readings to neutron probe readings taken at two 
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depths in.lysimeters at the BWTF. Figure 13 shows the water content (neutron 
probe) readings and water potential (fiberglass block) readings at the bottom 

of a 150 cm closed bottom lysimeter. The neutron probe readings taken at the 
135 cm depth show a fairly steady increase in water content from the initial 

level of 7% in the fall of 1978 to 24% in January 1980. Standing water was 
observed in the neutron access tube in February 1980 indicating saturated con
ditions at the 150 cm level. This steady buildup of water was the result of 
drainage water perching on the steel bottom of the lysimeter. This is similar 
to what might happen at the interface of a clay or asphalt barrier if the soil 
surface is left bare of vegetation. The fiberglass block tracked this rise in 

water content very well. The initial 7% reading corresponds to a water poten
tial of approximately -0.05 bar (-5 j/kg) according to Figure 1. The steady 
increase in water content to saturated levels should correspond to a steady 

increase in water potential to zero. Figure 13 shows this very nicely with 

the exception of the period of December 1978 to February 1980. The high read

ings (potentials >-1 bar) indicated are due to frozen soil conditions. Soil 
temperature readings were consistently below zero during this time. This con
firms observations by Sartz (1967) that fiberglass blocks may be used as frozen 
soil indicators. This is, of course, at the expense of meaningful water poten
tial measurements. Figure 14 shows the sensor's ability to track a more 

rapidly changing system. Figure 14 compares neutron probe (water content) and 
fiberglass block readings taken,at the 30 cm depth. The water content read

ings fluctuate between 5% and 8%. The fiberglass block readings fluctuate 
between -0.06 bars and -0.5 bars on the average with three excursions to 
potentials <-5 bars. The -0.06 bars to -0.5 bar fluctuations compare nicely 
with the water potentials predicted by the neutron probe readings and Fig-
ure 1. The three peaks of water potential of <-5.0 bars have several possible 
explanations. The first peak occurring from November 1978 to February 1979 is 
the result of frozen soil. The other two peaks are unlikely to represent 
frozen soil as the soil temperatures were well above zero degrees. The peak 

water potentials correspond to time when the neutron probe readings were 
lowest. This indicates that quite probably the fiberglass block readings are 

essentially correct. The neutron probe readings represent an average water 
content. The water content below the 30 cm depth were likely above that at 
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30 cm resulting in the neutron probe readings being slightly higher than the 
actual water content at 30 cm. Figure 1 shows that actual water content of 3 

to 4% as opposed to 5% could produce water potentials of -1 to -5 bars. Fig
ures 13 and 14 show that the fiberglass block is not a precision instrument 
but can be very useful in monitoring water potential changes over long periods 
of time . 

Water Potential Measurement with Heat Dissipation Sensors 

Principles 

A standard matrix is equilibrated with the soil solution. Generally, 
water and solutes are exchanged. At equilibrium, the water content of the 
standard matrix is determined by measuring the heat dissipation characteristics 

of the matrix. The standard matrix is typically a porous ceramic (Phene et ale 
1971a,b) but other porous materials have been used (Shaw and Baver 1939; Willis 

and Hadley 1959; Phene et ale 1971a). The thermal conductivity of a porous 
material is a complicated function of water content, pore size distribution, 
and makeup of the porous material. The selection of a porous material which 
has its greatest sensitivity in the water potential range of interest has 
therefore largely been by trial and error (Phene et ale 1971a). 

Heat dissipation is determined by applying a heat pulse to a heater within 

the ceramic, and monitoring the temperature at the center of the ceramic before 
and after heating. The temperature difference is a function of the thermal 

diffusivity, and therefore the water content of the ceramic. Because thermal 
conductivity of the surrounding soil may differ substantially from that of the 
reference matrix, it is important that the reference matrix be large enough to 
contain the entire heat pulse over the period of measurement. 

