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ABSTRACT 

To investigate the characteristics of the vadose zone with 
respect to radioactive waste disposal, the mechanics of unsatu
rated flow in arirt regions and the geohydrology of four areas 
with a deep water table were studied. 

The studies indicated that (1) arid sites with 
a water table deeper than 200 in can be found in at least 
three distinct geologic settings in the western United States, 
(2) the physics of unsaturated flow in soils and rock with 
interstitial porosity at low water contents, particularly 
under thermal gradients, is not yet completely understood, 
and (3) under certain conditions unsaturated flow can be so 
slow that analytic modeling of an unflawed repository is un
necessary to prove effective containment. 

KEYWORDS: Radioactive waste disposal, mechanics of unsatu
rated flow, unsaturated soil, unsaturated rock, vadose zone, 
deep water table, hydraulic conductivity, volumetric water 
content, thermal gradient, modeling. 
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1. INTRODUCTION 

The potential for disposal of radioactive waste materials 
ir. the unsaturated, or vadose, zone in arid regions has re
ceived relatively little attention. 

Some characteristics of the vadose zone, such as extremely 
sJow transport rates and availability in large, unpopulated 
tracts of federal land, are favorable with respect to the dis
posal of radioactive waste material; others, such as shallow 
depths, uncertainties regarding future ^limates and, for soils, 
low strengths and low thermal conductivities, are relatively 
unfavorable. 

This study, authorized by the Lawrence Livermore Laboratory 
under Purchase Order 2649709, is concerned with the engineering 
feasibility of using the vadose zone as a repository, with re
spect to both the movement of moisture through soil and rock 
in arid regions and the hydrogeology of four areas with a deep 
water table. Excluded from this study are questions of heat 
flow, mined openings in soil, and future climates. 

The report comprises four sections in addition to the 
Introduction. Section 2 is an Executive Summary, which in
cludes the significant conclusions of the study. Section 3 
is an outline of the status of knowledge of flow at depth in 
soils with very low water content. In Section 4, the hydro
geology is described for four selected arid areas in the 
western United States which have deep water tables. Section 5 
is an outline of the status of information available for model
ing radionuclide transport from a vadose zone repository. 



2 . EXECUTIVE SUMMARY 

2.1 Introduction 
Most concerns about the feasibility of geologic disposal 

of radioactive waste center on two deleterious effects of 
groundwater: canister dissolution and the transport of radio
nuclides. Placing the waste in the unsaturated, or vadose, 
zone above the water table may mitigate or eliminate these 
effects. 

Two topics investigated in this study, the mechanics of 
unsaturated flow and the hydrogeology of four selected arid 
regions, show favorable conditions for radioactive waste dis
posal in the vadose zone. However, a lack of field data on 
the n._/ement of soil mnisture in arid regions precludes defini
tive conclusions at this time. Several topics not considered 
in this study will require investigation before the feasibility 
of the overall concept can be shown. A summary of results of 
the study follows. 
2.2 Mechanics of Unsaturated Flow 
• Although the fundamental physics of unsaturated flow in 
porous media at very low water contents and under non-isothermal 
conditions is still under research, the available data suggest 
that flow in arid site vadose zones, under the proper condi
tions, can be at velocities slower than 10 m/yr. 
• Unsaturated flow in fractured rock is fundamentally dif
ferent from unsaturated flow in soil or rock with interstitial 
porosity. No theory has been formulated for moisture transport 
in fractured rock and essentially no applicable field studies 
have been conducted. Observations suggest that rainfall perco
lates readily through fractured rock to the water table at 
velocities of about 10" 2 to 10" 3 cm/sec. 
• Unsaturated flow in porous media at volumetric water con
tents greater the*? about 10* is understood well enough to be 
modeled for various engineering and agricultural applications. 
Migration of liquid wastes is studied with numerical models, 
as is the movement of irrigation water in agriculture. These 
models have been verified only in the upper few meters of soil 
and at water contents well above those observed at depth in 
arid vadose zones. 
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• At volumetric water contents less than about 10%, unsatu
rated flow is so poorly understood that for some field applica
tions neither the rate nor the direction of flow can be pre
dicted. Because this topic is of minor importance for most 
agricultural and engineering applications,where water contents 
are higher, it has received little attention until recently. 
Upper limits of flow rates can be estimated, however, by using 
data at water contents of about 10%. 

• Experiments at the Hanford Reservation in Richland, WA 
during the past five years have shown that previous theories, 
applicable to wetter soils at shallower depths, which hold 
that pulses of infiltrating moisture can propagate relatively 
unmodified to the water table, are not applicable to relatively 
dry soils at depths greater than several meters. Instead, the 
experiments show that an initially distinct pulse of moisture 
becomes broad and indistinct as it moves downward. Summer 
evaporation begins to draw water back to the surface and elimi
nates most or all of the moisture pulse. Below approximately 
12 meters, water content does not vary with time. 

• If climatic variations should cause the ground surface to 
become inundated for a sufficient period of time, water could in
filtrate downward under a gradient of one with a seepage velocity 
that approaches the saturated hydraulic conductivity, K . Even
tually the entire soil profile between the ground surface and the 
originaKgroundwater table becomes wetted. For example, with 
K o = 10~ cm/sec, a groundwater depth of 1,000 m and an effective 
porosity of 0.30, inundation would cause percolation to the water 
tabic in about 100 years. 
2.3 Hydrogeology of Four Selected Arid Regions 

Four geologically distinct areas with relatively deep 
water tables were investigated to assess the potential for 
finding a repository location with a deep and stable 
water table. A brief summary of the four areas, presented in 
Table 2.1, shows the status of knowledge of each area with 
respect to both unsaturated and saturated hydrogeology. Speci
fic conclusions include the following: 

2.3.1 General 

• Deep water tables occur wherever a highly trans-
ir.issive aquifer and/or a small amount of groundwater recharge 
combine with an aquifer discharge point topographically much 
lower than the ground surface at the area of interest. 
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• Relatively little information exists regarding the 
flow of groundwater at depths below several hundred meters in 
arid regions because few people inhabit such regions, and be
cause water supply comes largely from reservoirs rather than 
from wells. Many of the available data come from national lab
oratories such as the Nevada Test Site (NTS), the Idaho National 
Engineering Laboratory (INEL) and the Hanford Reservation (Han-
ford) , and hydrogeologic studies cited in this report were 
selected largely from these areas. 

2.3.2 Great Basin, Nevada 

• This area includes the Nevada Test Site (NTS). 

• The vadose zone extends as deep as 1,000 m beneath 
the ground surface in the Great Basin. 

• The basins and ranges constitute two different 
types of vadose zones in the Great Basin. The vadose zone 
material in the basins, or flats, consists primarily of thick 
deposits of porous alluvium underlain by volcanic tuffs and 
minor carbonate rocks. '•'•' The vadose zone material in the 
ranges, which separate the basins, consists largely of vol
canic tuffs underlain by carbonate rocks. 

• Moisture flows interstitially through the soils in 
the vadose zone in the basins and through fractures in the rock 
in the vadose zone in the ranges. 

• We have found no analytic studies of unsaturated 
flow at depth in either type of vadose zone in the Great Basin. 
In the basins, researchers have assumed that all rainfall in
filtrating the alluvium evaporates, in which case downward per
colation to the water table would be non-existent. However, 
a possible exception to this assumption is represented by the 
fact that surface waters flow into large earth cracks that 
exist in southern Yucca Flat. No confirmatory studies have 
been made. Observations at Rainier Mesa at NTS suggest that 
rainfall percolates quickly to the water table in the ranges, 
where no thick soil cover stores rainfall until it can be 
evaporated. 

• Groundwater in the saturated aquifer beneath the 
vadose zone flows mainly through fractures and solution cavi
ties. The complex geologic structure strongly controls both 
the direction and rate of groundwater flow. 

• Groundwater flows at velocities of about 10 m/yr 
and has a maximum aquifer residence time, from Yucca Flat to 

A glossary of select geological terms is included at the 
end of the Executive Summary. 
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the discharge point, of about 10 years. Some data, however, 
suggest that flow in certain sections of the aquifer can be 
several orders of magnitude higher. 

• No models have been developed to analyze groundwater 
flow in the Ash Meadows (NTS area) or White River groundwater 
systems of'the Great Basin. Borg et al.. (1976) concluded that 
due to complex geologic structure and a lack of parameter data, 
one-dimensional models would give results as reliable as 
those from two-dimensional models. 

• The Great Basin region is tectonically active and 
moderate earthquakes and active faults are observed. The 
potential effect of these phenomena on radioactive waste con
tainment in the unsaturated zone requires investigation. 

2.3.3 Snake River Plain, Idaho 

• This area includes the Idaho National Engineering 
Laboratory (INEL). 

• The vadose zone extends as deep as 300+ m beneath 
the ground surface on the Snake River Plain. 

• The material in the vadose zone consists primarily 
of horizontally-layered flood basalts separated by relatively 
thin layers of clastic sediments.U) 

• Because downward-percolating water flows through 
fractures and large-scale voids (such as lava tubes) in the 
basalt, unsaturated flow theory for porous media caAnot be 
used to predict the rate of moisture movement through the ba
salt. 

• We have found no studies of predictions of future 
climates or of the potential effect of future climates on the 
elevation of the water table in the Snake River Plain, 

• A two-dimensional groundwater model that correctly 
accounts for the hydrologic water balance is based on the as
sumption that, on the average, 10% of the annual precipitation 
percolates to the water table. Other studies show 
that most of this recharge occurs below a small portion of the 
area and that areas of several square kilometers have a net in
filtration of only about 1.5 cm/yr. Further studies are neces-

A glossary of select geological terms :' - included at the 
end of the Executive Summary. 
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sary to determine if infiltration of this magnitude precludes 
the use of such locations for a vadose zone repository. 

• Water flows in the water table aquifer beneath the 
vadoRc zone mainly through fractures and macroscopic voids 
with a maximum velocity of about 300 m/yr and an aquifer resid
ence time of about 60 to 300 yrs. 

• The numerous test wells and a geologically simple 
aquifer geometry have permitted the formulation of a reasonably' 
accurate, two-dimensional, finite-difference groundwater model 
that simulates the general transport of 3H and 9 0Sr through 
the aquifer. 

2.3.4 Columbia River Plateau, Washington 
• This area includes the Hanford Reservation. 
• The vadose zone extends as deep as about 100 m 

beneath the ground surface at the Hanford Reservation. 
• The material in the vadose zone consists of coarse-

to-fine-grained sediments and a minor amount of horizontally-
layered basalt at depth. 

• Precipitation infiltrates the upper few meters of 
the vadose zone by interstitial, unsaturated flow. 

• Comparison of field measurements with mathematical 
models show that the flow of moisture in the upper 12 meters 
of soil can be simulated, but flow of moisture at depth has 
not been modeled or measured. 

• Water flows interstitially through sediments in 
the water table aquifer directly below the vadose zone. 

• Water flows in the water table aquifer with a 
velocity of about 100 m/yr and has an aquifer residence time 
of several days to several hundred years, depending upon the 
distance from the Columbia River discharge point. 

• Models for describing groundwater and contaminant 
movement have been developed and tested against analytical 
solutions and limited field data. 

• Additional data and work are needed to reduce the 
uncertainty in the model predictions. 
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2.3.5 Copper Mine Area, Colorado Plateau, Arizona 
• The vadose zone extends as deep as about 250 in 

beneath the ground surface at the Copper Mine area of the 
Colorado Plateau. 

t Thc> material in the vadose zone consists of medium-
to-f:n- jrained, partially cemented, porous sandstone. 
TWF ive m of relatively impermeable siltstone overlies the 
sar. ;, .e and apparently retards or eliminates infiltration 
of precipitation. 

• The porous nature of the sandstone in the vadose 
zone suggests that any downward-infiltrating water would flow 
interstitially. Field experiments would be required to test 
this hypothesis. 

• Because no field experiments have been conducted 
on the unsaturated zone since its discovery at the Copper Mine 
area, the rate and character of moisture flow remain unknown. 

• A water infiltrating the vadose zone flows inter
stitially through the lower portion of the Navajo sandstone 
to the Colorado River about 15 km west of the Copper Mine area. 

• Groundwater, wh^re found to the west of the Cop
per Mine area, flows westward with an estimated velocity of 
about 1,000 m/yr and has an estimated aquifer residence time 
of about 15 yrs. 

• Mathematical models have not been applied to pre
dict groundwater flow in the vicinity of the Copper Mine area. 
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GLOSSARY 

Alluvium - A general term for clay, silt, so:id, gravel, or 
similar unconsolidated detrital material de
posited during comparatively recent geologic 
time by water. 

Volcanic - A consolidated deposit of volcanic ash and 
tuff dust with or without minor amounts of other 

sediments such as sand or clay. 
Carbonate - A sedimentary rock, e.g., limestone or dolomite, 
rock which consists of more than 50% by weight of 

carbonate minerals such as CaC03 or MgC03. 
Flood - Basalt is a dark-colored, fine-grained igneous 
basalt rock, and flood basalts result from an extensive 

lava flow or successive lava flows of high-
temperature, fluid basalt from fissure eruptions 
which accumulate to form a plateau. 

Clastic - A sediment formed by the accumulation of frag-
sediment ments derived from pre-existing rocks or 

minerals and transported as separate particles 
to their place of deposition by purely mechani
cal agents (such as water, wind, ice and 
gravity), e.g., gravel, sand, silt, clay. 

Lava tube - A hollow space beneath the surface of a solidi
fied lava flow, formed by the withdrawal of 
molten lava after the formation of the surficial 
crust. 

Vadose Zone - The unsaturated soil or rock above the water table 
and associated capillary fringe (also known as the 
"zone of aeration" or the "unsaturated zone"). 



TABLE 2. 1 - SUMMARY OF HYDROGEOLOGIC INFORMATION 
AT FOUR REGIONS WITH DEEP WATER TABLES 

Page 1 of 2 

Zone Great Basin, 
Nevada 

Snake River 
Plain, Idaho 

Columbia River 
Plateau, 

Washington 

Copper Mine &r&a, 
Ar i zona 

Unsaturated 
(Vadose) 

Maximum thickness 
of vadose zone 

1,000 m 300+ m 100 m 2S0 m Unsaturated 
(Vadose) 

Geologic material 
in vadose zone 

Alluvium; volcanic 
tuff (some zeolit-
ized); limestones; 
sandstones, shales 

Basalt with fine 
grained sedimen
tary interbeds; 
coarse to fine 
grained surfi-
cial sediments 

Coarse to fine 
grained sedi
ments and minor 
basalt 

Siltstones and 
sandstones 

Unsaturated 
(Vadose) 

Type of unsatu
rated flow 

Interstitial in 
the alluvium, zeo
lite tuff, shales, 
and gome limestones. 
Fractuxe in 
the tuff and some 
limestones 

Plow in macro-
scoRic voids in 
the basalt; in
terstitial flow 
in sediments 

flow in macro
scopic voids in 
the basalt; in
terstitial flow 
in sediment s 

Interstitial f?) 

Unsaturated 
(Vadose) 

Status of know
ledge of unsatu
rated flow at 
depth 

Unknown Estimated to be 
about 2-3 cm/yr 
downward 

Estimated to be 
extremely slow 

Unknown 

Unsaturated 
(Vadose) 

Existing model No No No No 

Project 77393 
September 6, 1978 



TABI.E 2 . 1 - SUMMARY OF HYDROGEOLOGIC HJFORMATION 
AT FOUR REGIOMS WITH DEEP WATER TABLES 

page Z of 2 
Zone Great Basin , 

Nevada 
Snake River 
Plain, Idaho 

Columbia River 
Plateau, 

Washington 

Copper Mine Area, 
Arizona 

Saturated 
(Phreatie) 

Type of £low 
in main 
aquifer 

Fracture. Flow in macro
scopic voids 

Interstitial Interstitial (?) Saturated 
(Phreatie) 

Approxima te 
flow velocity 

10 m/yr 300 m/yr 1O0 m/yr 30O m/yr 

Saturated 
(Phreatie) 

Approximate 
maximum ground
water res i de nee 
time 

4 10* yr 300 yr 200 yr 50 yr 

Saturated 
(Phreatie) 

Status of know
ledge of hydro-
logic parameters 

Minimal Good Good Minimal 

Saturated 
(Phreatie) 

Existing model No Yes Yes Ho 

Geotechnical Engineers Inc. Project 773U3 
September 6, 1978 
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3. THE FLOW OF 'WATER IN UNSATURATED SOILS 

3.1 Introduction 
The flow of water in unsaturated soil exhibits several 

unique characteristics which favor the storage of nuclear 
waste in arid-site vadose zones. In general, water flows 
very slowly in soils which are not saturated, because liquid 
continuity, common to saturated flow, is severed, and water 
is attracted to soil particles by adsorptive and capillary 
forces. 

Surficial soils in arid areas typically have very low 
moisture content, and little, if any, water infiltrates the 
soil profile deeper than about 10 to 20 m. Without flow of 
water through a depository, there can be no significant mig
ration of water-borne radionuclides. Further, temperature 
gradients, such as may be created by the burial of high-level 
waste or spent fuel, cause whatever small amount of moisture 
that may exist to flow away from the heat source. Therefore, 
it appears that arid-site vadose 2ones may be feasible for 
nuclear waste disposal. 

Prediction of the feasibility of vadose-zone repositories, 
(VZR) requires knowledge of both the mechanism by which water 
flows through unsaturated soil and the mathematical equations 
which have been proposed to model such flow. Consequently, 
this part of the report consists of an overview of the litera
ture on unsaturated flow, and contains a general discussion 
of soil-water relationships, unsaturated flow characteristics, 
and current methods of simulating flow mathematically. The 
section concludes with a brief discussion of the applicability 
of mathematical simulation techniques to the modeling of vadose-
zone repositories. 

Appendix A contains a series of tables which annotate the 
most important literature that was reviewed. Appendix B con
tains plots of data that illustrate the basic soil-water re
lationships discussed ±n Section 3.2. Appendix C contains data 
from infiltration experiments that serve further to illustrate 
basic unsaturated flow phenomena. Appendix D contains a sum
mary of laboratory and field methods for measuring the water 
retention and flow characteristics of unsaturated soils. Ap
pendix E contains data on the flow of moisture in unsaturated 
soil when subjected to thermal gradients. 
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3.2 Soil-Water Relationships 
3.2.1 Soil-Mater Potential 

Unsaturated soils consist of soil, water, and air -
a three phase system. Typically, the potential energy (ex
plained below) of such a system is less than that of free water 
at the same temperature, elevation, and atmospheric pressure 
(Gardner, 1960). The measure of this energy has received var
ious names in the literature, the most common being soil-moisture 
potential (negative) or suction (positive) and is usually de
signated by the symbol V. Hillel (1971) described the state 
of water in a soil as follows: 

"Soil water is subject to a number of force 
fields, which cause its potential to differ 
from that of pure free water. Such force 
fields result from the attraction of the 
solid matrix for water, as well as from the 
presence of solutes and the action of exter
nal gas pressure and gravitation." 

Therefore, the total soil water potential can be expressed as: 
* = f + y + T^ + (Yong and Warkentin, 1975) 

where 4>, the total potential, has been defined as: 
"the amount of work that must be done per 
unit quantity of pure water in order to 
transport reversibly and isothermally an 
infinitesimal quantity of water from a 
pool of pure water at a specified eleva
tion and atmospheric pressure to the soil 
water (at the point under consideration)" 
(Hillel, 1971). 
*m/ the matric potential, is related to the sur

face tension of air-water interfaces and the adsorption forces 
of soil-water interfaces. This concept is illustrated in 
Figure 3.1. The adsorption forces, caused by hydration enve
lopes around soil particles, become very important in clays 
which possess electrical double layers and exchangeable cations 
(Richards et al,, 1964). 

V„, the gravitational potential, is related to 
the elevation of soil water above the reference pool. Fiqure 
3.2 illustrates the flow of water in a soil column due to the 
action of a gravitational potential. 
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f , the osmotic potential, is related to the ef
fect of solute concentration on the vapor pressure of soil 
water. The osmotic effect becomes important when vapor dif
fusion is an important contributor to moisture flow (Richards 
et a]., 1964). 

The dots at the end of the equation signify that 
other potential terms are theoretically possible. 

3.2.2 Water Retention 

Reduction of the matric potential of a free-
draining soil induces a flow of water out of the pore spaces 
and consequently lowers the soil-water content. Increasingly 
larger imposed suctions (more negative potentials) cause in
creasingly smaller pores to empty and the water content conti
nues to decrease (Hillel, 1971; Horton and Hawkins, 1965; Rein-
son et ajl., 1959; Yong and Warkentin, 1975). Figure 3.3 
illustrates this phenomenon for three types of soil. Notice 
that clay has a tendency to retain more moisture than a sand, 
even when subjected to suctions of several thousand atmospheres. 

The moisture content of sand is controlled chiefly 
by capillarity (soil structure) while the moisture content of 
clay is controlled by adsorption (soil texture and specific 
surface area). This makes it very difficult, if not impos
sible, to predict a priori, the soil-water retention char
acteristics of a soil which contains a mixture of sand and 
clay. 

Referring again to Figure 3.3, notice that each 
soil is represented by two water-retention curves, one for 
wetting (increasing water content) and one for drying (decreas
ing water content). This phenomenon, known as hysteresis, has 
added to the difficulty of developing equations to model the 
flow of moisture in unsaturated soils (Klute, 1952; Biswas et 
al., 1966; Bear et al., 1968; Hillel, 1971; Yong and Warken
tin, 1975). 

3.2.3 Field Capacity 

If a soil is first saturated and then allowed to 
drain under the influence of gravity, the water content will 
decrease until the drainage becomes "imperceptibly small" 
(Remson et al., 1959; Horton and Hawkins, 1965; Hillel, 1971? 
Yong and Warkentin, 1975). Th? water content of the soil at 
this time has been termed the "field capacity" of the soil. 
Although quantification of field capacity is difficult and 
subjective, the concept of field capacity is useful in des
cribing the behavior of moisture in unsaturated soils, especial
ly during infiltration. Infiltration, the processes by which 
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raoisture is added to the soil profile from the ground surface, 
is described in Section 3.3.4. 

3.3 Mechanisms of Unsaturated Flow 

This section on the mechanics of flow in unsaturated 
media is presented in three parts: flow under isothermal con
ditions, flow due to a thermal gradient, and infiltration of 
surface water downward through the vadose zone. For the first 
two cases, the discussion consists of a description of (!) the 
phenomena thought to be operative, (2) the mathematical equa
tions that are used to predict flow, and (3) the techniques 
available for measurement of the parameters that influence un
saturated flow and for which values are required to solve the 
equations. 

The portion on infiltration contains a description of the 
factors which control the variation of water content with depth 
in the vadose zone. Also included is a discussion of the 
theoretical predictions of infiltration rates under certain 
conditions and field observations of the vertical extent of 
infiltration in arid areas. 

3.3.1 Isothermal Flow 

Water flows from areas of high potential (low suc
tion) to areas of low potential (high suction). The rate at 
which water flows along a potential energy gradient is a func
tion of the magnitude of the applied gradient and the hydraulic 
conductivity of the soil. Hydraulic conductivity is a measure 
of the ease with which water can be transmitted through the 
soil. For a saturated soil, the hydraulic conductivity, K, is 
essentially constant, for many soils, and can easily be mea
sured. In unsaturated soils, however, the hydraulic conductivity 
is not a constant or intrinsic property of a particular soil. 
As a soil drains due to an applied potential gradient, the 
larger pore spaces empty first and there is a corresponding 
reduction in the conductivity of the soil. Thus, air-filled 
pore spaces essentially become barriers to flow by decreasing 
the cross-sectional ai«a and increasing the tortuosity of the 
liquid flow path (Hillel, 1970; Yong and Warkentin, 1975; 
Childs, 1969). 

The hydraulic conductivity of unsaturated soils is 
a function of both moisture content and soil-water potential. 
Furthermore, both of these factors are interdependent: as the 
potential decreases (increasing suction) the moisture content 
also decreases and, thus, the hydraulic conductivity decreases. 
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Figure 3.4 illustrates the relationship between soil-water 
potential and hydraulic conductivity for two soils of dif
ferent texture. 

It is interesting to note in Figure 3.4 that the 
unsaturated hydraulic conductivity of clay may actually ex
ceed that of sand at large negative values of soil-water 
potential. This is due to the greater liquid continuity in 
clay. This is contrary to saturated hydraulic conductivity 
which is typically independent of head (positive soil-water 
potential) and is consistently higher for coarse-grained 
material than for fine-grained material. Therefore, in an 
unsaturated fine-grained soil profile, a sand layer, rather 
than enhancing flow, may actually impede moisture flow, at 
least temporarily. 

3.3.1.1 Equations 

h. A. .i f c lu. (13 3V -xtendo^ Darcy'" 
law to unsaturated flow with the assumption that hydraulic 
conductivity, K, was a unique function of matric potential, 
V , (the soil-water potential with gravitational and osmotic 
components excluded), i.e., K = K('i' ). He proposed that 

g = -K(y )VH, (1) 

where q - flow rate and VH = potential gradient (H = ¥ + f 
in the terminology of this paper). 

This approach cannoc account for 
hysteresis of the K(')> ) function so the use of equation (1) 
must be limited to monotonic potential (or moisture content) 
change. 

A more general approach, which would in
clude transient situations, would be to combine equation (1) 
with the continuity equation: 

36 

therefore, 
^ = - V - q (2) 

80 
3t 7{K(y )VH} (3) 

where S = volumetric moisture content (the ratio of the volume 
of water held in the soil to the total volume of the soil). 
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Expressed in terms of one-dimensional 
vertical flow with '? expressed as elevation z, equation (3) 
becomes 

| 0 B | _ { K ( , ) ( g ) } + «LT) (3a, 

Hillel (1971) describes a modification of the above mathe
matics by introducing a "diffusivity" term, D, from the theory 
of heat flow and assuming no hysteresis (and hence KCf) = K(0): 

D(0) = K(0) |J (4, 
Therefore, for one-dimensional vertical 

flow (Philip, 1957a): 

3f) 3 / n33, 3K 
at ~ az ( ^ z ' az (5) 
Use of the word "diffusivity" does not 

necessarily mean that water movement occurs by diffusion; it 
is a term, borrowed from the field of thermodynamics, used in 
heat flow eguations. The above equation is not applicable when 
hysteresis is large, where the soil is layered, or where temp
erature gradients exist (Hillel, 1971). 

Various numerical solutions to equations 
(3) and (5) have been proposed and verified for specific condi
tions (Klute, 1952; Philip, 1957a, b; Geisel et al., 1963; 
Green et al., 1964; Jackson, 1964; Rubin et al., 1964; Wind and 
Van Doorne, 1975). For example, soil scientists apply the flow 
equation to the prediction of water balances when designing agri
cultural irrigation programs. They must estimate how much of 
the annual rainfall infiltrates the soil, and how much sub
sequently evaporates, to assure that sufficient water re
mains in the soil to feed the crops. Table 1 of Appendix A con
tains a summary of solutions of the equation with their assump
tions and applications. 

3.3.1.2 Parameters 

Common to all solutions of the flow equa
tions is the need to define the value of hydraulic conductivity 
or diffusivity over the range of soil-water potentials and 
water contents that exist in the field. Many techniques have 
been used to measure these parameters either in the laboratory 
or in the field and several of the most common are described 
in detail in Appendix D. 
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Measurement of soil characteristics in 
the laboratory is necessarily restricted to small samples of 
soil which are either "undisturbed" or "reconstituted." The 
tests are necessarily only approximations to in-situ behavior, 
since even the most careful soil sampling does not provide 
totally "undisturbed" samples, nor does reconstittition of 
disturbed samples accurately reproduce the in-situ soil struc
ture. Nevertheless, in the absence of better techniques, the 
soil scientist often relies on the results of laboratory tests 
to predict the flow of moisture in unsaturated soils. Croney 
and Coleman (1960) discuss somu of the earlier techniques of 
testing unsaturated soils and some of the more contemporary 
techniques are discussed below and in Appendix D. 

Hydraulic conductivity, K, and diffusivity, 
D, can be measured directly in either steady state or transient 
experiments. Steady state tests involve applying a potential 
gradient to a soil column and measuring the amount of water 
flowing through the soil. Transient experiments, typically re
ferred to as outflow or infiltration experiments, involve mea
suring water content as a function of time after applying a 
change in potential. 

The results of three types of laboratory 
test can be combined to yield a plot of 9 vs V for a large 
range of f. All three techniques involve applying a known 
potential to a soil sample and measuring the resulting equili
brium water content. For potentials greater than -0.8 bar 
(-0.8 atm) a tension plate assembly can be used to apply a 
potential to the base of a sample (Youngs, 1964). Potentials 
down to about -25 bars can be attained with a pressure plate 
assembly by applying a positive pressure to the top of the 
sample (Youngs, 1964). Potentials below -25 bars require in
direct methods such as moisture blocks. Appendix D includes 
a discussion of these and other measurement techniques. 

Bemson et a^. (1959) used tensiometers 
to measure soil-water potential in-situ while studying ground
water recharge due to infiltration. A tensiometer is a water-
filled, permeable, ceramic cup or eel? connected to a manometer. 
When the cup is placed in the soil, the soil suction tends to 
pull water out of the cup which results in a negative pressure 
reading on the manometer. 

For lower potentials, thermocouple (or 
thermistor) psychrometers have been used successfully (Richards 
et al., 1964; Letey et a L , 1969; Kay and Low, 1970; Isaacson 
et al., 1974). The psychrometer measures vapor pressure and 
temperature, thus permitting calculation of soil-water potential. 
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Field measurements can also be taken to 
determine the in-situ unsaturated hydraulic conductivity of 
a soil. The most common technique is referred to as the 
sprinkling or infiltration method and has been used by several 
researchers to test theoretical predictions (Green et al., 
1964; Roso et al., 1965; Rubin et al., 1964). This method 
involves wetting the soil surface and determining the profiles 
of water content and potential as moisture redistribution 
takes place. 

Appendix D contains a review of existing 
techniques for both laboratory and field measurements of water 
content, potential, conductivity and diffusivity, 

3.3.2 Non-Isothermal Flow 

Since Bouyoucus (1915) first demonstrated that 
moisture flows from areas of high temperature toward areas of 
low temperature, many scientists have investigated the mech
anisms of moisture flow in unsaturated soil and have tried to 
predict flow rates mathematically. Early investigators pro
posed theories of flow which were based on the results of 
their own tests. However, there were discrepancies between 
test results and several phenomena remain unexplained. 

It is generally accepted that vapor flow accounts 
for most of the moisture transfer due to applied thermal 
gradients (Rollins et al., 1954; Gurr et al., 1952; Taylor and 
Cavazza, 1954; Philip and DeVries, 1957; Cary and Taylor, 1962a, 
b; Cary, 1965, 1966). The primary mechanisms of thermally in
duced flow are thought to be as follows (Cary, 1966): 

1. Surface tension gradients: Increasing tempera
ture decreases surface tension and causes move
ment down the thermal gradient due to the in
duced surface tension gradients. Since moisture 
flows from warm zones to cool zones in saturated 
soil also (with no air-water interfaces), sur
face tension cannot be the sole driving force. 

2. Soil-water potential: As temperature decreases, 
the soil-water potential also decreases (in
creasing suction) and a flow is induced from 
zones of high temperature to zones of low temp
erature. This idea formed the basis of the 
equations presented by Philip and DeVries (1957) 
discussed later in this section. 
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3. Random kinetic enargy: Energy changes due to 
variation in hydrogen bond distribution caused 
by thermal gradients may also contribute to 
flow. 

i 
4. Osmotic gradients: Most dissolved salts will 

diffuse through a solution from warm to cool 
areas (Soret effect). Water tends to follow 
the salt in order to maintain chemical equili
brium. 

The influence of temperature on flow increases as 
the wator content decreases because vapor flow accounts for 
more moisture transport than liquid flow at low moisture con
tents. 

3.3.2.1 Equations 

Mathematical description of the flow of 
moisture due to thermal gradients in unsaturated soil is pre
sently in a nascent state. The principal reason is that the 
flow of moisture and heat is a coupled phenomenon: as thermal 
gradients cause moisture to flow, the flow of moisture (by 
evaporation and condensation) causes, the transfer of heat. 
Therefore, equations of flow must combine heat transfer equa
tions with mass transfer equations, both of which are non
linear. 

Philip and DeVries (1957) made one of the 
first attempts to model moisture flow caused by thermal grad
ients. They combined diffusion theory with the theory of 
liquid flow due to capillarity and proposed an approximate 
equation for moisture flow: 

~ q = D09i + DT3i + K3? ( 6 ) 

where D„T ~ equals the flow of moisture due to a moisture 
' content gradient, 

DTlz e t J u a l s t t i e f l o w o f moisture due to a thermal 
.„ gradient, and 

K T- equals the flow of moisture due to gravity. 

Cary and Taylor (1962a, b) proposed a different set of equa
tions based on the thermodynamics of irreversible processes. 
They subsequently revised their equations after further labora
tory experiments (Taylor and Cary, 1964; Cary, 1965). 

In subsequent work by Cassel et al, (1969), 
Jury (1973), and Jury and Miller (1974) there were conflicting 
results between experiments and predictions using the two 
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aforementioned approaches. Some experiments confirmed the 
equations of Philip and DeVries, while others confirmed the 
equations of Taylor and Cary. In most experiments, however, 
moisture flow was several times that predicted by the equations 
of Taylor and Cary. Jury (1973) summarized previous work and 
illustrated the similarity between the Philip-DeVries equations 
and the Cary-Taylor equations. Conflicts between experimental 
results and proposed theories probably resulted from differ
ences in measurements of the coefficients DQ, D T and K. To 
date, no exact solutions of Equation (6) exists. Several 
approximations have been proposed but have not been verified by 
experimentation. 

3.3.2.2 Parameters 

The coefficients, D and K, must be mea
sured experimentally. K can be measured as a function of 9 
as previously described, and the variation of K vith T "can be 
assumed to be proportional to the temperature variation of the re
ciprocal of the coefficient of viscosity of water" (Jury, 1973). 

Jury describes several experiments which 
facilitate the calculation of D and K for 0 greater than 7%. 
For 0 less than 7%, there was not good agreement between theory 
and experiment. However, there was good agreement between 
theory and experiment for soils at higher water contents. Jury 
(1973) concluded that "more work remains to be done,..before 
a workable model for transport of moisture in the presence of 
temperature gradients is ready for application to field situa
tions." 