Sensor Construction 

Basic sensor design and construction procedures are described in detail 
by Phene et ale (1971a). A heater and thermal sensor are placed in the center 

of a ceramic or porous reference material. The thermal sensor used by Phene 
was a P-N junction diode around which insulated copper wire was wrapped to 

serve as an external heater. Figure 15 shows a cross sectional sketch of the 
Phene heat dissipation sensor. Commercial units presently available from 
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Moisture Control Systems (MCS), Findlay, Ohio have been constructed after the 
Phene design. The MCS unit, uses a small (-1.2 x 1.2 x 0.2 cm) electronic 
chip for the heater and thermal sensor. In addition, the MCS ceramic has been 
constructed to drain primarily in the range from -0.1 to -0.6 bar. The diode 
bridge, amplifier circuits, and heating circuits necessary for operation and 
sensor readout are sealed in water proof plastic tubing and buried in the soil 

along with the sensor. With the electronics in the same thermal environment 
as the sensor, the temperature sensitivity of the unit is minimized. 

Perhaps the most difficult part of the construction is the fabrication of 

the reference porous material (Figure 15). Requirements for this material are; 

1) that it has a pore size distribution or drainage characteristic that will 
provide maximum sensitivity over the water potential range of interest and 

2) that it will remain stable with time, i.e., will not dissolve or deform 
with time requiring sensor replacement or repeated calibration. Because of 

these considerations, specially constructed porous ceramics have been used 
most successfully as the reference matrix material. A procedure for making 

high porosity, stable ceramic matrix has been described by Scholl (1978). 
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FIGURE 15. Cross Sectional Sketch of the Phene Heat Dissipation 
Sensor (After Phene et al. 1971) 
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Calibration Procedures 

The pressure plate is used for matric potential calibration of heat dis

sipation units and the procedures outlined previously for resistance blocks 
are followed. Figure 16 shows a typical calibration arrangement for a heat 

dissipation unit. Figure 17 shows a typical calibration curve for a commer
cial heat dissipation unit. It should be noted that the electronics can be 

adjusted so that in a desired range of matric potential, the electrical output 
(volts) is a linear function of matric potential. For the MCS units, the 

linear range is from -0.2 to -0.6 bars. 

Installation 

Sensors can be installed at various depths in the soil by either the 
horizontal method or vertical method (Figure 18). In the horizontal method, a 
trench is dug into the soil and a core larger than the sensor is extracted 

from a vertical face of the trench. The core hole is then partially back
filled with a soil slurry in which the sensor is imbedded, making good contact 

with the soil mass. The remaining portion of the hole is backfilled, taking 
precautions not to damage the ceramic tip. After backfilling the bore hole, 
the trench is backfilled with increasingly more compaction so that the soil is 
firm. In the vertical method, a 5 cm diameter hole is cored to the desired 

depth and a fine silt or silica sand is placed in the bottom of the hole on 
which the ceramic tip of the sensor is placed. The fine silt or silica sand 

is wetted and more added until the sensor is covered. After the sensor has 
been covered, continued wetting and light compaction of the material is needed 
to optimize the soil sensor contact. A bentonite packer is made above the 
sensor by pouring a bentonite slurry into the cored hole and creating approxi
matelya 5 cm thick bentonite seal. This prevents surface water from channel
ing down the hole and affecting the sensor reading. The remaining portion of 
the hole should be backfilled and compacted. See Neal (1978) for additional 
details. 

Measurement Techniques and Interpretation 

The measurement system used for heat dissipation is basically a diode 

bridge circuit that measures the electromotive force (EMF) generated from the 
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A. HORIZONTAL METHOD 