In general, it is accepted that moisture 
flows along thermal gradients in the direction of decreasing 
temperature, as originally stated by Bouyoucus (L915). Experi
ments demonstrating this phenomenon were conducted by Gurr et 
al. (1952), Taylor and Cava22a (1954), and Rollins et al. (1954). 
However, although there was a net flux of moisture from the warm 
side to the cool side, they noticed that salt, which had been 
used to trace the flow of moisture in the liquid phase, accumu
lated at the heat source. The implication of such tests is 
that a mechanism for transporting soluble salts (in the liquid 
phase) away from a heat source may not exist in an unsaturated 
medium and that the majority of moisture flow occurs in the 
vapor phase. However, the salt tracer experiments were on closed 
systems so the results may not be applicable to free-draining 
field soils. Further, the results seem to contradict the afore
mentioned Soret effect, that most dissolved salts will diffuse 
through a solution from warm to cool areas. 
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Appendix E contains data on thermally-
induced flow in unsaturated soils and some additional discus
sion of the characteristics of flow and factors that control 
flow rates. 

3. 1. ] Infiltration 

The entry of water from the soil surface into 
the soil profile is called infiltration. As water enters the 
soil profile (from a constant supply at the surface1 it wi; , 
distribute itself as shown in Pig. 3.5. This typica. profile 
was first described by Bodman and Colman (1943) and Colman and 
Bodman (1944) and has been verified mathematically by Philip 
(1957c). 

Figure 3.5 shows that the moisture profile during 
infiltration is divided into four characteristic zones: (1) 
a thin zone (on the order of a few cm) at the soil surface 
reaches a water content approximating pore space saturation; 
(2) below this saturated zone the water content decreases with 
depth to a value approximately halfway between field capacity 
and saturation (the transmission zone) and remains essentially 
constant during infiltration; (3) below the transmission zone 
the water content decreases with depth in the wetting zone and 
at a given depth increases rapidly with time as infiltration 
continues; (4) the wetting zone stops abruptly at the wet front 
which marks the lower extent of infiltration and is characterized 
by a very steep gradient of moisture content. 

There has been some debate (Bear et al., 1968; 
Hillel, 1971) as to whether the saturation zone actually 
exists or is a result of experimental error. Regardless, the 
obvious conclusion from Figure 3.5 is that most of the flow is 
unsaturated (Bear et al., 1968; Hillel, 1971). 

Figure 3.6 illustrates the variation of soil-water 
potential gradient with time. With time, the potential gradient 
approaches a constant value equal to or slightly greater than -1. 
Thus, the only driving force remaining after long periods of 
infiltration is gravity. 

Remson et al. (1959) studied the flow of rainfall 
from the ground surface to a shallow water table in a field 
monitoring program involving a series of tensiometers installed 
throughout the soil profile. They observed that: 

a 
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"Applied water does not distribute itself through
out the length of a soil column unless it is in 
sufficient quantity to bring the entire soil 
column to field capacity level. Instead, it per
colates downward as a nearly saturated belt, 
leaving little islands of moisture in its wake." 

They further observed that: 

"Enough water must be applied to wet the entire 
zone of aeration (unsaturated zone above the water 
table) to the field capacity level before substan
tial ground water recharge can occur" (emphasis 
added). 

So, if a soil profile is relatively dry, perhaps due to a long 
period of low rainfall, substantial rainfall may be required 
just to wet the profile to field capacity. If sufficient water 
is not added, groundwater recharge can only occur by very slow 
drainage or by vapor transfer. Indeed, Isaacson et al. (1974) 
reported a net moisture loss from the very dry (6% volume 
moisture content) unsaturated zone on the Hanford Reservation 
in Richland, WA. This loss was explained as being due to an 
excess of evapotranspiration over rainfall. 

Isaacson and his co-workers (1978) indicated that 
current data from the lysimeter experiments (Isaacson et al., 
1974; Brownell et al., 1975; Last et al., 1976) are not con
clusive. Experiments during the past five years have shown 
that the "wet front at the field capacity" concept of downward 
percolation may not apply to relatively dry soils at depths 
greater than several meters. Instead, an initially distinct 
pulse of moisture becomes broad and indistinct as it moves down
ward. Summer evaporation begins to draw water back to the sur
face and eliminates most or all of the moisture pulse. Below 
approximately 12 meters, water content does not vary with time. 
This contradicts previous theories, applicable to wetter soils 
at shallower depths, which hold that pulses of infiltrating 
moisture can propagate relatively unmodified to the water table. 

Horton and Hawkins (1965) performed laboratory ex
periments to trace the flow of water during and after infiltra
tion and found: 

1. "the percolation of groundwater through the 
soil to the water table is accomplished through
out most of the flow path by downward displace
ment of water previously retained by the soil 
at field capacity." 
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2. "even with abnormally large amounts of rain, 
and with the soil at field capacity, most of 
the rainwater that infiltrates large pores 
flows to smaller pores by the time it has 
penetrated the large pores a few feet" (below 
the ground surface). 

The first conclusion confirms the findings of Remson et al. 
(1959), but only at depths of a few meters. The second con
firms a well-documented characteristic of unsaturated flow; 
in unsaturated soil, since water is always under a potential 
less than atmospheric, water will not move into larger pores 
where the potential is greater than or equal to atmospheric. 

Aylor and Parlange (1973) and Frind et al. (1976) 
confirmed and extended this second conclusion. Their data in
dicate that the wetting front in a fuie-grained soil stops at 
a sand or air boundary. The moisture content then increases 
at the boundary until the suction in the fine-grained soil be
comes less than that across the boundary. If there is no 
restriction to lateral flow, water moves laterally in the fine
grained soil because of the reduced potential there. Thus, 
accumulation at the boundary is delayed. Frind e_t al. (1976) 
refer to this phenomenon as the "wick effect." 

3.4 Mathematical Simulation of Unsaturated Plow 

3.4.1 Modeling a Vadose Zone Repository 

Section 5 of this report presents a discussion of 
the feasibility of a vadose zone repository (VZR) and elucidates 
the need for developing a mathematical model to predict the 
flow of moisture in the unsaturated zone. Such a model re
quires knowledge of four basic aspects of the hydrologic system: 

1. Flow equations. 

2. Hydraulic parameters of the porous media. 

3. Geometry of the system. 

4. Boundary and initial conditions. 

This section reviews these aspects as they relate to the mathe
matical simulation of moisture flow in unsaturated soil and 
presents some limitations to the application of current theory 
in predicting the feasibility of the VZR concept. 
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3.4.2 Equations 
The mathematical simulation of water flow in un

saturated soils at high water contents under isothermal con
ditions is well documented. Many computer codes exist which 
solve the general non-linear differential equations of flow. 
Most research has been related to the prediction of infiltra
tion into agricultural soils (i.e., Philip, 1957a, b, c, d, e, 
f, and g) with some work oriented toward shallow waste dis
posal (Frind et al., 1976). 

The equation of one-dimensional flow in unsaturated 
soils under isothermal conditions at water contents above field 
capacity can be expressed in two forms (Section 3.3.1 and Ap
pendix A). 

1. f-based equation: yT = 37 <%r' + 37 (3a) 
n u A ,.• ao a fr,;a> ^ 3 K (5) 

2. 8-based equation: vr = rz H>sr) + ^ 7 
at dZ dZ oZ 

where the time rate of change of water content, ^r, is char
acterized as a wet front advancing through the soil profile. 
The symbols used in the equation are described in Section 3.3.1. 
Two- and three-dimensional forms of the above equations have 
also been solved. 

The mathematical techniques for the simulation of 
water flow in relatively dry unsaturated soils subjected to 
thermal gradients (at water contents well below field capacity) 
have not yet been verified by experiment. The equations most 
commonly cited in the literature are of the diffusion type first 
proposed by Philip and De Vries (1957); expressed here in one-
dimensional form for simplicity: 

q " D93i + DT3z" + K to, ( 6 ) 

where D r- equals the flow of moisture due to a moisture 
tl content gradient, 

Dm-j- equals the flow of moisture due to a thermal 
.J 2 gradient, and 

KT— equals the flow of moisture due to gravity. 
d Z 

To date, no exact solution of Equation (6) has been 
developed; however several numerical approximations have been 
proposed. One such approximation by Baca and King (1978) in
volves a finite element computer simulation and shows consider-
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able promise. However, non-isothermal flow at very low moisture 
contents is so slow that no experimental techniques are cur
rently available to check predictions made by such computer 
programs. Further, solution of Equation (6) requires the mea
surement of the coefficients D Q, Rj and K, which is extremely 
difficult and presents a serious limitation to the application 
of current theory. 

3.4.3 Parameters 

The equations of unsaturated flow presented above 
are all of the phenomenological type, hence their solution re
quires the experimental measurement of certain flow parameters 
(i.e., D, K, ¥ and 9). For the prediction of isothermal flow 
at high water contents, there are many techniques available by 
which the required parameters can be measured. These techni
ques are mentioned in Section 3.3.1 and further explained in 
Appendix D. For the prediction of non-isothermal flow at low 
water contents, however, there are no widely accepted techni
ques for the measurement of the parameters D and K. 

Both D and K vary considerably as the water con
tent of the soil changes. Figures 3.7 and 3.8 indicate K can 
vary several orders of magnitude with very little change in 0 
and as 0 becomes increasingly small, its effect on K increases. 
Although D is not affected so drastically by O (Figure 3.9), 
its experimental measurement at low moisture contents has re
ceived little attention in the literature. 

3.4.4 Geometry 

Geometric considerations for radionuclide trans
port modeling in the vadose zone are relatively simple compared 
with modeling in the phreatic, or saturated zone. Gradients 
are essentially vertical, except in the immediate vicinity 
of the waste canisters, so one-dimensional models are adequate 
to represent the physics of flow in-situ. For detailed model
ing of waste dissolution, two- or three-dimensional modeling 
would be required. 

3.4.5 Initial and Boundary Conditions 

Because moisture flow under non-isothermal condi
tions is coupled with heat flow, the boundary conditions for 
a repository model would include time-varying temperatures at 
the ground surface and at the waste canisters in addition to 
the fixed moisture content at the water table and the time-
varying moisture contents near the ground surface. 
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3.4.6 Limitations To the Applications of Current Theory 

Although many experimenters have verified the theory 
of isothermal flow in unsaturated soil, several limitations re
strict its application. For example, (1) the equations apply 
only to soils at water contents near or above field capacity, 
(2) the equations probably do not apply to unsaturated flow 
through fractured media such as rock, and (3) few documented 
cases exist in which the experimenters applied isothermal flow 
equations to the prediction of flow in soils other than agri
cultural soils in the upper few meters. 

The application of moisture flow equations under 
non-isothermal conditions has many serious limitations: first, 
the general flow equation has yet to be verified by laboratory 
or field experiments, and second, the parameters required in 
flow equation cannot be measured at low water contents. Further, 
as the water content of soil decreases, flow becomes affected 
by other potentials, such as osmotic gradients, which are not 
accounted for in Equation (6). 

Before the present theory of unsaturated flow can 
be applied reliably to the prediction of radionuclide trans
port from vadose zone repositories, further experimental 
research must be performed. Experiments must be conducted to 
verify the flow equations themselves, and improvements must 
be made in the reliability of laboratory tests to determine 
flow coefficients. 

3.5 Summary 

The flow of water in unsaturated soil exhibits several 
unique characteristics which favor the storage of nuclear waste 
in arid site vadose zones: 

1. Water flows very slowly in soils which are not satu
rated because liquid continuity is severed and water 
is attracted to soil particles by adsorptive and 
capillary forces; 

2. The flow rate in unsaturated soil decreases signi
ficantly as v/ater content decreases; 

3. Water in unsaturated soil is at a negative potential 
(suction); hence, water will not enter large voids 
which are at atmospheric pressure (zero potential); 

4. The rate at which water infiltrates unsaturated soil 
is influenced by the intensity and duration of rain
fall in addition to the total amount of rainfall. 
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5. In unsaturated soils which are subjected to thermal 
gradients, water flows toward lower temperatures. 

The above principles suggest that vadose zones in arid 
regions may offer feasible locations for repositories since 
they consist of large areas with low potential for radio
nuclide migration. Arid areas typically contain soils with 
very low moisture content; little, if any, net infiltration 
of water into the soil profile; and extremely low rates of 
moisture flow at depth. 

The flow of water in soils at water contents near or above 
field capacity can be modeled mathematically, and such models 
have been tested in both field and laboratory experiments. It 
must be emphasized, however, that these models are based on 
theories that have been tested at high water contents, near 
the surface, and for short time periods. At very low water 
contents, water movement is a coupled phenomenon including the 
simultaneous flow of moisture and heat. Several equations 
have been proposed to model such flow but, as yet, these 
equations have not been tested experimentally. Further, the 
coefficients required to solve the proposed flow equations 
are difficult to obtain, especially at the very low water con
tents typical of arid areas. Extension of the theories to the 
low water contents, depths, thermal regimes and time spans 
that characterize the hydrology of arid site vadose zone re
positories requires additional research. 
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which combine to produce a tralric suction. 
(From Hillel, 1971) 
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Fig. 3.2-A model illustrating unsaturated flow (under a negative 
potential gradient) in a horizontal column. (From Hillel, 1971) 
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Fig.3.3- Representative water retention curves showing hysteresis. 
Note that for sand, the water content drops significantly 
as the negative soil-water potential (suction) increases 
(from Yong and Warkentin, 1975). 
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Fig. 3.4- Plot of hydraulic conductivity as a function of 
negative soil water potential (suction). Note that 
as suction increases, hydraulic conductivity for 
sandy soils becomes extremely low, limiting soil 
moisture movement significantly (from Hillel, 1971). 



'Mici Coniwi, *»«* Ctrt 
f #rt CopOC'lf 5«iwiH«yt 

Q 10 JQ JM 4 ° J 

ZOM d 

veiling 

Fig. 3 . 5 Watei content vs. depth for two limes during infillistion. 

(Revised/ fran Yonqr and Warkentin, 1975) 

100 75 50 25 
Soil Suit«*,ci» « 

Fi|, 3 . g Soil suction during infiltration i l different timet for i andy loam. 
(From Yong and ffarkentin, 1975) 



IDA SOIL 
o [IP'.&IUENUl DM* FROM 

mvll »NC r.lRKHlU 
- C«UUt*T£/> «NOUCJIVIT» 

8 CLASSES. Mr,.0255 

10" ' 

ICf1 

u 
Q 
z o u 

10 ' 

TUBAC 

;'(7 .._— oil sir.e fracliom 
r[* — < 2 mm frctclion only 
iff .... <2mm corrected 

//,' lot stones 

10 !0 30 « 
MOISTURE CONTENT [VOL. H I 

Fig 3.7C"niiwris<pii o( iiicaiiinil ami laliulaled nimlmlivity 
l«r Wa soil. (Kunze e t a l . , 1968) 

0 n; 10 15 70 .25 30 35 

VOI (/METRIC WATER CONTENT 

P ig 3 J?-!ldi\lion lirtKcm hjclraulir cmnlnrtiviiy anil lnlu-
int-lric ivilrr i-diiUnl 1'ir ["'iliac crnvrlly n̂utlv loiiin ivilli ami 
»i<lraiii simtrv (I'.Rhuys e t a l . , 1975) 

10s 

COMPUTED FROMD K^' , / . ' ', 

y 

0 0.10' 5.20 Q.]0 O.JO 0-50 
HQISTURE CONTENT Br VOi ( M CM. 1 C M 1 

Fig 3,9-Vanillins! of iliffnsiim ruvfliriaih will) inoisttirt: 
cor.'ent [«r Cicnville silt loam. (Gupta a*nd 
Staple, 1964) 



REFERENCES CITED 

Mechanics of Unsaturated Flow 

Alnmi, M. II., ot. .U. , 197f>; "Determining thi; hydraulic 
conductivity of soil cores by centrifugation:" SSSA Proc., 
v, 40. 

Ashcroft, G,, ot al., 1962; "Numerical method Eor solving the 
diffusion equation: I. Horizontal flow in semi-infinite 
media:" SSSA Proc, v. 26, pp. 522-525. 

Aylor, D. E. and Parlange, J. Y., 1973; "Vertical infiltration 
into a layered soil:" SSSA Proc. v. 37, pp. 673-676 

Baca, R. G. and King, I. P., 1978; "Finite element models for 
simultaneous heat and moisture transport in unsaturated scils:" 
RHO-SA-31. 

Baker, F. G., et al., 1974; "Limitations of the instantaneous 
profile method for field measurement of unsaturated hydraulic 
conductivity:" SSSA Proc., v. 38. 

Baker, F. G., 1977; "Factors influencing the crust test for in-
situ measurement of hydraulic conductivity:" SSSA Proc., v. 41, 
No. 6. 

Bear, J,, Zaslavsky, D., Irmay, S., 1968; "Physical principles of 
water percolation and seepage:" United Nations Educational, 
Scientific and Cultural Organization. 

Biswas, T. D., Nielsen, D. R. and Biggar, J. W., 1966; "Redistri
bution of water after infiltration:" Water Res. Res., v. 2, pp. 
513-524. 

Black, T. A., Gardner, W. R. and Thurtell, G. W., 1969; "The pre
diction of evaporation, drainage, and soil water storage for a 
bare soil:" SSSA Proc., v. 33, p. 655. 