B. VERTI CAL METHOD 

FIGURE 18. Installation Techniques for Heat Dissipation 
Unit (After Neal 1978) 

change in temperature in the sensing element as a heater current is applied to 
the sensor for a fixed period of time. The heat dissipation away from the 
sensor is determined by the thermal conductivity and diffusivity of the refer

ence matrix material in which the thermal sensor is imbedded. The higher the 
water content, the greater the thermal conductivity and diffusivity of the 

material; hence, the lower the measured EMF. As the soil drains, causing the 

reference material to desorb, the thermal conductivity and diffusivity decrease 

causing an increase in temperature in the reference matrix material. Measured 

EMF data are related directly to matric potential through appropriate 

41 



calibration curves (Figure 17). The EMF data can be accessed to automatic 

data logging equipment which will periodically scan the sensor after appropri

ate heat pulsing of the sensor. It should be noted that the scan frequency is 

limited because of the time required for the heat pulse to dissipate in the 

porous reference media. Generally, sensors are not interrogated more than on 

an hourly basis to assure that the heat pulse has completely dissipated. With 

appropriate calibration, these heat dissipation units have been used success

fully in measuring and controlling soil matric potential under irrigated soil 

conditions (Phene and Beale 1976; Phene and Campbell 1975; Phene, Hoffman and 

Austin 1973; Parsons et al. 1979). Precision of measurement in the 0 to 

-1 bar of matric potential range is estimated at +0.1 bar or better. The MCS 

units have rated precisions of :0.05 bar in the range from -0.2 to -0.6 bar. 

Less sensitivity exists at lower water potentials. Salinity effects are mini
mal since the thermal diffusivity and conductivity are not directly influenced 

by salts in the soil solution. Phene et al . (1971a) indicate that the mea

surement is completely independent of soil solution concentration but supply 

no data on which to base that statement. 

Thermal effects are minimized by placing electronics in the soil at the 

same or a similar temperature to that of the sensor. Phene et al. (1971b) 

reported matric potential results accurate to within 0.1 bar when the sensor 

was temperature compensated and the temperature changes were on the order of 

15°C or less at rates under 2°C/hr. 

Limitations and Precautions 

Several errors associated with the heat dissipation unit are similar to 
those found in the electrical resistance block units. Hysteresis, improper 

slection of measurement range over which the sensor is expected to operate for 
a particular soil, improper contact between sensor and surrounding soil, and 

inadequate calibration under frozen soil conditions are all precautions di s

cussed previously for resistance blocks which present similar problems for 

heat dissipation units. Additional precautions necessary in using heat dissi

pation units include; providing an adequate time interval for measurement, and 

assuming that the influence of the heat pulse on the soil water content is 

small by confining the heat pulse to the sensor. 
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The problem of range of operation is most accurate when dealing with 
coarse sandy soils of arid regions. Like the gypsum block, the ceramic heat 
dissipation probe has a limited response in the 0 to -20 J kg-1 range due to 
the bubbling pressure of the ceramic. For sandy soils, this corresponds to 
water contents from saturation to <10%. To overcome this, a heat dissipation 
type probe was constructed out of the sandy lysimeter soil used to construct 
the BWTF (Gee et ale 1980). This probe worked quite well under laboratory 

conditions and showed a much earlier and quicker response to changes in soil 
water potential in the range of 0 to -0.10 bar (Figure 19). The comparison is 
to a tensiometer with a very sensitive pressure transducer. The pressure 

transducer requires minimal water transfer for the pressure to be equilibrated 
with the soil and therefore represents the water potential sensor with the 

fastest response time. The soil heat dissipation probe performed admirably 
and was able to respond to water potentials in the very wet range. These sen

sors, however, proved to be too fragile for field use. With more work, this 
idea could be improved upon; however, the end result would likely not be any 

better than the fiberglass blocks already available so this idea has not been 
pursued. 
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Because the method is indirect and empirical calibrations are necessary, 
it is unlikely that these units will be useful in measuring precise matric 
potential gradients. For irrigation measurement and control these units have 
some advantage over tensiometers for example, because of the ease with which 

the units can be automated. However, at the present time, the commercial sen
sors sell for over $140 ea, making them relatively expensive for large scale 

field monitoring of water potential. 
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WATER POTENTIAL MEASUREMENTS IN WASTE MANAGEMENT ACTIVITIES 

In the previous sections, water potential measurement and water potential 
instrumentation have been discussed in terms of four areas of soils research; 
plant-soil water relations, water flux calculations, unsaturated hydraulic 
conductivity estimation, and field soil water monitoring. In this section, 
the information will be summarized and presented in relation to the sequential 

activities relating to the disposal of low level waste. The role of water 
potential measurement will be discussed for three main stages of burial-site 

life; 1) site selection and characterization, 2) site operation, and 3) site 

closure and post-closure monitoring. 