Bodman, G. B. and Colman, E. A., 1943; "Moisture and energy gradients 
during downward entry of water into soils:" Soil Science Society 
of America Proc., v. 8, pp. 116-122. 

Bower, H., 1964; "Measuring horizontal and vertical hydraulic con
ductivity of soil with the double-tube method:" SSSA Proc., v. 2B, 
pp. 19-23. 



Bouyoucos, G. J., 1915; "EfEect of temperature on movement of 
water vapor and capillary moisture in soils:" J. Agr. Res., 
v. 5, p. 141. 

Hrownell, L. F.., Backer, J. G., Isaac-son, R. E. and Brown, D. J., 
1975; "Soil moisture transport in arid site vadose zones:" 
ARH-ST-121. 

Bruce, R. R., 1972; "Hydraulic conductivity evaluation of the 
soil profile from soil water retention relations:" SSSA Proc., 
v. 36, pp. 555-560. 

Bruce, R. R. and Klute, A., 1956; "The measurement of soil moisture 
diffusivity:" SSSA Proc, v. 20, pp. 458-462. 

Cary, J. W., 1963; "Onsaqers relation and the non-isothermal dif
fusion of water vapor:" Journal of Physical Chemistry, v. 67. 

Cary, J. W., 1965; "Water flux in moist soil: Therml versus 
suction gradients:" Soil Science, v. 100 No. 1. 

Cary, J. W., 1966; "Soil moisture transport due to thermal 
gradients: Practical aspects:" Soil Science Society of 
America Proc., v. 30. 

Cary, J. W". and Taylor, S. A., 1962a; "The interaction of the simultaneous 
diffusions of heat and w.iter vapor:" SSSA Proc., v. 26. 

Cary, J. W. and Taylor, S. A., 1962b; "Thermally driven liquid and 
vapor phase transfer of water and energy in soil:" SSSA Proc., 
v. 26. 

Cassel, D. K., Nielsen, D. R. and Biggar, J. W., 1969; "Soil-water 
movement in response to imposed temperature gradient:" SSSA. 

Childs, E. C., 1969; "Soil water phenomena:" Wiley-Interscience 
Publications. 

Childs, E. C. and Collis-George, H. C., 1950; "The permeability of porous 
materials:" Proc. Roy, Soc,, A201, pp. 392--405, (as quoted by 
Nielsen et al., 1960). 

Childs, E. C. and George H. C., 1948; "Soil geometry and soil-water 
equilibria:" Discussions of the Faraday Society, London, Edinburg. 

Chow, T. L. and deVries, J., 1973; "Dynamic measurement of soil and 
leaf water potential with a double loop Peltier type thermocouple, 
psychrometer:" SSSA Proc., v. 37. 



Cisler, 0., 1972; "Unsaturated flow of water in anisotropic 
porous media." 

Colman, li. A. and Bodman, r<. B., 1944; "Moisture and energy 
conditions during downward ontry of water into moist and 
layered soils:" SSSA Proc., v. '), pp. 3-11. 

Corey, J. C. and Horton, J. H., 1969; "Influence of gravel 
layers on soil moisture content and flow:" E. I. duPont 
deNemours s Co., Savannah River Laboratory, Aiken, S.C., 
(as quoted by Frind et al., 1976). 

Croney, D. and Coleman, J. D., 1960; "Pore pressure and suction 
in soil:" from Pore Pressures and Suction, a conference 
organized by the British National Society of the International 
Society of Soil Mechanics and Foundation Engineers, 

Elrick and Bovmian, 1964; "Note on an improved apparatus for soil 
moisture flow measurements:" SSSA Proc., v. 28, pp. 450-453. 

Elzeftawy, A. and Manse11, R. S., 1975; "Hydraulic conductivity 
calculations for unsaturated steady-state and transient-state 
flow in sand:" SSSA Proc., v. 39. 

Fenimore, J. W., 1964; "Land burial of solid radioactive waste 
during a 10-year period:" Health Physics, v. 10, pp. 229-236. 

Freeze, A. R., 1969; "The mechanism of natural groundwater recharge 
and discharge 1. One dimensional, vertical, unsteady, unsatu
rated flow above a recharging or discharging groundwater flow 
system:" Water Res. Res., v 5 Ho. I. 

Freeze, A. K. and Banner, J., 1970; "The mechanism of natural 
groundwater recharge and discharge 2. Laboratory cclmi ex
periments and field measurements:" Water Res. Res., v. 6 No. 1. 

Frind, E. 0., Gillham, R. W. and Pickens, J. P., 1976; "Application 
of unsaturated flow properties in the design of geologic environ
ments for radioactive waste storage facilities:" Proc. 1st Int. 
Conf. on Finite Elements in Water Resources. 

Gardner, W. R., 1960; "Soil suction and water movement:" from Pore 
Pressure and Suction, a conference organized by the British 
National Society of the International Society of Soil Mechanics 
and Foundation Engineers. 



Gardner, H. R., 1970; "Field measurement of soil water 
diffusivity:" SSSA. 

i;ii":cl, W., Rrwjcr, M. and Sm-br}, i.., 1*73; "Numerical treat
ment of the un!«\tui ati'd water ; low equation: Comparison of 
oxporimoiital and computed results:" Water Res. Res., v. 9, 
pp. 174-177. 

Gilliam, R. W., et_ al., 1976; "Hydraulic properties of a porous 
medium: Measurement and empirical representation:" SSSA Proc., 
v. 40 (3), pp. 203-207. 

Green, R. E. and Corey, J. C., 1971; "Calculation of hydraulic 
conductivity: A further evaluation of some predictive methods:" 
SSSA Proc., v. 35, pp. 3-8. 

Green, R. E., Hank, R. J. and Larson, W. E., 1964; "Estimate of 
field infiltration by numerical solution of the moisture flow 
equation:" SSSA Proc. 

Gupta, R. P. and Staple, W. J., 1%4; "Infiltration into vertical 
columns of soil under a small positive head:" SSSA Proc. 28, 
pp. 729-732. 

Gurr, C. G., Marshall, T. J. and Hutton, T. T., 1952; "Movement 
of water in soil due to temperature gradient:" Soil Science, 
v. 74, No. 5. 

Hadas, A., 1968; "Simultaneous flow of water and heat under 
periodic heat fluctuations:" SSSA Proc., v. 3'.', Ho. 3. 

Hanks, R. J. and Bowers, S. A., 1962; "Numerical solution of the 
moisture flow equation for infiltration into layered soils:" 
SSSA Proc., v. 26, p. 530. 

Hanks, R. J., Klute, A. and Bresler, E., 1969; "A numeric method 
for estimating infiltration, redistribution, drainage, and 
evaporation of water from soil:" Wat. Res, Res., v, 5, pp. 1064-1069. 

Haridasan, M. and Jensen, R. D., 1972; "Effect of temperature on 
pressure head-water content relationship and conductivity of 
two soils:" SSSA Proc., v. 36. 

Hillel, D. and Gardner, W. R., 1970; "Measurement of unsaturated 
conductivity and diffusivity by infiltration through an impeding 
layer:" Soil Science, v. 109, No. 3. 



Hillel, D. and Gardner, W. R., 1970; "Transient infiltration 
into crust-topped profiles:" Soil Sci., v. ^.09, No. 2. 

Hillel, D., 1971; "Soil and water - physical principles and 
processes:" Academic Press, NY. 

Horton, J. H. and Hawkins, R. H., 1965; "Flow path of rain from 
the soil surface to the water table:" Soil Sci., v. 100, No, 6. 

Hsieh, J. J. C. and Hungate, F. P., 1970; "Temperature compensated 
Peltier psychrometer for measuring plant and soil water poten
tials:" Soil Sci., v. 110, pp. 253-257. 

Hutcheon, W. L., 1958; "Moisture flow induced by thermal gradients 
within unsaturated soils:" Highway Research Board Special Report 
40 (Water and its conductivity in soils). 

Ingvalson, R. D., Oster, J. D., Rawlins, S. L. and Hoffman, G. J., 
1970; "Measurement of water potential and osmotic potential in 
soil with a combined thermocouple psychrometer and salinity 
sensor:" SSSA Proc., v. 34, pp. 570-574. 

Isaacson, R. E., 1978; personal communication. 

Isaacson, R. E., Brownell, L. E., Nelson, R. H. and Roetman, E. I., 
1974; "Soil moisture transport in arid site vadose zones:" 
International Atomic Energy Agency Symposium on Isotope Techniques 
in Ground Water Hydrology, March 11-15, 1974, Vienna, Austria. 
Atlantic Richfield Hanford Company Report ARH-SA-169. Springfield, 
VA.: National Technical Information Service. 

Jackson, R. D., 1963a; "Temperature and soil-water diffusivity 
relations:" SSSA, v. 27, No. 4. 

Jackson, R. D., 1964; "Water vapor diffusion in relatively dry soil: 
I. Theoretical considerations and sorption experiments:" SSSA 
Proc. 

Jackson, R. D., Resinato, R. J. and Van Bavel, C. H. M., 1965; "Com
parison of movement and calculated hydraulic conductivity of unsat
urated soils:" Wat. Res. Res., v. 1, pp. 375-380. 

Jensen and Hanks, 1967; "Nonsteady-state drainage from porous media:" 
J. Irrig. Drain. Div. ASCE, v. 93 (IR3), pp. 209-231. 

Jury, W. A., 1973; "Simultaneous transport of heat and moisture through 
a medium sand:" Ph.D. thesis, University of Wisconsin. 



Jury, W, fl. and Miller, E. E., 1974; "Measurement of the transport 
coefficients for coupled flow of heat and moisture in a medium 
sand:" SSSA Proc, v. 38, No. 4. 

Kay, B. D. and Groenevelt, P. H., 1974; "On the interaction of water 
and heat transport in frozen and unfrozen soils: I. Basic 
Theory: The vapor phasei" SSSA Proc, v. 38, No. 3. 

Kay, B. D, and Low, P. F., 1970; "Measurement of the total suction 
of soils by a thermistor psychrotneter:" SSSA Proc., v. 34; pp. 
373-376. 

Klute, A., 1952a;"Numerical method for solving the flow for water in 
unsaturated materials:" Soil Science, v. 73, No. 2, 

Klute, A., 1952b; "Some theoretical aspects of the flow of water in 
unsaturated soils:" SSSA Proc., v. 16, pp. 144-148. 

Kunze, R. J., Uehara, G. and Graham K., 1968; "Factors important in 
the calculation of hydraulic conductivity:" SSSA Proc., v. 32, 
pp. 760-765. 

Kuzmak, J. M. and Sereda, P. J., 1958; "Water and conduction in soils, 
an intl. symp.:" Highway Res. Board Special Report 40, 43. 

Last, E. v., Easley, P. G. and Brown, T. G., 1976; "Soil moisture 
transport during 1974-1975 and 1975-1976 water years:" ARH-ST-146. 
Richland, Wash.: Atlantic Richfield Hanford Company. 

Letey, J., Kemper, W. D. and Koonan, L., 1969; "The effect of osmotic 
pressure gradients on water movement in unsaturated soil:" SSSA 
Proc,, v. 31, pp. 15-18. 

Marshall, T. J., 1958; "A relation between permeability and size dis
tribution of pores:" J. Soil Sci., v. 9, pp. 1-8. (as quoted by 
Nielsen et_ al^., 1960). 

Uehuys, G. R., Stolay, L. H., Letey, J. and Weeks, L. V., 1975; "Ef
fect of stones on the hydraulic conductivity of relatively dry 
desert soils:" SSSA Proc., v. 39, pp. 37-42. 

Miller, R. D. and Richard, F., 1952; "Hydraulic gradients during in
filtration in soils:" SSSA Proc., v. 16, pp. 33-38. 

Millington, R. J. and Quirk, J. P., I960; "Permeability of porous 
solids:" Trans. Faraday Soc, v. 57, pp. 1200-1206. 



Moench, A. F. and Evans, D. D., 1970; "Thermal conductivity and 
diffusivity of soil using a cylindrical heat source:" 
SSSA Proc, v. 34. 

Hualem, Y., 1976; "A new model for predicting the hydraulic con
ductivity of unsaturated porous media:" Water Res. Res., v. 12, 
No. 3. 

Heuman, S. P., 1973; "Saturated-unsaturated seepage by finite 
elements:" J. Hydr. Div. ASCE, v. 99 (HY12), pp. 2233-2250. 

Nielsen, D. R., et al_., I960; "Soil capillary conductivity: Com
parison of measured and calculated values:" SSSA Proc, v. 24, 
pp. 157-160. 

Parlange, J. Y., 1972; "Analytical theory of water movement in soils:" 
Proc. 2nd Symp. on Fund, of Transp. Phenomena in Porous Media, 
Guelph, Ontario. 

Parlange, J. Y., 1975; "Theory of water movement in soils: II. 
Conclusion and discussion of some recent developments:" Soil 
Sci., v. 119, No. 2. 

Parlange, J. Y. and Babu, D. K., 1976; "On solving the infiltration 
equation - a comparison of perturbation and iterative techniques:" 
Water Res. Res., v. 12, pp. 1315-1316. 

Peck, A. J. and Rabbidge, R. M., 1969; "Design and performance of 
an osmotic tensiometer for measuring capillary potential:" SSSA 
Proc., v. 33, pp. 196-202. 

Perrins, S. J. and Watson, K. K., 1977; "Numerical analysis of two-
dimensional infiltration and redistribution:" Water Res. Res., 
v. 13, pp. 781-790. 

Phene, C. J., Hoffman, G. J. and Rawlins, S. L., 1971; "Measuring 
soil matric potential in situ by sensing heat dissipation within 
a porous body: I. Theory and sensor construction:" SSSA Proc., 
v. 35, pp. 27-33. 

Philip, J. R., 1954; "An infiltration equation with physical signi
ficance:" Soil Sci., v. 77, p. 153. 

Philip, J. R., 1955; "The concept of diffusion applied to soil water:" 
Proc. Nat. Acad. Sci. (India), v. 24A, pp. 93-104, (as quoted by 
Jackson, 1964). 

Philip, J. R., 1957a; "The theory of infiltration: 1. The infiltration 
equation and its solution:" Soil Sci., v. 83, pp. 345-357. 



Philip, J. R., 1957b; "The theory of infiltration: 2. The profile 
of infinity:" Soil Sci., v. 83, pp. 435-44B. 

Philip, J. R., 1957c; "The theory of infiltration: 3. Moisture 
profiles and relation to experiment:" Soil Sci., v. B4, pp. 
K. 3-178. 

Philip, J. R., 1957d; "The theory of infiltration: 4. Sorptivity 
and algebraic infiltration equations:" Soil Sci., v. 84, 
pp. 257-264. 

Philip, J. R., 1957e; "The theory of infiltration: 5. The influence 
of the initial moisture content:" soil Sci., v- 8 4 > PP- 329-339. 

Philip, J. R., 1957f; "The theory of infiltration: 6. The effect 
of water depth over soil:" Soil Sci., v. 85, pp. 278-286. 

Philip, J. R., I957g; "The theory of infiltration: 7.:" Soil 
Sci., v. 85, pp. 333-337. 

Philip, J. R. and DeVries, D. A., 1957; "Moisture movement in porous 
materials under temperature gradients:" V. 38, No. 2. Trans
actions, American Geophysical Union, Ap. 

Philip, J. R., 1958; "Phyrics of water movement in porous solids:" 
Highway Res. Board, Special Rep. 40 (Water and its conductivity 
in soils). 

Philip, J. R., 1970; "Flow in porous media:" C.S.I.R.O., pp, 177-204. 

Rawlins, S. L., 1971; "Some new methods for measuring the components 
of water potential:" Soil Sci., v. 112, Ho. 1. 

Rawlins, S. h. and Dalton, F. N., 1967; "Psychrometric measurement 
of soil water potential without precise temperature control:" 
SSSfl Proc., v. 31, pp. 297-301. 

Reichardt, K., Nielsen, D. R., and Biggar, J. W,, 1972; "Horizontal 
infiltration into layered soils:" SSSA Proc, \. 36, pp. 858-863. 

Remson, I., Randolph, J. R., Barksdale, H. C., 1959; "Zone of aeration 
and its relationship to groundwater recharge:" Journal fl.W.W.A. 

Remson, I., et a^., 1967; "Numerical analysis of soil-moisture systems:" 
J. Irrig. Drain. Div. ASCE, v. 93 (1R3), pp. 153-166. 

Richards, L. ft., 1931; U.S.D.A. Agr. Handbook 60. 

Richards, L. A., 1949; "Methods of measuring soil moisture tension:" 
Soil Sci., v. 68, p. 95. 



Richards, L. A., 1950; "Laws of soil moisture:" Transactions, 
American Geophysical Union, v, 31, No. 5. 

Richards, L. A., Low, P. F., Decker, D. L., 1964; "Pressure 
dependence of the relative vapor pressure of water in soil:" 
SSSA Proc. 

Richards, L. A., 1966; "A soil salinity sensor of improved design:" 
SSSA Proc. v, 30, pp. 333-337. 

Rollins, R. L., Spangler, M. G. and Kirham, D., 1954; "Movement of 
soil moisture under a thermal gradient:" Highway Res. Board 
Proc., Thirty-third Meeting. 

Rose, C. W., et^al/, 1965; "Determination of K vs 2 and 0 in-situ:" 
Aust. 3. Soil Res., v. 3, pp. 1-9. 

Roulier, M. H., et a L , 1972; "Approximation of field hydraulic con
ductivity by laboratory procedures on intact cores:" SSSA Proc., 
v. 36, No. 3. 

Royer, J. M. and Vachaud, G., 1975; "Field determination in soil-water 
characteristics:" SSSA Proc., v. 39. 

Rubin, J., 1966; "Theory of rainfall uptake by soils initially drier 
than their field capacity and its applications:" Wat. Res. Res., v. 
2, pp. 739-749. 

Rubin, J and Steinhardt, R., 1963; "Soil water relations during rain 
infiltration: I. Theory:" SSSA Proc., v. 27, p. 246. 

Rubin, J., Steinhardt, R. and Reinger, P., 1964; "Soil water relations 
during rain infiltration: II. Moisture content profiles during 
rains of low intensities:" SSSA Proc. 1964. 

Schmaltz, B. L. and Polzer, W. L., 1969; "Tritiated water distribution in 
unsaturated soil:" Soil Science, v. 108, No. 1. 

Scott, E. J. and Hanks, R. J., 1962; "Solution of the one-dimensional 
diffusion equation for exponential and linear diffusivity functions 
by power series applied to moisture flow in soils:" Soil Sci., v. 
94, pp. 314-322. 

Soil Moisture Equipment Co. Catalogs, Santa Barbara, CA. 

Staple, W. J., 1966; "Infiltration and redistribution of water in verti
cal columns of loam soil:" SSSA Proc., v. 30, p. 553. 



Staple, W. J., 1969; "Comparison of computed and measured moisture 
redistribution following infiltration:" SSSA Proc., v. 33, pp. 
840-847. 

Sw.irtzendruber, D., 1969; "Flow of water in unsaturated soils" IN 
I'low Throuqh Porous Material, Dewitt. 

Takagi, S., 1960; "Analysis of the vertical downward flow of water 
through a two-layered soil:" Soil Sci., v. 90, p. 98. 

Taylor, S. A. and Cavazza, J.; 1954; "The movement of soil moisture 
in response to temperature gradient:" SSSA Proc., v. 18, Ho. 4. 

Taylor, S. ft. and Cary, J. w., 1960; "Analysis of the simultaneous 
flow of water and heat or electricity with the thermodynamics of 
irreversible processes:" Transactions of the International Con
gress of Soil Science. 

Taylor, S. A. and Cary, J. W., 1064; "Linear equations for the simul
taneous flow of matter and energy in a continuous soil system:" 
SSSA Proc. 

Topp, C. C. and Miller, E. E., 1966; "Hysteretic moisture characteristic 
and hydraulic conductivities of glass-bead media:" SSSA Proc., v. 
30, pp. 156-162. 

Topp, G. C , 1969; "Soil-water hysteresis measured in a sandy loam 
and compared with the hysteretic domain model:" SSSA Proc., v. 
33, pp. 645-651. 

Topp, G. C., 1971; "Soil water hysteresis in silt loam and clay loam 
soils:" Wat. Res. Res., v. 7, No. 4. 

Vachaud and Thony, 1971; Wat. Res. Res., v. 7 (1), pp. 111-127. 

Vachaud, G., Vauclin, M., Wakil, M. and Khanji, D., 1972; "Effects of 
air pressure during water flow in an unsaturated, stratified verti
cal column of soil:" Proc. 2nd Symp. on Fund, of Transp. Phen. 
in Porous Media, Guelph. 

Watson, K. K., 1966; "fin instantaneous profile method for determining 
the hydraulic conductivity of unsaturated porous materials:" Wat. 
Res. Res., Fourth Quarter. 

Watson, K. K., 1967; "Experimental and numerical study of column 
drainage:" J. Hydraulics Div., Proc. of ASCE. 



Watson, K. K., et al., 1975; "Soil water hysteresis in a field 
soil:" SSSA Proc., v. 39. 

Weeks, L. V. and Richards, S. J., 1967; "Soil-water properties 
computed from transient flow data:" SSSA Proc., v. 31, p. 721. 

Wiebe, II. H., et aK, 1971; "Measurement of plant and soil water 
status:" Utah Agricultural Experiment Station, Bulletin 484. 

Wind, G. P., 1972; "A hydraulic model for the simulation of non-
hysteretic vertical unsaturated flow of moisture in soils:" 
J. of Hydr., v. 15, pp. 227-246. 

Wind, G. P. and Van Doome, W., 1975; "A numerical model for the 
simulation of unsaturated vertical flow of moisture in soils:" 
J. of Hydrology, v. 24, pp. 1-20. 

Woodside, W, nd Kuzmak, J. M., 1958; "Effect of temperature dis
tribution on moisture flow in porous material:" v. 39, No. 54, 
Transactions, American Geophysical Union. 

Yong and Warketin, 1966; "Water movement in soils:" Chap. 11, Intro
duction to Soil Behavior, MacMillan. 

Yong, R. N. and Warkentin, B. P., 1975; "Soil properties and be
havior:" E sevier Scientific Publishing Co. 

Yong, R. N. aid Warkentin, B. P., 1972; "Unsaturated flow in expan
sive soil:" Second Symp. Guelph. 

Youngs, E. G., 1957; "Moisture profiles during vertical infiltration:" 
Soil Science, pp. 283-290. 

Youngs, E. G., 1958a; "Redistribution of moisture in porous materials 
after infiltration: 1:" Soil Science, v. 86, p. 117. 

Youngs, E. G., 1958b; "Redistribution of moisture in porous materials 
after infiltration: 2:" Soil Science, v. 86, p. 202. 

Youngs, E. G., 1964; "An infiltration method of measuring the hydraulic 
conductiv.ty of unsaturated porous materials:" SSSA Eroc. 



OTHER REFERENCES 

Mechanic; of Unsaturated Flow 
Isothermal 

Abrahams, J. H., Jr., Purtymon, «. D., Weir, J. E., Jr., 1961; 
"Distribution of moisture in soil and near-surface tuff on 
the Pajarito Plateau, Almos County, Sew Mexico:" Geological 
Survey Research. 

Anderson, et a_l., 1963; "Temperature fluctuations at a wetting front: 
III. Apparent activation energies for water movement in the 
liquid and vapor phases:" SSSA Proc, v. 27, pp. 610-613. 

Babu, D. K., 1976; "Infiltration analysis and perturbation methods. 
I. Absorption with exponential diffusivity:" Wat. Res. Res. 

Baetsle, L. H., 1969; "Migration of radionuclides in porous media:" 
Progress in Nuclear Energy - Health Physics, v. 2, part 1. 

Bolt, G. H. and Groenevelt, P. H., 1972; "Coupling between transport 
processes in porous media:" Proc, 2nd Symp. on Fundamentals of 
Transport Phenomena in Porous Media, Guelph. 

Borg, I. Y., Stone, R., Levy H. B. and Ramspott, L. D., 1977; "3. 
Movement of radioactivity deposited underground at the U.S. ERDA 
Nevada Test Site:" Trans. Am. Nuc. Soc, Supplement 1, v. 25. 

Bomberg, M., 1972.; "Similitude requirements for moisture flow through 
the porous materials:" Proc. 2nd Symp. on Fund, of Transport 
Phenomena in Porous Media, Guelph. 

Bouwer, H., 1964; "Simplified procedure for calculations of hydraulic 
conductivity with the double tube method:" SSSA Proc. 

Bresler, F.., 1975; "Two-dimensional transport of solutes during non-
steady infiltration from a trickle source:" SSSA proc., v. 39, pp. 
604-613. 

Brooks and Corey, 1966; "Properties of porous media affecting fluid 
flow:" J. Irrig. Drain. Div. ASCE, v. 92 (1122), pp. 61-88. 

Brutsaert, W., 1967: Trans, to. Soc. Agr. Engr., v. 10, pp. 400-404. 



Case, C. H., 1977,- "Constitutive relations for flow of water in the 
unsaturated zone:" Water Res. Center Desert Res. Ir.st., Reno, 
Nevada. 

Case, C. M. and Addiego, J. C., 1977; "Note on a series representation 
of the leaky aquifer well function:" J. of Hydr., v. 3?, pp. 
393-397. 

Christenson, D. R. and Ferguson, H., 1966; "The effect of interactions 
of salts and clays on unsaturated water flows:" SSSA Proc, v, 30. 

Dalton, F. N. and Rawlins, S. L., 1968; "Design criteria for Peltiur-
effect thermocouplp psychrometers:" Soil Sci. 105, pp. 12-17, 

Day, P. R., 1955; "Soil moisture tension measurements: Theoretical 
interpretation and practical application:" Clays and Clay Minerals, 
Proc. of the Third National Conf. on Clays and Clay Minerals, Houston, 
National Acad. Sci. Publication 395, W. 0. Mil 'igan, ed. 

Deryaguin, B. V., Helr.ikov, M. K., Zachovaeva, M. N., 1956; "Theory of 
equilibrium and migration of soil moistures at various moisture 
contents:" Sixth Congress of Soil Science - Paris. 

Duffy, J., Chung, C., Boast, C and Franklin, M., 1975; "A simulation 
model of biophysiochemical transformations of nitrogen in tile-
drained corn belt soil:" J. Environ. Qual., v. 4, No. 4. 

Enfield, C. G. and Evans, D. D., 1969; "Conductivity instrumentation 
for in-situ measurement of soil salinity;" SSSA Proc., v. 33; pp. 
787-789. 

ERDA, 1975; "Waste management operations, Hanford Reservation:" ERDA 
#1538, pp. II. 3-D-12 to II- 3-D-19. 

Fayers, F. J. and Sheldon, J. W., 1959; "The effect of capillary pres
sure and gravity on two-phase fluid flow in a porous medium:" AIME, v, 
216, pp. 147-155. 

Garber, M. and Zaslavsky, D., 1977; "Flow in a soil underlined by an 
impermeable membrane:" Soil Science, v. 123, pp. 1-9. 

Gardner, H. R. and Hanks, R. J., 1966; "Evaluation of the evaporation 
in soil by measurement of heat flux:" SSSA Proc., v. 20. 

Gardner, W. R., 1958; "Mathematics of isothermal water conduction in 
unsaturated soil:" IN Water and its conduction in soils, an Inter
national Symp., Hwy. Res. Brd. Special Report 40. 

Gardner and Widtsoe, 1921; "The movement of soil moisture:" Soil Science, 
v. 11, pp. 215-232. 

Gile, L. H., Peterson, F. F. and Grossman, R. B., 1966; "Morphological 
and genetic sequences of carbonate accumulation in desert soils:" 
Soil Science, v. 101, Bo. 5, pp. 347-360. 



Green and Ampt, 1911; "The flow of air and water through soils:" 
J. Agr. Sci., v. 4, pp. 1-24. 

Climbs, F. A. and Warkentin, B. P., 1972; "The effect of bulk density 
and initial water content on infiltration in clay soil samples:" 
KSSA r m c , v. 3b. 

Hanks, R. J, and Bowerj, S. A., 1963; "Influence of variations in 
the diffusivity-water content relation on infiltration:" SSSA 
Proc., v. 27, p. 263. 

Havens, J. S., 1966; "Rtcharge studies on the high plains in 
iorhtern Lea County, New Mexico:" Contributions to the Hydrol. 
ot U. S. 

Heller, u. P., 1972; "Observations of mixing and diffusion in porous 
media:" 2nd Symp. on Fund, of Transp. Phen. in Porous Media, 
Guelph. 

Horton, J. H., Hawkins, R. H., 1965; "Flow path of rain from the soil 
surface to the water table:" Soil Sci., v. 100, pp. 377-383. 

Horton, R. E., 1940; "An approach toward a physical interpretation of 
infiltration-capacity:" SSSA Proc,, v. 5, pp. 339-417. 

Jackson, R. D. and Kirkham, D., 1958; "Method of measurement of the 
real thermal diffusivity o* moist soil:" SSSA Proc., v. 22, No. 6. 

Jackson, R. D., 1963; "Porosity and soil-water diffusivity relations-." 
SSSA Proc., v. 27(2), p. 123. 

Kastanek, F., 1971; "Numerical simulation technique for vertical drainage 
from a soil column:" J. Hydrol,, v. 14, pp. 213-232. 

Kemper, W. D. and Van Sohaik, J. C., 1966; "A diffusion of salts in 
clay-water system:" SSSA Proc., v. 30. 

Kemper, W. D. and Rollins, J. B., 1966; "Osmotic efficiency coefficients 
across compacted clays:" SSSA Proc., v. 30, No. 5. 

King, L. G., 1965; "Description of soil characteristics for partially 
saturated flow:" SSSA Proc., v. 29, pp. 359-362. 

Kovacs, G., 1376; "The use of lysimeters in the hydrological investiga
tion of the unsaturated zone:" Hydrol. Sciences Bulletin XXI, 4. 



McNeal, B. L. and Coleman, N. J., 1966; "Effect of solution com
position on soil hydraulic conductivity." SSSA Proc, v. 30. 

Marshall, T. J., and Stirk, G. B., 1949; "Pressure potential of 
water moving downward into soil:" Soil Sci., v. 68, p. 359. 

Moore, R. E., 1939; "Water conduction from shallow water tables:" 
Hilgardia, v. 12, pp. 383-426. 

Morrison, R. and Bulot, M., 1978; "Monitoring in the zone of 
aeration:" Public Works (April). 

Ogilvi, N. A. and Fedorovich, D. I., 1966; "Groundwater seepaqe 
rates;" Consultants Bureau, N.*. 

Olson, Harold W., 1965; "Deviations from Darcy's law in saturated 
clays:" SSSA Proc. 

Panikar, J. T. and Nanjappa, G., 1976; "Suction head a1-, wet front 
in unsaturated-flow problems - A new definition:" i. Hydrol,, 
v. 33, pp. 1-14. 

Parlange, J. V., 1976; "Capillary hysteresis and the : lationship 
between drying and wetting curves:" Water Res, Re'., v. 12, No. 2. 

Parlange, J. Y., 1975; "Theory of water movement in soils: 11. Con
clusion and discussion of some recent developments:" Soil Sci., 
v. 119, pp. 158-161. 

Parr, J. F. and Bertrand, A. R., 1960; "Water infiltration into soils:" 
Adv. Agron., v. 12, pp. 311-363. 

Parsons, P. J., 1962; "Movement of radioactive wa- te through soil 
5: The liquid disposal area:" Atomic Energy of Canada Ltd., 
Chalk River, Ont. CRER-1089, AECL-1561. 

Peck, 1964; "Moisture profile development and air compression during 
water uptake by bounded porous bodies: 2. Horizontal columns:" 
Soil Sci., v. 99, pp. 327-334. 

Philip, J. R., 1959; "The early stages of absorption and infiltration:" 
Soil Sci., v. 88, pp. 91-97. 

Ramspott, L. D. and Howard, N. W., 1975; "Average properties of nuclear 
test areas and media at the USERDA Nevada Test Site;" Lawrence 
Livermore Laboratory, Rept. UCRL-51948. 



Reeve, R. C., Tamaddoni, G. H., 1965; "Effect of electrolyte con
centration on laboratory permeability and field intake rate of 
a sodic soil:" Soil Sci., v. 99, No. 4. 

Selim, H. M. and Kirkham, D., 1973; "Unsteady two-dimensional flow 
of water in unsaturated soils above an impervious barrier;:; 

SSSA Proc., v, 37(4), pp. 489-495. 

Staple, W. J., 1965; "Moisture tension, diffusivity, and conductivity 
of a loam soil during wetting and drying:" Can. J. Soil Sci., v. 
45, pp. 78-85. 

Staple, W. J., 1970; "Predicting moisture distribution in rewetted soils 
SSSA Proc., v. 34, pp. 387-392. 

Swartzendruber, D., 1963; "Non-Darcy behavior and the flow of water 
in unsaturated soils:" SSSA Proc., v. 27, pp. 491-495. 

Talsna, T., 1970; "Hysteresis in two sands and the independent donain 
model-." Water Res. Res., v. 6(3), pp. 964-970. 

Topp, G. C., Klute, A. and Peters, D. B., 1967; "comparison of water 
content-pressure bead data obtained by equilibrium, steady-state 
end unsteady-state methods:" SSSA Proc., v. 31, pp. 312-314. 

vachaud, G. and Thony, 0. L., 1971; "Hysteresis during infiltration 
and redistribution in a soil column at different initial water 
contents:" water Res. Res., v. 7, No. 1. 

van Schaik, J. C and Stevenson, D. S., 1967; "Water movement above 
shallow water tables in southern Alberta:" J. of Hydrol. 5, pp. 
179-186. 

Watson, K. K., 1965; "Some operating characteristics if a rapid 
response tensiometer system:" Water Res. Res., v. 1, pp. 577-586. 

Watson, K. K., Perrens, S. J. and Whisler, F. D., 1973; "A limiting 
flux condition in infiltration into heterogeneous porous media:" 
SSSA Proc., v. 37, pp. 6-10. 

Weeks, t. V. and Richards, S. J., 1967; "Soil-water properties com
puted from transient flow data:" SSSA Proc., v. 32, pp. 721-725. 

Wong, H. 1,; "Unsaturated flow in clay soils:" National Library of 
Canada, Canadian Thesis. 

Wood, W,, 1973; "A technique using porous cups for water sampling at 
any depth in the unsaturated zone:" Wat. Res. Res./ v. 9 (2), pp. 
486-487. 



Zaslavsky, D., Kirkham, D., 1964; "The streamline function for 
axially symmetric groundwater movement:" SSSA Proc. 