Site Characterization and Selection 

During the site characterization and selection phase, the geologic, bio
logic, and hydrologic characteristics of the site are investigated and a 

decision as to site suitability is made. Water potential measurements become 
most important in the areas of characterization of soil hydraulic properties. 

The soil water chracteristic curve plays an extremely useful role in estimat
ing the hydraulic conductivity function, and also contains information useful 

in determining the viability of selected vegetative covers. This curve pro
vides estimates of the total availability of water for plant growth and the 

degree of drought hardiness required by any plant population to become perma
nently established. 

The soil water characteristic curve is generally measured on laboratory 

samples. Most laboratory procedures do not require the use of water potential 
sensors, however laboratory psychrometric measurements (Campbell et al. 1966), 
provide a very effective method for making measurements below -100 J/kg (-1 
bars). 

For field evaluation of the wet part of soil water characteristic curve 
(>-50 J/kg), the use of a quick response tensiometer can be used to directly 

obtain the water characteristic relationship. 
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Site Operation 

The site operation phase is obviously the most active period in the life 

of a burial site. Waste trenches are constructed, filled and closed. During 
this time, cover systems must be established and the post closure monitoring 

system must be installed. Water potential measurements play an important role 
in the establishment of cover systems if the system includes plants. They 

also playa role in the monitoring system if the trench design includes hydro
logic or biologic barrier systems. 

The rapid establishment of vegetative covers on the disturbed trench caps 
may require temporary irrigation. This application of water will obviously 

affect the performance of the burial ground relative to waste containment if 
excess water is allowed to drain below the rooting zone into the waste zone. 

Preventing excess irrigation requires careful application of water and monitor
ing. This process could be helped by the installation and monitoring of water 

potential sensors. They may be used in association with neutron probes or 
other water content measurements, or alone if the surface layer available for 

re-vegetation is thin. 

Water potential sensors capable of performing this task include tensiome
ters, electrical resistance blocks, and possibly soil psychrometers if the soil 
is dry enough. Tensiometers, if working properly, will probably be consider
ably more accurate, but also more bother than is needed or desired. Unless 

the soil is at water potentials below -100 J/kg (-1 bar), soil psychrometers 
will not do the job. Even if the soils is relatively dry, psychrometers and 
their monitoring equipment would probably be too expensive and risky. The 
sensors of choice are electrical resistance blocks. They are reliable, inex
pensive and accurate enough for the job. If the soils are maintained in the 0 
to -100 J/kg range, the fiberglass type block would be preferred. If the 

soils are dryer than that, the gypsum block should perform better, and more 
economically than the other measurement systems described. 

Site Closure and Post Closure Monitoring 

An essential part of any monitoring program at a burial site is the 
monitoring of soil water. Baseline readings must be obtained during the site 
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characterization, and site operation phases and compared to post closure read
ings. This comparison will give an indication if the burial operation has 
modified for better or for worse, the natural hydrologic regime. If the 
burial design contains relatively thin barrier systems, (i.e., <0.5 meters 

thick) then neutron probe readings of water content are of limited value. 
Water potential sensors are needed. Every burial ground contains at least one 

layer, that being the waste itself. It would be useful to monitor the water 
potential at the top and bottom soil-waste interface. The high spatial reso

lution of the water potential sensor would allow early detection of any consis
tent build up of water at either point. Similar data should be collected at 
each barrier interface particularly if they are "impermeable" layers such as 
asphalt, plastic, or gravel.(a) 

Sensor selection in this case depends primarily on long term reliability 

and low maintenance. The electrical resistance type sensors seem to be the 
only acceptable choice. Again, the choice of fiberglass or gypsum would be 
made on the basis of the range of potential expected. 

(a) Gravel layers are often used in unsaturated systems to isolate deeper 
depths from surface precipitation waters and to isolate the surface from 
the upward migrationof soil water from deeper soil. A gravel layer placed 
at depth will behave as a highly impermeable layer as long as the soil 
layer immediately above the gravel does not become very wet. If the top 
soil layer approaches or reaches a saturated condition, the gravel layer 
will fail. This emphasizes the need for monitoring the water status imme
diately above such a layer. 

47 



.. 



, , 

REFERENCES 

Baver, L. D., W. H. Gardner, and W. R. Gardner. 1972. Soil Physics. Fourth 
Edition, John Wiley and Sons, New York, New York. 

Bauder, J. W., L. J. Brun, T. H. Krueger. 1975. The Relationship of Soil 
Freezing to Snowmelt Runoff. N. D. Farm Res. 31 {6}:10-13. 

Bourget, S. J., D. E. Elrick and C. B. Tanner. 1958. Electrical Resistance 
Units for Moisture Measurements: Their Moisture Hysteresis, Uniformity and 
Sensitivity. Soil Sci. 86:208-304. 

Bouyoucos, G. J., and A. H. Mick. 1947. Improvements in the Plaster of paris 
Absorption Block Electrical Resistance Method for Measuring Soil Moisture 
Under Field Conditions. Soil Science 63:455-465. 

Brown, R. W., and B. P. van Haveren, eds. 1972. Psychrometry in Water 
Relations Research. Published by Utah Agricultural Experiment Station, Utah 
State University, Logan, Utah. 

Campbell, G. 5., and G. A. Harris. 1977. IIWater Relations and Use Patterns 
for Artemisia tridenta Nutt. in Wet and Dry Years.1I Ecology 58:652-659. 

Campbell, G. 5., W. D. Zollinger, and S. A. Taylor. 1966. IISample Changes for 
Thermocoup le Psychometers: Construct ion and Some App 1 icat ions. II Agronomy 
Journal 58:315-318. 

Cannell, G. H., and C. W. Asbell. 1964. Prefabrication of Mold and 
Construction of Cylindrical Electrode-Type Resistance Units. Soil Sci. 
97: 108-112. 

Cary, J. W. 1981. Irrigation Scheduling with Soil Instruments: Error Level 
and Microprocessing Design Criteria. Proceedings of American Society of 
Agricultural Engineer Scheduling Conference, p. 81-90. 

Casso A., G. S. Campbell, and T. L. Jones. 1981. Hydraulic and Thermal 
Properties of Soil Samples from the Buried Waste Test Facility. PNL-4015, 
Pacific Northwest Laboratory, Richland, Washington. 

Colman, E. A., and T. M. Hendrix. 1949. The Fiberglas, Electrical Soil
Moisture Instrument. Soil Sci. 67:425-438. 

Cummings, R. W., and R. F. Chandler. 1940. A Field Comparison of the 
Electrothermal and Gypsum Block Electrical Resistance Methods with the Ten
siometer Method for Estimating Soil Moisture in situ. Soil Sci. Soc. Am. 
Proc. 5:80-85. - --

England, C. B. 1965. Changes in Fiberglass Soil Moisture-Electrical 
Resistance Elements in Long-Term Installations. $01 Sci. Soc. Am. Proc. 
29:229-231. 

49 



Garstka, W. V. 1944. Hydrology of Small Watershed Under Winter Conditions of 
Snow Cover and Frozen Soil. Tran. Am. Geophys. U. IV:838-871. 

Gee, G. W., H. H. Hoober, S. J. Phillips. 1978. "An Improved Heat Dissipation 
Unit for Measuring Matric Potential in Soils." ASA abstracts. 1978. 

Gee, G. W., et ale 1981. Unsaturated Moisture and Radionuclide Transport: 
Laboratory Analysis and Modeling. PNL-3616, Pacific Northwest Laboratory, 
Richland, Washington. 