2aslavsXy, D., 1964; "Saturated and unsaturated flow equation in an 
unstable porous medium:" Soil Science, v. 98, pp. 317-321. 

( 

I 

I 
I 

I 
[ 



OTHER REFERENCES 

Mechanics of Unsaturated Flow 
Non-isothermal 

Carnahan, C. h., 1975; "non-equilibrium thermodynamic treatment of 
transport processes in groundwater flow:" T. R. Series HW, 
Hydr. £ Water Res. Publication #4, University of Nevada. 

Deryaguin, B. V. and Helnikova, H. K., 1956; "Experimental study 
of the migration of water through the soil under the influence 
of salt concentration, temperature and moisture gradients:" Sixth 
Congress of Soil Science, Paris. 

DeVries, D. A., 1975; "Heat and mass transfer in the biosphere: 
Part 1. 

Dougherty, E. L., Jr. and Drickamer, H. G., 1955; "Thermal diffusion 
and molecular motion in liquids:" J, of Physical Chemistry. 

Guymon, G. L. and Luthin, J. N., 1974; "A coupled heat and moisture 
transport model for Arctic soils:" Wat.Res. Ees., v. 10, No. 5. 

Hutchison, H. P., Nixon, I. S. and Denbigh, K. G., 1948; "The thermo-
osmosis of liquids through porous materials:" Discussions of the 
Faraday Society, No. 3. 

Isaacson, R. E., Brovmell, L. E., and Sanson, J. C , 1974; "Soil 
moisture transport in arid site vadose zones:" Atlantic Richfield 
Stanford Company Report ARH-2983. 

Jury, H. A. and Bellantuoni, B., 1976; "Heat and water movement under 
surface rocks in a field soil: I. Thermal Effects:" SSSA, v. 40 
(4). 

Matthes, R. K. OR. and Bowen, H. D., 1963; "Water vapor transfer in soil 
by thermal gradients and its control:" RSAE Transactions. 

Reed, W. E., 1970; "Transport of water away from a buried heat source 
with special reference to hydraulic phenomena observed at Aarduark 
Nuclear detonation:" J. of Geophysical Res,, v. 75, No. 2. 

Westcot, D. H. and Wierenga, P. J., 1974; "Transfer of heat by conduction 
and vapor movement in a closed soil system:" SSSA Proc, v. 38. 



-26-

4. GEOLOGY AMD HYDROLOGY OF FOUR 
AREAS WITH A DEEP WATER TABLE 

Several geologic environments include large areas with 
deep water tables. In general, two factors favor deep water 
tables; (1) an aquifer that is highly transmissive relative 
to the amount of recharge, and (2) a large vertical relief 
between the point(s) of aquifer discharge and the area of 
interest. This section is a summary of an investigation of 
groundwater systems within four geologic provinces in the 
western United States and shows why deep water tables occur 
in them, with specific reference to analyzing the stability 
of the water tables in future periods of increased precipita
tion. 

4.1 Great Basin, Nevada 

4.1,1 Introduction 

Some of the deepest water tables in the United 
States are found in the southern Great Basin, where climatic 
and geologic factors are conducive to deep drainage of aqui
fers. The unsaturated zone is locally almost 1,000 m thick 
and consists of several different materials, each with various 
implications for siting a nuclear waste repository. 

The Great Basin is a subsection of the Basin and 
Range physiographic province (Fenneman, 1931). The topo
graphy of the Basin and Range province is typified by more or 
less northerly-trending, parallel-to-subparallel mountain 
ranges and intermontane valleys, or basins (Figure 4.1). The 
Great Basin subsection is usually defined as that portion of 
the province with interior drainage (i.e., no surface drainage 
to the sea). 

Mifflin (1968) has utilized all available geologic 
and hydrologic information for most of the Great Basin (the 
state of Nevada) to delineate groundwater flow systems (Plate 
4.1). He and Bateman and Hess (1978) have catalogued the in
formation on each flow system or portion of a flow system. 
Over much of the state of Nevada (the northwestern two-thirds) 
groundwater flow systems are localized within topographic basins 
and the water table beneath valley floors is shallow. In the 
southern and eastern portions of the state, on the other hand, 
a given flow system may underlie several topographic basins, 
and the water table may be hundreds of meters deep in places. 
This section will examine the best known regional flow system, 
the Ash Meadows system, and the largest system, the White River 
system (Plate 4.1). 
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4.1.2 The Ash Headows Groundwater Basin 

4.1.2.1 Introduction 

The Ash Meadows groundwater basin, named 
for the discharge point of the system, is the best known of 
the regional flow systems due to geologic and hydrologic in
vestigations associated with the operation of the Nevada Test 
Site (NTS) located within it (Figure 4.2). The test site is 
a facility operated by the Department of Energy and is used 
to test nuclear explosives. Between 1951, when testing began, 
and June 1977, 472 announced tests were performed at the site, 
388 of which were underground tests. Geologic mapping, bore
holes, tunnels, and aquifer test wells have been used to deter
mine the character of the geologic and hydrologic environment. 
Observation wells are used to monitor the migration of radio
nuclides from explosion sites. 

Topography in the NTS area is fairly 
typical of the Basin and Range province (Figure 4.2). A 
series of more or less northerly-trending, parallel-to-sub-
parallel mountain ranges and intermontane valleys provides 
most of the relief, except for a few mesas in the northwest 
corner of the test site. The elevation of both the ranges 
and the valley floors decrease to the south and west in the 
vicinity of NTS (Borg et al., 1976). Many of the valleys are 
undrained (topographically closed) and contain ephemeral lakes 
called playas. 

The NTS is situated in the most arid part 
of Nevada, the driest state. Precipitation in the area in
creases with altitude. For instance, valley floors usually re
ceive between 8 and 16 cm/yr, while the highest mountain ranges 
near NTS may receive in excess of 50 cm/yr, much of it as snow 
(Borg, e_t al., 1976). Evaporation, as measured from pans, 
averages 282 cm/yr, and, while evaporation from soils is cer
tainly much less, it is reasonable to assume that, in the val
leys, the potential annual evapotranspiration greatly exceeds 
annual precipitation (Borg et a_l., 1976). Precipitation may 
locally exceed evapotranspiration in the uplands, especially 
during winter months (Borg et al., 1976). 

4.1.2.2 Geology 

4.1.2.2.1 Introduction 

The geology of the Basin and 
Range province is an important factor in the configuration of 
regional flow systems and in the occurrence of deep water 
tables within those systems. In this section, the strati
graphy and geologic structure of NTS will be discussed in the 
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context of their effects on the hydrologic system, and data 
will be presented on the hydrologic properties of the various 
rock units. Although there are some hydrologic data for each 
unit, data points are so sparse, and measurements so approxi
mate, that reliable modeling is probably impossible. 

4.1.2.2.2 stratigraphy 

The stratigraphy of the NTS 
area is described below and is summarized in Table 4.1. Table 
4.2 gives some hydrologic parameters for rocks at NTS. The 
formation thicknesses presented are maximum composite dimen
sions. Normally, the units present at any one locality are 
much thinner. 

Late Precambrian To Late 
Paleozoic Sedimentary Rocks - The oldest rocks occurring at 
NTS are late Precambrian to late Paleozoic sedimentary rocks. 
These sediments, consisting of limestones and dolomites (car
bonate rocks) and shales and sandstones (clastic rocks), reach 
a maximum composite thickness of 12,000 m (Borg et a^., 1976). 
This portion of the stratigraphy has been broadly divided into 
four units: an upper carbonate sequence (a maximum, of 1,100 m 
thick), overlying an upper clastic sequence (a maximum of 
2,400 m thick), a lower carbonate sequence (a maximum of 
5,000 m thick), and a lower clastic sequence (a maximum of 
2,800 m thick) (Borg et al., 1976; Winograd and Thordarson, 
1975). 

The upper and lower carbonate 
sequences perform hydrologically as aquifers. The carbonates, 
which have low interstitial permeability, have been greatly 
deformed, and flow through interconnected fractures is the 
dominant groundwater transport mechanism. The fractures are 
irregularly distributed and may channel flow along pathways 
approaching 20 km in length. Therefore, the carbonates can
not be regarded as hydrologically homogeneous (Winograd and 
Thordarson, 1975; Winograd and Pearson, 1976; Winograd, 1978). 
Fractures remain open to a depth of at least 1,300 m (Wino
grad and Thordarson, 1975; Winograd, 1978). Estimates of the 
transmissivity of the lower carbonate aquifer range from 16 
irr/day to 485 m2/day and average 162 m2/day (Borg et al.., 1976; 
Winograd and Thordarson, 1975). The upper carbonate aquifer 
is thought to have similar hydraulic properties (Borg et al., 
1976). 

Although the Paleozoic and Pre
cambrian clastic strata were subjected to the same deformation 
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as the carbonate rocks, they lack a hydrologically effective 
fracture porosity because of the plastic deformation of the 
shales and siltstones. As a consequence, flow through the 
units is controlled by the low interstitial permeability, 
which ranges from 3 x 10" 8 to 4 x 10~ 6 m/day in the lower 
clastic unit (Borg et al.., 1976; Winograd and Thordarson, 
1975). Transmissivity of the lower 600 m of this clastic 
unit is less than 7.5 nr/day (Borg et a_l., 1976; Winograd and 
Thordarson, 1975). An improvised test of the upper clastic 
unit suggests a transmissivity of less than 7.4 m /day (Borg 
et al., 1976). These relatively impermeable rocks act as 
barriers to flow and are called aquitards. 

Mesozoic Rocks - The only 
rocks of Mesozoic age are a few small granitic intrusions. 
These are of minimal hydrologic importance. 

Tertiary Volcanic Rocks -
Overlying the old sedimentary rocks are up to 4,000 m or more 
of Tertiary volcanic rocks. These rocks are mostly tuffs 
with subsidiary amounts of rhyolite and basalt, and were 
deposited from Oligocene to Pliocene time (Borg et al., 1976; 
Winograd and Thordarson, 1975). The tuffs range from completely 
welded to non-welded; some have been extensively reworked by 
running water, and some have been zeolitized. 

Approximately the upper quarter 
to half of the volcanic section, made up of lava flows, welded 
ash-flow tuff, and bedded tuff, performs as an aquifer (Borg 
et al., 1976; Winograd and Thordarson, 1975). Fracture flow 
is the dominant mode of groundwater transport in the lava flow 
and welded-tuff units, while interstitial flow is indicated 
in the bedded tuff (Borg et a^., 1976). Fractures are cooling 
joints and openings along bedding planes. Transmissivity of 
the lava-flow aquifer has not been determined; that of the 
bedded tuff, as determined in one well, may be about 16 m 2/day 
with a hydraulic conductivity of 3 x 10~3 to 1.6 x 10" 1 m/day 
(as determined from 11 samples, winograd and Thordarson, 1975). 
Three tests of the welded-tuff aquifer measured transmissivity 
ranging from 2.5 to more than 845 nr/day (Borg et al., 1976). 

The lower one-half to three-
fourths of the volcanic section is broadly classified as the 
tuff aquitard, although its hydrologic properties may locally 
range into those of an aquifer (Borg et al., 1976). The unit 
is characterized by unconnected fractures and low interstitial 
permeability, the latter due to zeolites and clays deposited 
in the pores. Groundwater flow is controlled by this low in
terstitial permeability, which ranges from 1,6 x 10"^ to 1.2 x 
10" 3 m/day in one lithology of the many that occur in the 
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aquitard (Borg et a_l., 1976; Winograd and Thordarson, 1975; 
see Table 4.2 for more details). 

Pliocene To Recent Sediments -
The youngest geologic materials in the NTS area are alluvial 
and lake deposits, locally over 1,000 m thick, which fill the 
intermontane valleys and were deposited from Pliocene to Recent 
times (Borg e_t al., 1976). The deposits, washed into the 
valleys from surrounding mountains, are still slowly aggrading. 
These valley-fill sediments are made up of discontinuous lenses 
of material of widely varying properties. In general, the 
material becomes finer with increasing distance from the moun
tains. Where playas occur, in the topographically lowest parts 
of the valleys, a surficial deposit of silt, as much as 20 to 
30 m thick, may exist (Borg e_t al̂ ., 1976). Caliche is irregu
larly distributed throughout the entire thickness of the valley-
fill, and, where present, it poorly cements the alluvium (Borg 
et aJL., 1976; Winograd and Thordarson, 1975). 

The valley-fill sediments act 
as an aquifer where they are saturated. Groundwater flow is 
interstitial, and the unit has a transmissivity of 30 to 164 
m2/day (Borg et al., 1976; Winograd and Thordarson, 1975). 

4.1.2.2.3 Structure 

Two major periods of deformation 
are recognized in the Ash Meadows area. The older is a late 
Mesozoic episode of folding and low-angle faulting (thrusting) 
which affects only the old, pre-Tertiary rocks, and the younger 
is a Pliocene-Pleistocene episode of block-faulting (high-angle 
faulting) which is responsible for the present topography (Borg 
et al., 1976). Local deformation associated with the extrusion 
of the volcanic rocks occurred: several collapse calderas and 
at least one resurgent dome are recognized (Byers et al-, 1976). 
The major episode of block faulting ended in the Pleistocene 
period, but minor movements still occur and residual stresses 
exist in the earth's crust, as evidenced by seismicity, recent 
fault-scarps, recently re-activated faults, and earth cracks 
in playa floors (Snyder, 1973; Byers, 1978; Claassen, 1978). 

Figure 4.3 is a cross-section 
of a typical topographic basin. The Basin and Range topography 
is fault-controlled. Any of the rock units may crop out in 
the ranges, and the upland may or may not be covered by a thin 
soil or alluvium. Thick sections of alluvium fill the valleys. 
Importantly, the volcanic and the valley-fill aquifers are gen
erally not continuous across the faults, while the carbonate 
aquifer is thick enough so that continuity is maintained. 



- 3 1 -

4 .1 .2 .3 Hydrology 

4.1.2.3.1 Introduction 
Regional groundwater flow in 

the NTS portion of the Ash Meadows groundwater system occurs 
in the carbonate aquifers, and is generally in a south-
southwest direction toward Ash Meadows, where large springs 
discharge from the system {Figures 4.2 and 4.4). Figure 4.5 
is a simplified, generalized cross-section of the system. The 
flow system outside of NTS is not as well documented as that 
portion within NTS. The subtleties of this groundwater system 
are important in understanding the reasons for, and controls 
on, the regional (deep) water table. 

4.1.2.3.2 Groundwater Recharge 

Groundwater recharge is con
trolled by topography in several ways. As discussed above, 
precipitation increases with increasing altitude. In addition, 
evapotranspiration decreases with altitude. Thus, the net 
amount of water available for recharge increases with increas
ing altitude. Also, the fractured tuffs and carbonates crop 
out in the highlands, or are covered by only a thin veneer of 
alluvium, enabling precipitation to enter the fractures 
directly and rapidly descend below the zone of evapotranspira
tion (Thordarson, 1965; Winograd and Pearson, 1376). Recharge 
is probably minimal under steep slopes covered with alluvium, 
as the water runs off before substantial infiltration can oc
cur (Claassen, 1978). Recharge under valley floors, where 
thick accumulations of alluvium occur, is considered to be 
negligible because evapotranspiration greatly exceeds precipi
tation in the lowlands, and because infiltration in porous 
media, especially in the fine-grained sediments on the playa 
floors, is limited (Borg et al., 1976). Confirmation of this 
assumption requires field investigation. 

Principal recharge areas are 
considered to be the Spring Mountains, the Sheep Range, and 
the Belted Range (Figure 4.2) (Sorg et al., 1976; Winograd and 
Thordarson, 1975; Winograd and Pearson, 1976). Subsurface flow 
from valleys to the north and east of the Nevada Test Site 
transfers water from these distant ranges to the saturated 
zone underlying NTS (Borg et aj^., 1976; Winograd and Friedman, 
1972). Lesser highlands, such as Rainier Mesa may also re
present recharge areas (Thordarson, 1965). Occasionally, water 
may infiltrate downward to the water table underneath outcrops 
of the carbonate in relatively low, dry mountain ranges, for 
instance, the Specter Range, after anomalous rainfall (Winograd, 
1978). 
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Nuclear test-related features 
(i.e., explosion-cavity collapse craters, recently reactivated 
faults, and associated suriace cracks) may be anomalous sources 
of recharge in the valleys. The collapse craters can divert 
intermittent surface waters into the rubble chimney (Borg et 
al., 1976; Byers, 1978; Claassen, 1978), permitting rapid in
filtration of surface water below the zone of evapotranspira-
tion. There are also deep cracks on the playa surfaces, un
related to nuclear testing, which occur elsewhere in the Basin 
and Range province, and which are observed to take large quan
tities of water (Doty, i978; Byers, 1978; Claassen, 1978). 

4.1.2.3.3 Groundwater Discharge 

The discharge point of the Ash 
Meadows groundwater basin is the fault-controlled spring line 
at Ash Meadows, 35 km southwest of NTS (Figures 4.2, 4.4, 4.5) > 7 

Total discharge along the spring line is approximately 2.1 x 10 
m 3/yr (Borg et al., 1976). 

An undetermiu id amount of ground
water may flow under and past Ash Meadows toward Death Valley. 
This quantity, although believed to be smaller than the discharge 
at Ash Meadows, is one of the major uncertainties involved in 
groundwater velocity estimates (Winograd, 1978). 