Haise, H. R., and O. J. Kelley. 1946. The Relation of Electrical and Heat 
Conductivity to Moisture Tension in Plaster of Paris Blocks. Soil Science 
61:411-422. 

Harrold, L. L., and R. L. Roberts, Jr. 1960. Winter Runoff from Snow and 
Frozen Ground. Mich. State Univ. Quart. Bull. 43:154-169. 

Hillel, Daniel. 1980. Fundamentals of Soil Physics. Academic Press, New 
York. 

Hsieh, J.J.C., C. G. Enfield, and F. P. Hungate. 1972. "Application of 
Temperature-Compensated Psychrometers to the Measurement of Water Potential 
Gradients." In Psychrometry in Water Relations Research, R. W. Brown, ed. 
Published by Utah Agricultural Experiment Station, Utah State University, 
Log an, Utah. 

Jones, T. L. 1978. Sediment Moisture Relations: Lysimeter Project 1976-1977 
Water Year. RHO-ST-15, Rockwell Hanford Operations, Richland, Washington. 

Jones, T. L., W. A. Jordan, and G. W. Gee. 1979. A Test of the Bresler-Russo
Miller Method for Unsaturated Conductivities. RHO-SA-125, Rockwell Hanford 
Operations, Richland, Washington. 

Klute, A. 1972. "The Determination of the Hydraulic Conductivity and Diffu
sivity of Unsaturated Soils." Soil Science 113:264-276. 

Neal, J. D. 1978. Installation and Calibration. Bulletin No.1, Moisture 
Control Systems, Findlay, Ohio. 

Neilsen, D. R., J. W. Biggar, and K. T. Erh. 1973. "Spatial Variability of 
Field-Measured Soil-Water Properties." Hilgardia 42:215-260. 

Papendick, R. I., and G. S. Campbell. 1980. "Theory and Measurement of Water 
Potential." In Water Potential Relations in Soil Microbiology. Published 
by Soil Science Society of America, Madison, Wisconsin. 

Parsons, J. E., C. J. Phene, D. N. Baker, J. R. Lambert and J. M. McKinion. 
1979. Soil Water Stress and Photosynthesis in Cotton. Physio. Plant. 
47:185-189. 

50 

. -



-, 

.. 

Phene, C. J., and D. W. Beale. 1976. High-Frequency Irrigation for Water 
Material Management in Humid Regions. Soil Sci Soc. Am. J. 50:430-436. 

Phene, C. J., and R. B. Campbell. 1975. Automatic Pan Evaporation Measure
ments for Irrigation Control. Agr. Meterol. 15:181-191. 

Phene, C. J., G. J. Hoffman, R. S. Austin. 1973. Controlling Automated 
Irrigation with Soil Matric Potential Sensor. Trans. Am. Soc. Agr. Engr. 
16: 773-776. 

Phene, C. J., G. J. Hoffman and S. L. Rawlins. 1971a. Measuring Soil Matric 
Potential in situ by Sensing Heat Dissipation Within a Porous Body: I. 
Theory and-Sensor Construction. Soil Sci. Soc. Am. Proc. 35:27-32. 

Phene, C. J., G. J. Hoffman, and S. L. Rawlins. 1971b. Measuring Soil Matric 
Potential in situ by Sensing Heat Dissipation Within a Porous Body: II. 
Experimental Results. Soil Sci. Soc. Am. Proc. 35:225-229. 

Richards, L. A., ed. 1954. "Diagnosis and Improvement of Saline and Alkali 
Soi 1 s. II Agriculture Handbook 60 , U.S. Department of Agriculture. 

Richards, L. A. 
Soil Analysis. 

1965. Physical Condition of Water in Soil. 
pp. 128-152, Am. Soc. Agron Monograph 9. 

In Methods of 

Richards, S. J. 1965. "Soil Suction Measurements with Tensiometers." In 
Methods of Soil Analysis, Part 1. C. A. Black, ed., American Society of 
America Monograph No.9, Madison, Wisconsin. 

Sartz, R. S. 1967. A Test of Three Indirect Methods of Measuring Depth of 
Frost. Soil. Sci. 104:273-278. 

Sauer, R. H., and P. J. Hof. 1981. Measuring Soil Water Content Usin~ Gypsum 
Blocks with Long Leads. PNL-3618 Pacific Northwest Laboratory. Rlchland, 
Washi ngton. 

Scholl, D. G. 1978. A Two-Element Ceramic Sensor for Matric Potential and 
Salanity Measurements. Soil Sci. Soc. Am. J. 42:429-432. 

Shaw, B., and L. D. Baver. 1939. An Electrothermal Method for Following 
Moisture Changes of the Soil in situ. Soil Sci. Soc. Am. Proc. 4:78-83. 

Tanner, C. B., E. Abrams, and J. C. Zubriski. 1949. Gypsum Moisture Block 
Calibration Based on Electrical Conductivity in Distilled Water. Soil 
Science Society Proceedings 13:62-65. 

Tanner, C. B., and R. J. Hanks. 1952. Moisture Hysteresis in Gypsum Blocks. 
Soil Science Society Proceedings 16:48-51 . 

Taylor, S. A., and G. L. Ashcroft. 1972. Physical Edaphology. W. H. Freeman 
and Company, San Francisco, California. 

51 



Taylor, S. A., D. D. Evans, and W. K. Kemper. 1961. Evaluating Soil Water. 
Bulletin 426, Agricultural Experiment Station, Utah State University, Logan, 
Utah. 

Watson, K. K. 1966. IIAn Instantaneous Profile Method for Determi ning the 
Hydraulic Conductivity of Unsaturated Porous Materials." Water Resources 
Research 2:709-715. 

Wiebe, H. H., R. W. Brown, and J. Barker. 1977. IITemperature Gradient 
Effects on In-S itu Hygrometer Measurements of Water Potenti ala II Agronomy 
Journal 69:933-939. 

Wilin, B. O. 1972. Reliable and Inexpensive Soil Frost Gage. Agron. J. 
68:840. 

Willis, W.O., and J. R. Hadley. 1959. Electrothermal Unit for Measuring 
Soil Suction. U.S. Salinity Lab. Res. Rept. 91. 

52 

.. 

• 



PNL-4388 
UC-70 

DISTRIBUTION 

No. of 
Copies 

OFF SITE 

C. R. Cooley 
DOE Office of Nuclear 

Waste Management 
Washington, DC 10545 

DOE Office of Nuclear 
Waste Management 

Washington, DC 20545 

C. H. George 
DOE Office of Nuclear 

Waste Management 
Washington, DC 20545 

C. A. Heath 
DOE Division of Nuclear 

Waste Management 
Washington, DC 20545 

S. Meyers 
DOE Office of Nuclear 

Waste Management 
Washington, DC 20545 

G. K. Ortel 
DOE Office of Nuclear 

Waste Management 
Washington, DC 20545 

D. R. Spurgeon 
DOE Office of Nuclear 

Waste Management 
Washington, DC 20545 

G. H. Daily 
DOE Division of Waste Products 
Washington, DC 20545 

J. E. Dieckhoner 
DOE Division of Waste Products 
Washington, DC 20545 

No. of 
Copies 

A. F. Kluk 
DOE Division of Environmental 

Control Technology 
Washington, DC 20545 

W. E. Mott 
DOE Division of Environmental 

Control Technology 
Washington, DC 20545 

R. W. Ramsey 
DOE Division of Environmental 

Control Technology 
Washington, DC 20545 

Department of Energy 
Albuquerque Operations 

Office 
Albuquerque, NM 87115 

Department of Energy 
Chicago Operations Office 
Argonne, IL 60439 

Department of Energy 
Idaho Operations Office 
550 2nd Street 
Idaho Falls, 10 83401 