4.1.2.3.4 Groundwater Flow 

Hydraulic communication between 
intermontane basins is not established through the valley-fill 
and volcanic aquifers because they are generally discontinuous 
between Basin and Range fault blocks (Figure 4.3). Thus, flow 
in these units is principally downward to the carbonate aquifer, 
although there may be some lateral component of flow within a 
topographic basin. Groundwater movement through the volcanic 
rocks is rapid in the aquifer portion of the unit, but slow in 
the aquitard portion. The slow rate of movement in the aqui-
tard portion, estimated to be 1.5 x 10" 4 to 6 x 10" 2 m/yr, is 
the controlling factor in recharge through the volcanic rocks 
to the carbonate aquifer (Winograd and Thordarson, 1975). 

The valley-fill and volcanic 
aquifers are saturated only in the structurally deepest parts 
of the valleys (Borg et al., 1976), except locally in the high
lands where the volcanic aquitard perches water. A perched 
water-body has been well-documented under Rainier Mesa, hundreds 
of meters above the regional water table and approximately 500 m 
below the top of the Mesa (Figure 4.6) (Thordarson, 1965). 
Water percolates to the perched-water zone rapidly because the 
fractured volcanic aqi'ifer crops out at the surface, or is 
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covered by only a thin veneer of soil, and precipitation can 
enter the fractures and rapidly descent below the zone of eva-
poratranspiration. Estimates of the velocity of downward per
colation in the fractured vadose-zone material range from 25 
to 400 m/yr based upon tritium age-dating of the perched water 
(Thordarson, 1965). These estimates are confirmed by the ob
servation that the water level changes in response to short-
term (seasonal) changes in climate (Claassen, 1978). Hydro-
logic data indicate that water in the perched zone slowly leaks 
to the regional water table below (Thordarson, 1965). 

Groundwater reaching the car
bonate aquifer can flow laterally because the continuity of 
the aquifer is generally maintained over a wide area (Figure 
4.3). This continuity is best maintained within and between 
the valleys at NTS (i.e., Yucca, Frenchman and Jackass Flats) 
and the discharge point at Ash Meadows. Between these valleys 
and valleys peripheral to NTS (e.g., Indian Springs Valley, 
Emigrant Valley and others, Figure 4.2), such continuity is 
not well maintained; relatively impermeable clastic rocks are 
faulted against, and interrupt, the carbonate aquifer (Figure 
4.7), and barriers to flow are developed. Thus, between the 
central valleys of NTS and Ash Meadows, the hydraulic gradient 
is low, commonly 0.2 to 4.0 m/km (Winograd and Thordarson, 
1968). On the other hand, between the NTS valleys and the 
peripheral valleys, hydrologic gradients are much steeper, 
on the order of 30 to 250 m/km (Figure 4.7; Winograd and Thor
darson, 1968). Underflow from the peripheral valleys pre
sumably is slow through the clastic-rock hydrologic barriers 
to the saturated zone underneath the central valleys. 

Estimates of lateral flow velo
city in the carbonate aquifer, based on permeability, aquifer 
cross-section, and total flow volume estimates, range from 1.8 
m/yr to 180 m/yr beneath Yucca Flat and from 180 m/yr to 18,000 
m/yr beneath the Specter Range (Borg et al., 1976; Winograd and 
Thordarson, 1975). Estimates based on a two-well tracer test 
range from 18 to 410 m/yr (Borg et al., 1976; Claassen and 
Cordes, 1975). Carbon-14 dates of water in the aquifer range 
from 10,200 to 28,000 years and imply a flow velocity of about 
2 m/yr beneath Yucca Flat (Grove et al., 1969). 

The complex structure imposed 
upon the carbonate aquifer controls local flow rates and 
directions in a number of ways. The prevalence of fracture flow 
in the aquifer means that groundwater flow directions locally 
may not be perpendicular to potentiometric gradients inferred 
by borehole data, and may be inherently unpredictable. The 
irregular distribution of fractures may lead to channels of 
faster-than-average flow within the aquifer. Such channeling 
is inferred by hydrologic and hydrochemical investigations 
(Winograd and Thordarson, 1975; Winograd and Pearson, 1976). 
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4.1.2.3.5 Groundwater Levels 
The regional water table under 

Yucca and Frenchman Flats lies from 150 to almost 600 ra below 
the surface (Borg et a L , 1976), The interconnection of these 
with other topographic basins in the regional groundwater 
system results in a groundwater discharge (Ash Meadows spring 
line) topographically hundreds of meters below the floors of 
the flats. This factor, plus the extremely gentle regional 
potentiometric gradient and lack of hydraulic barriers to 
flow between the flats and Ash Meadows, sets up the favorable 
geometry for deep water tables (Figure 4.5). 

On the other hand, the depth 
to water under the peripheral valleys, such as parts of Emi
grant Valley and Indian Springs Valley, is much less, sometimes 
as little as 0 to 70 m (Figure 4.7; winograd and Thordarson, 
1968). Figure 4.7 shows that the shallow water tables are due 
to clastic barriers to groundwater flow between the peripheral 
and the central valleys, behind which barriers the water table 
is high. 

It is impossible to generalize 
the configuration of the water table under the mountain ranges 
within the Ash Meadows groundwater system. Under some high
lands where recharge occurs, the regional water table may mound 
or water may be perched in the volcanic rocks. Under other 
highland areas, underlain by clastic rocks, potentiometric 
gradients steeper than the land-surface gradient can result in 
a decrease of the depth to the water table (Figure 4.7a). In 
other cases, the water level may remain relatively constant, 
and topographic changes result in an increase of the depth to 
the water table {Figures 4.7 b, c). 

4.1.2.3.6 The Unsaturated Zone 
The unsaturated zone is thick

est over wide areas under the intermontane valleys. Under Yucca 
Flats, the water table is as deep as 580 m (Borg et al., 1976). 
Under some highlands, the regional water table may be locally 
somewhat deeper. In the valleys, the unsaturated zone comprises 
great thicknesses of alluvium and, depending on local geologic 
structure, some volcanic rocks and carbonate rocks (Borg et al., 
1976). Under the highlands, the unsaturated zone includes mostly 
the volcanic and sedimentary rocks, with perhaps a thin soil 
cover. 
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The material in the unsatu
rated zone has important consequences for determining or model
ing unsaturated flow. For instance, there is at present no 
theory describing unsaturated flow in fractured media. Also, 
there are only minimal field data on infiltration in fractured 
media at NTS (see above). On the other hand, unsaturated flow 
in porous media is better understood, and is described in de
tail in Section 3.0. 

A number of factors seem to 
make fractured media less desirable for a repository site than 
porous media. One is that available evidence indicates that 
infiltration through fractured media is considerably faster 
than through porous media (see above). Evidence also indicates 
that recharge from precipitation on porous media may not infil
trate more than a few meters below the surface, while precipi
tation falling on outcropping or thinly-covered fractured rocks 
may reach the water table hundreds of meters below (see above). 
In addition, the theory of unsaturated flow shows that water in 
unsaturated (fine-grained) porous media will not flow into a 
repository opening. On the other hand, in fractured media, 
where the fractures may be too wide to support a meniscus, water 
could flow into a mined cavity in the unsaturated zone. 

4.1.2.4 Climatic Changes and Water Level Fluctuations 
The principal question with respect to 

relying on the unsaturated zone as a barrier to radionuclide 
migration is whether the water table may rise, inundating the 
repository and eliminating the barrier. Thus, the effect of 
a change in climate upon the water table must be evaluated. 

World climate has clearly fluctuated between 
relatively cold-moist and hot-dry extremes over the last 600,000 
to 1,000,000 years in cycles tens of thousands of years long 
(Antevs, 1952). The Basin and Range province was never glaci
ated itself during the cold-moist periods, but was subjected to 
greater precipitation and cooler temperatures. During these 
times, called pluvial periods, lakes formed (or enlarged) in 
some topographically closed basins which are dry (or contain 
small lakes) today (Morrison, 1965; Flint, 1971). The last 
pluvial period ended roughly 10,000 years ago, after which warm
ing to a period of maximum aridity 6,000 years ago occurred 
(Antevs, 1952). Since then, climate has grown slightly less 
arid (Antevs, 1952; Wells and Berger, 1967). Minor climatic 
cycles lasting from several years to several thousands of years 
are superimposed upon the gross fluctuations (Antevs, 1952). 
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Geologic, hydrologic, anthropologic and 
paleontologic evidence has been used to estimate climatic 
parameters in the Basin and Range province during the last 
pluvial, and different conclusions have been reached (Antevs, 
1952; Wells and Berger, 1962; Wells and Jorgensen, 1964; Flint, 
1971; Snyder and Langbein, 1962). However, it is clear that 
at no time did precipitation exceed evapotranspiration in the 
region as a whole (Snyder and Langbein, 1962), and no estimates 
of an increase in precipitation greater than 50% over present 
rates have been made (Winograd, 1978). Thus, while return to 
a pluvial climate is likely (within the next 20,000 years or 
so), if future pluvials are similar to past ones, the water 
available for recharge will increase slightly, but will still 
probably be limited. 

There are two possible scenarios that 
might pertain under pluvial conditions. One is that the water 
table might simply rise. The other is that a groundwater 
system similar to those now existing in other Basin and Range 
valleys (besides Yucca and Frenchman Plats) could develop. 

In other Basin and Range valleys, where 
the rocks below the valley-fill are even less transmissive 
than the volcanic aquitard at NTS, or where recharge within 
a topographic basin is much greater than within basins at NTS, 
an intrabasin flow regime different from the predominantly 
downward flow at NTS occurs. Some relatively small amount of 
water may leak downward out of the valley fill, but most 
groundwater circulates within the alluvium. Downward flow (re
charge) near the mountains, lateral and downward flow toward 
the valley floor, and upward discharge at the floor near the 
center of the basin, are the salient features of such a cir
culation (Figure 4.8). The Great Salt Lake Basin is an example 
of this kind of system, where the great amount of recharge 
from the Wasatch Range is probably the significant factor in 
its occurrence (Winograd, 1978; Arnow, 1978? Bolke and Waddell, 
1972). Establishment of this kind of system in Frenchman and 
Yucca Flats is unlikely, even in the event of future pluvial 
periods with rainfall of magnitude similar to those in the 
past, because the recharge possible from the small ranges sur
rounding the flats is small as compared to the present re
charge from the Wasatch Range (Winograd, 1978). 

Hydrologic factors pertinent to NTS in
dicate that little, if any, rise in the water table would be 
expected in the event of wetter climate. The extremely low 
gradient and relatively high transmissivity of the regional 
aquifer suggests that increased recharge would not raise the 
groundwater table very much. If flow increased to the degree 
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that the discharge capacity of the Ash Meadows fault line were 
exceeded, groundwater might "back up." However, there are 
numerous fault lines analogous to the one at Ash Meadows, only 
several tens of meters above the presently discharging area 
which could act as "safety valves" (Winograd, 1978). Ap
parently, the only way that the water table could rise hundreds 
of meters under NTS is if all the topographically low discharge 
and potential discharge sites were blocked, or if they were 
to rise technically hundreds of meters relative to NTS valley 
floors (Winograd, 1978). Reversal of tectonic movements that 
have occurred over the past several million years is unlikely, 
at least within a time frame important to nuclear waste disposal, 
and such reversals in the past are not indicated in the geo
logic record in Nevada (Byers, 1978). 

The u. S. Geological Survey is pursuing 
a two-part program to look for evidence of higher water tables 
under NTS in the past. One recently started project is to 
examine the detailed interstitial mineralogy of material now 
above the water table (Winograd, 1978). The other is to search 
for old deposits of precipitates from springs (potential "safety 
valves") which may have discharged in the past up the hydraulic 
gradient from the presently-discharging fault zone. To date, 
none have been found (Winograd, 1978). 

The deposits associated with existing 
springs at Ash Meadows do imply greater hydraulic heads and/or 
flow rates in the past. (Winograd and Thordarson, 1975; Wino
grad, 1978). The distribution of desert pupfish in spring 
discharge ponds implies surface water connections between the 
springs in the past, and, indeed, lake deposits do occur at Ash 
Meadows (Winograd, 1578). 

4.1.2.5 Groundwater Modeling 

Borg et_ al., (1976) describe the possibility 
of modeling saturated flow and radionuclide transport in the 
Ash Meadows groundwater system: 

"One- and two-dimensional mathematical models 
exist that could be used for the prediction of 
transport of radionuclides in groundwater flow 
from sites of underground nuclear explosions. 
One-dimensional models are probably sufficient. 
Their use can account for hydrodynamic dispersion, 
radioactive decay, convective transport, and 
instantaneous-equilibrium and linear-isotherm 
types of reversible sorption of a radioactive 
solute in groundwater flow. 
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Both models require as input parameters known 
or estimated values of transmissivity, storage 
coefficient, hydraulic head, groundwater flow 
velocity, dispersivity, distribution coefficients, 
medium effective porosity, medium bulk density, 
initial source radionuclide concentrations in 
groundwater, radionuclide decay constants, and 
dimensions of the radioactive contaminant pulse. 
With the exception of radionuclide decay con
stants and medium bulk densities, values of the 
parameters are either lacking altogether or are 
known imperfectly. Thus, currently only crude 
predictions of radionuclide transport at NTS 
can be made. Reliable and convincing predic
tions await further evaluation of the parameters 
that control transport in the NTS area." 

A coarse sampling net for monitoring 
radionuclide migration at NTS has been set up, but has not as 
yet detected any above-background concentrations of radio
nuclides (Borg et al., 1976). However, greater-than-back-
ground tritium concentrations were accidently encountered in 
water from two holes 465 and 361 m from the nearest explosion 
sites (Crow, 1976). Based upon these findings, it is assumed 
that tritium is the only radionuclide to migrate significant 
distances in the NTS environment, and crude calculations of 
tritium migration have been made (ERDA, 1977). In these cal
culations, minimum travel-time between Yucca Flat and Ash 
Meadows of 300 years and complete mixing of contaminated water 
with water entering the groundwater system from all sources 
down gradient from Yucca Flat are assumed. Results show that 
the concentration in water discharging at Ash Meadows (of 
tritium of a given original concentration in Yucca Flat) will 
be reduced by a factor of at least 10^. Radioactive decay is 
responsible by itself for a reduction factor of 10 7. The 300-
year travel-time is probably unrealistically short, as Carbon-
14 dates of water emerging at Ash Meadows imply an average 
groundwater residence time in excess of 10,000 years (Grove 
et al., 1969; Winograd and Pearson, 1976). 

4.1.3 Other Regional Flow Systems - The White River 
Groundwater System 

4.1.3.1 Introduction 

The geologic environment present at NTS 
extends off-site. The distribution of Basin and Range topo
graphy is shown in Figure 4.1, of the thick carbonate rocks in 
Figure 4.9, and of the tuffs in Figure 4.10. In light of the 
above discussion of the Ash Meadows flow system, similar 
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regional groundwater basins with deep water tables should be 
expected within the carbonate rock province of Figure 4.9, 
Mifflin (1968), in delineating flow systems within Nevada, 
recognizes approximately 18 such regional basins (Plate 4,1). 
Bateman and Hess (1978) report in a hydrologic inventory of 
Nevada playas that the deepest water table under a playa in 
Nevada occurs slightly more than 975 m below the surface of 
Desert Lake, 55 miles north of Las Vegas (Figure 4.2). (N.B.-
The eastern boundary of the Ash Meadows groundwater system is 
in dispute, and Desert Lake could be considered part of the 
Ash Meadows groundwater system.) 

The largest of the regional flow systems 
is the White River system (Mifflin, 1968). Its maximum di
mensions are approximately 380 km long by 110 km wide, and 
the system may include up to 13 intermontane valleys aligned 
in a north-south strip along the White River Wash in eastern 
Nevada (Plate 4.1, Fig. 4.11, Eakin, 1966). The Wash was 
occupied by a Pleistocene (pluvial) river, and forms an axial 
topographic low roughly down the center of the groundwater 
basin (Eakin, 1966). Since the regional land-surface gradient 
is to the south, the Wash is generally the topographically 
lowest point of any at or north of a given latitude (Eakin, 
1966). 

Considerably less research has been done 
on the White River system as compared with the Ash Meadows 
system. 

4.1.3.2 Geology 

The White River area is very similar to 
the Ash Meadows area topographically, stratigraphically, and 
structurally. Briefly, a 10,000 m-thick section of Paleozoic 
sediments, more than half of which are highly fractured car
bonate rocks, underlies many hundred to a few thousand meters 
of Tertiary volcanic rocks. Few measurements of hydroiogic 
properties of the rocks have been made, but the properties 
are probably similar to those of rocks at NTS (Eakin, 1966!. 
Tertiary to Recent block faulting deformed the bedrock into a 
series of parallel-to-subparallel ranges and valleys trending 
roughly north-south. The valleys are filled with sediment, 
locally nearly 600 m thick, that was eroded from adjacent 
ranges (Eakin, 1966). 
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4.1.3.3 Hydrology 

Intertasin flow is recognized in the White 
River area (Figure 4.11). It is expected because of the thick, 
highly transmissive carbonate aquifer that underlies an area 
of high regional relief, and is implied by water budget studies, 
hydrochemical data, observations of springs, and some borehole 
data (Eakin, 1966). As in the Ash Meadows system, recharge is 
confined mostly to high]and regions, and discharge is confined 
to a series of relatively large, uniformly-discharging springs. 
In the White River system, these springs are located at topo
graphically low outcrops of carbonate rock in the White River 
Wash. Regional flow occurs within the carbonate rocks, and 
relatively long regional flow paths are implied (Eakin, 1966). 
Subsurface controls on hydraulic gradients, local flow rates, 
and local flow directions analogous to those in the Ash Meadows 
system occur in the White River system. The interaction of 
normally low gradients, topographically low discharge points, 
and high regional relief leads to areas where the water taiile 
is locally is deep as 300 m or more below the land surface 
(Figure 4.12, Bateman and Hess, 197B). 