Department of Energy 
Nevada Operations Office 
Las Vegas, NE 89114 

Department of Energy 
Oak Ridge Operations Office 
Oak Ridge, TN 37830 

Department of Energy 
Savannah River Operations 

Office 
Aiken, SC 29081 

27 DOE Technical Information 
Center 

Distr-1 



No. of 
Copies 

Technical Library 
Argonne National Laboratory 
Argonne, IL 60439 

Atomic Industrial Forum, Inc. 
7101 Wisconsin Avenue 
Washington, DC 20014 

Beverly Rawles 
Battelle Memorial Institute 
Office of Nuclear Waste 

Isolation 
505 King Avenue 
Columbus, OH 43201 

E. M. Romney 
University of California 

At Los Angeles 
Westwood, CA 96137 

Environmental Protection 
Agency 

Technology Assessment Division 
Office of Radiation Programs 
Washington, DC 20460 

G. Levin 
Idaho National Engineering 

Laboratory 
Idaho Falls, ID 83401 

W. A. Jury 
Department of Soils 
University of California 

Riverside 
Ri verside, CA 

J. B. Whitsett 
Department of Energy 
Idaho Operations Office 
Idaho Falls, 10 83401 

Technical Library 
Idaho National Engineering 

Laboratory 
Idaho Falls, 10 83401 

No. of 
Copies 

Distr-2 

J. G. Steger 
Los Alamos Scientific 

Laboratory 
Los Alamos, NM 87545 

Technical Library 
Los Alamos National 

Laboratory 
Los Alamos, NM 87545 

National Academy of Sciences 
National Research Council 
2101 Constitution Avenue 
Washington, DC 20418 

G. S. Campbell 
Washington State University 
Pullman, WA 99164 

Nuclear Regulatory Commission 
Division of Safeguards, Fuel 

Cycle and Environmental 
Research 

Washington, DC 20545 

J. W. Cary 
USDA 
Snake River Conservation 

Research Center 
Route 1, Box 186 
Kimberly, 10 83341 

C. Bishop 
NRC Division of Fuel Cycle 
Low Level Branch 
Washington, DC 20555 

F. J. Arsenau lt 
Division of Safeguards, Fuel 

Cyc le and Envi ronmental 
Research 

Washington, DC 20555 

J. J. Davis 
Division of Safeguards, Fuel 

eyc le and Envi ronmental 
Research 

Washington, DC 20555 

>. 



No. of 
Cop ies 

F. Swenberg 
Di vi sion of Safeguards, Fuel 

Cycle and Environmental 
Research 

Washington, DC 20555 

R. C. DeYoung 
Division of Site Safety and 

Environmental Analysis 
Nuclear Regulatory Commission 
Washington, DC 20555 

R. P. Denlee 
Division of Site Safety and 

Environmental Analysis 
Nuclear Regulatory Commission 
Washington, DC 20555 

D. E. La rge 
Oak Ridge National Laboratory 
Oak Ridge, TN 37830 

L. J. Mezg a 
Oak Ridge National Laboratory 
Oak Ridge, TN 37830 

D. Siefken 
Nuclear Materials Safety and 

Safeg uards 
U.S. Nuclear Regulatory 

Commission 
Mail Stop 113055 
Washington, DC 20555 

No. of 
Copies 

ONSITE 

Technical Library 
Oak Ridge National Laboratory 
Oak Ridge, TN 37830 

E. L. Albenesius 
Savannah River National 

Laboratory 
Aiken, SC 29081 

Technical Library 
Savannah River National 

Laboratory 
Aiken, SC 29081 

4 Richland Operations Office 

47 

Distr-3 

H. E. Ransom 
E. A. B rac ken 
R. E. Gerton 

Pacific Northwest Laboratory 

T. D. Chikalla 
G. W. Gee (5) 
T. L. Jones (10) 
M. R. Kreiter 
D. D. Gibson 
A. M. Platt 
W. R. Wiley 
Technical Information (5) 
Publishing Coordination (BE)(2) 
Water and Land Resources 

Library (20) 