4.1.3.4 Climate Changes 

The climatic variations to be expected in 
the Great Basin are discussed in Section 4.1.2.4. 

4.1.3.5 Groundwater Modeling 

Modeling the saturated flow regime in the 
White River system has not been attempted. 

4.1.4 Differences Between the White River Area and the 
Ash Meadows Groundwater Basin 

The White River groundwater system is larger than 
the Ash Meadows system (20,000 km 2 vs 12,000 k m 2 ) , and involves 
greater volumes of flowing groundwater (12.4 x 10' m'/yr vs 
2.1 x 10 7 m 3/yr) (Eakin, 1966; Borg et aJL., 1976). It is an 
elongate feature while Ash Meadows basin is more equidimensional 
(Plate 4.1, Figure 4.11). The size and shape of the White 
River system might presumably lead to longer groundwater flow 
paths (and subsurface residence times). However, this presump
tion must be carefully examined. 

Regional groundwater flow in the Ash Meadows system 
is at an angle to asin and Range structures, and, while several 
springs discharge the system, all the springs are localized along 
one fault. All the water entering the head of the system must 
pass through the whole basin before discharging. Flow paths 
from Yucca Flat to the discharge point are on the order of 100 km. 
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Regional flow in the White River system is almost 
due south, down the length of the basin, and there is some 
lateral component of flow toward the axially-located Wash 
(Figure 4.11). This flow is roughly parallel to Basin and 
Range structures, so faults do not control discharge as they 
do in the Ash Meadows area. Rather, the locus of discharge 
is the Wash, where the carbonate aquifer crops out at topo
graphically low positions. Thus, as shown in Figure 4.11 and 
Plate 4.1, discharge occurs at various points along almost the 
whole length of the basin, as does recharge. Determining the 
discharge point for water entering the system at any given 
point is difficult (and perhaps impossible). Flow paths are 
not as clearly definable as they are at Ash Meadows, and, 
while they could be longer than 50 km, in some instances they 
could be much shorter. The gentle regional hydraulic gradients 
mean that minor tectonic or climatic disturbances could signi
ficantly alter local flow directions, change the discharge 
point, and markedly alter groundwater residence time. 

4.2 Snake River Plain, Idaho 

4.2.1 Introduction 

The vadose zone beneath the Snake River Plain is 
locally more than 300 m deep; however, a detailed literature 
review and discussions with hydrologists who have studied the 
area have failed to provide many details of soil moisture 
movement in the vadose zone. 

fl groundwater model which appears to adequately 
simulate the underlying aquifer assumes a steady downward in
filtration rate of approximately 3 cm/yr through the vadose 
zone. This downward flow is believed to be largely through 
fractures in the basalt rocks. Mathematical treatment of in
filtration has not yet been attempted. 

In this section, the geology and hydrology are des
cribed for the Snake River Plain east of Hagerman, Idaho (Figure 
4.13). The Snake River Plain, a geologically young lava 
plateau, is an eastward extension of the larger Columbia River 
flood basalt province (Figure 4.2). 

The subject area is approximately 320 km long, 80 
to 120 km wide, and extends northeastward from Hagerman (Figure 
4,13). The plain is relatively flat, sloping gently from its 
northeast tip towards its western end. The flat topography 
is locally interrupted by buttes and volcanic features such 
as lava cones and domes. Mountains border the plain on the 
northwest and southeast flanks. The Snake River flows mostly 
along the southeast margin of the plain and forms the south
west boundary of the subject area where it turns north through 
the Hagerman Valley. Tributaries flow into the Snake River 
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from the south and southeast. (Most of the streams entering 
the plain from the north flow intermittently and do not reach 
the river, because they sir.k into the ground a short distance 
from the mountains and recharge the groundwater system.) The 
plain is underlain by the Snake River Plain aquifer, a thick 
section of highly permeable basalt, called the Snake River 
group which is a principal natural resource of the area. 

Most of the Snake River Plain receives less than 
25 cm of precipitation per year (Mundorff et al., 1964). For 
instance, the Idaho National Engineering Laboratory, located 
in the north central part of the plain, receives an average 
of approximately 21 cm/yr, mostly in the spring (ERDA, 1977). 
The highland margins of the plain receive as much as 50 cm of 
precipitation or more per year (Mundorff et al., 1964). Pan 
evaporation, measured at relatively few localities, is approxi
mately 90 cm/yr (FRDA, 1977). 

The surface water and groundwater of the Snake 
River Plain are widely used for irrigation and domestic pur
poses. The Snake River has been dammed and diverted in 
several places to irrigate a strip of land up to 24 km wide 
on either side of the river (Mundorff et al., 1964). In 1959, 
a year for which data are readily available, 8.6 x 10 9 m of 
water were diverted to irrigate slightly more than 4 x 10 5 

hectares (one million acres) of land (Mundorff et. a_l., 1964). 
Also in 1959, 9 x 10 4 hectares (225,000 acres) were irrigated 
wholly or in part by lo" m 3 of pumped groundwater (Mundorff 
et al. , 1964). 

The extensive use of water on .he Snake River 
Plain, dating from the late 1800's, has led to an accumulation 
of hydrologic data. Also, the establishment of the Idaho 
National Engineering Laboratory {INEL, formerly the National 
Reactor Testing Station, NRTS) in 1952 has led to a detailed 
investigation of the geology and hydrology near the site (Figure 
4.13). Geologic and hydrologic investigations have been per
formed mostly in connection with the disposal of radioactive 
wastes generated by the facility. Wastes are disposed of by 
burial in shallow trenches (solid waste), seepage from surface 
ponds (liquid waste), and well injection to the Snake River 
Plain aquifer (liquid waste). In an effort to monitor and pre
dict the distribution of radionuclides released to the subsur
face, boreholes, observation wells, and aquifer test wells 
have been drilled. The resulting data have been used to formu
late a finite-difference model of groundwater flow and radio
nuclide transport beneath INEL. 
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4.2.2 Geology 

4.2.2.1 Introduction 

The Snake River Plain is a geologic basin 
filled with young lava flows and sediments. The most recent 
episode of volcanism occurred about 1,600 years ago, at Craters 
of the Moon National Monument (Nace et aj^., 1975). The strati
graphy at INEL, which is typical of the whole plain, is sum
marized in Table 4.3, 

4.2.2.2 Stratigraphy 

Pre-Pleistocene Rocks - Paleozoic sedimen
tary rocks form the mountains surrounding the Snake River Plain, 
and presumably, they underlie the plain. The depth to the Paleo
zoic rocks under the plain is unknown; but is greater than 600 m 
in the central part (Nace et al., 1975). Similarly, Tertiary 
volcanic rocks, which crop out only at some buttes and at the 
margins of the plain, underlie the younger volcanic rocks. The 
older volcanic rocks are relatively impermeable, and raost 
groundwater is apparently found above them (Nace et al_., 1975). 

Young Basalts and Associated Sediments -
The Snake River group of basalts and associated sedimentary 
interbeds fill the structural depression to a depth of greater 
than 450 m (ERDA, 1977; Walker, 1964). The deepest test hole 
at INEL, about 457 m, did not penetrate the bottom of the unit 
(Nace et ad., 1975). Most geologic information comes from 
depths less than 300 m, as most wells do not penetrate more 
than 30 m or so below the water table (Walker, 1964). However, 
a 0. S. Geological Survey project currently in progress is 
scheduled to include drilling and sampling the entire Snake 
River group (Robertson, 1978). 

A brief description of the deposition of 
the Snake River group is helpful in understanding the hydrology 
of the unit. Lava welled up from vents and spread many kilo
meters over gentle slopes. Individual lava flows range in 
thickness from 3 to 20 m and generally contain vesicles and 
vertical cooling fractures. The top of each flow is commonly 
a very irregular, porous surface, so the contact zone between 
successive flows is commonly very permeable. 

Locally, lava flows are rubbly, and, where 
hot lava encountered water, pillow lavas occur. These deposits 
are commonly highly permeable. Among the larger depositional 
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features are hollow lava tubes, formed when still-molten lava 
drained from beneath the crust of a partly-solidified lava 
flow. These tubes may be ?s large as 16 m in diameter and 
many hundreds of meters long (Stearns et al., 1938). 

Thousands of years elapsed between suc
cessive flows over an area, and during these periods, wind
blown and water-laid sediments were deposited on the lava 
surfaces, to be covered by later flows. The sedimentary 
interbeds are commonly thin and discontinuous, although two 
are known from deep drilling to be as thick as 100 m or more 
and to extend for many kilometers. 

The Snake River originally followed a 
course down the center of the plain. Successive eruptions of 
lava pushed the river progressively southward by damming and 
filling ancestral canyons cut by the Snake River. The filled 
and buried canyons may be up to 160 m wide and 80 km long 
(Stearns et al^., 1938). The material filling them is commonly 
rubbly and more permeable than the normal lavas of the Snake 
River Plain (Stearns et al., 1938, see below). 

The ancestral Snake River originally re
ceived tributaries from both north and south (Stearns et al., 
1938). However, in the course of volcanic activity, aTava 
mound, which is still topographically expressed today, was 
built up, forming a trough along the northwestern margin of 
the plain in the vicinity of INEL (Stearns et al., 1938; 
Walker, 1964). This mound cut off the tributaries flowing 
into the plain from the north, and water from these streams 
now travels to sinks and playas along the northern margin of 
INEL where it recharges the groundwater system or evaporates. 

The dominant mode of groundwater flow in 
the basalt is along the megascopic voids described above. The 
eruption and cooling features giving rise to these voids are 
related to individual lava flow horizons, and, as a result, 
the horizontal permeability of the entire aquifer is greater 
than vertical permeability. The anisotropy is enhanced by 
fine-grained, relatively impervious sedimentary interbeds which 
tend to inhibit vertical groundwater flow. The voids in the 
basalt are irregularly distributed on a local scale, but the 
assumption of large-scale aquifer homogeneity appears to be 
valid. 

Barraclough et al. (1976) report that the 
horizontal hydraulic conductivity of the basalt at INEL, deter
mined from field tests is from 0.03 to 3 cm/sec. The vertical 
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hydraulic conductivity of cores of sedimentary material from 
interbeds, on the other hand, is 2 x 10" 1 0 to 3 x 10~ 3 cm/sec 
(Barraclough et̂  a_l., 1976). 

Mundorff et al. (1964) describe 33 field 
hydrologic tests performed on the aquifer. These tests do not 
provide results that are representative of the whole unit, 
as the wells are concentrated in a few areas of the plain and 
are not drilled very far into the aquifer. Transmissivity 
ranges from 10 4 to 10 6 m2/day (Barraclough and Jensen, 1976) 
and varies both between flows and within individual flows. 
However, the variations are sufficiently small that over a 
large area, the assumption of aquifer homogeneity is valid 
for practical purposes. The larger the area of interest, the 
better the assumption (Hundorff et al., 1964; Robertson, 1974). 
The average transmissivity is about 5 x 10 4 nr/day. The 
average storage coefficient determined from 18 tests is ap
proximately 0.04, indicating unconfined conditions, and the 
effective porosity is 5 to 10% (Mundorff et a^., 1564; Rober.-
son et al., 1974). The permeability of 24 core samples ranged 
from 1.9 x 10~ 8 to 4.3 x 10" 5 cm/sec, and averaged 6.7 x 10" 6 

cm/sec {Mundorff et al., 1964). Total porosity of 83 core 
samples averaged about 18% (Mundorff et al^., 1964). 

Surficial Deposits - The basalt is bare 
or thinly-covered over 10 to 20% of the Snake River Plain 
(Mundorff, 1964). Over much of the plain, the covering of 
surficial deposits is only two to three meters deep and is 
mostly wind-deposited silty material called loess (Nace et al., 
1975). Easalt locally protrudes through this covering where 
the surface undulates. Locally, the surficial deposits are 
water-laid and. reach a thickness of as much as 100 to 130 m. 
The details of the sediments are described in Table .3. Since 
the present runoff from the mountains is insufficier. to have 
deposited all the water-laid sediments, their deposition is 
believed to have occurred during the last glaciation of the 
mountains to the north (Walker, 1964). Current deposition is 
restricted mostly to stream channels and playas (Walker, 1964). 

Very few measurements of the hydraulic 
conductivity of the surficial materials have bee\ made because 
they are, in most locations, unsaturated. The rroperties are 
thought to be similar to those of the sedimentary interbeds 
reported above (Barraclough et al., 1976). The infiltration 
rate of surficial water in playa sediments is about 10~ 5 cm/sec 
and in the coarser sediments of the river alluvium is about 
10" 3 cm/sec (Barraclough et al., 1967b). 
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Infiltration beneath outcrops of the 
fractured basalt has not been measured. 

4.2.2.3 Structure 

The Snake River group and the surficial 
sediments have been minimally deformed. The minor faulting 
and warping that does occur does not significantly affect 
groundwater movement. 

4.2.3 Hydrology 

4.2.3.1 Introduction 

The Snake River group is the only regional 
aquifer underlying the plain. Plate 4.2 shows the pattern of 
flow in the Snake River Plain aquifer, formulated from all 
available data. Groundwater flow is generally southwest, 
parallel to the Snake River. Discharge occurs where the Snake 
River turns to cross the flow paths and has eroded into the 
aquifer. 

Surficial sediments generally have low 
permeability and probably reduce infiltration of rainfall by 
storing it for later evaporation. Few details are available 
concerning the hydrology of surficial deposits. 

4.2.3.2 Recharge 

The total annual recharge to the Snake 
River Plain aquifer is about 8 x 10 9 m 3/yr (Hundorff et al., 
1964; ERDA, 1977). Of this amount, 1.9 x 10 9 m 3/yr discharges 
at various points in and near the American Falls Reservoir, 
a..d never reaches the major discharge area between Twin Falls 
and Bliss (Plate 4.2). Thus, net recharge to the aquifer is 
approximately 6.1 x l(r m /yr (Mundorff et al., 1964). 
Natural recharge, prior to irrigation was probably about 
3.6 x 10 9 m 3/yr (Mundorff et al., 1964). 

Recharge occurs by irrigation, under 
streams, and along the fringes of the plain where runoff from 
the mountains and underflow from tributary valleys enter the 
aquifer. About 10% of the recharge is estimated to be from 
rain falling on the plain and percolating downward through the 
vadose zone (Mundorff et al., 1964). 

Several estimates have been made of re
charge due to infiltration from rainfall, but data are gen
erally lacking for this important parameter. Most investiga-
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tions conclude that an average of 2 to 3 cm of water per year 
reach the water table over the whole plain (Mundorff et al., 
1964), One study, in which the plain was divided into four 
areas, shows that small areas of higher than average pre
cipitation contribute most of the recharge whereas over ap
proximately three-fourths of the plain, less than 1.5 cm/yr 
reaches the aquifer (Mundorff et al^., 1964). The results of 
the study are shown below: 

Recharge To Snake Plain Aquifer 

Area 

Central part of plain (precipi
tation generally less than 10 
(inches) . . . . . 
Craters of the Moon 
Big Bend Ridge area. . . . . . . 
South Side of plain (Lake 
Walcott-American Falls area and 
northeast along southeast side 
of the Snake River) 

Ave re ige Annual 
Area Precipi Recharge Recharge 

tation 
(sq mi) (in.) (in.) (acre-ft) 

6 ,100 9 0.3 100,000 
900 13 3.5 170,000 
400 18 6.0 130,000 

1,000 12 2.0 100,000 

Total 8,400 500,000 

As discussed in Section 3.0, the surficial 
material is important in determining the infiltration of precipi
tation. Where more than several meters of fine-grained sedi
ments cover the basalt, net infiltration may be zero; where 
basalt or coarse alluvium forms the surface, 15 cm of water may 
reach the water table. 

4.2.3.3 Discharge 
Tne Snake River Plain aquifer discharges 

principally along the Snake River where it turns north and cuts 
across the aquifer (Figure 4.13 and Plate 4.2). Discharge there 
is now 6.1 x 10 9 m 3/yr; before the advent of irrigation, it prob
ably was about 3.6 x 10 9 m 3/yr (Mundorff et al., 1964). The 
Snake River has eroded a canyon 15 to 30 m below the base of the 
aquifer in the discharge area, and large springs emerge from the 
northeast canyon wall (Mundorff et id., 1964). Many of the 
springs are localized in spring alcoves (Stearns et_ al., 1938) 
(Figure 4.14). The alcoves result from the cutting, by the 
present course of the river, of buried ancestral canyons, filled 
with permeable basalt. These ancestral canyons may be conduits 
for groundwater flow over the whole plain as well as loci for 
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discharge, but their occurrence and extent away from the 
modern canyon have not been determined. 

The long history of water use on the 
Snake River Plain has led to the accumulation of discharge 
records of major springs and gage records of the Snake River 
dating back to the early 1900's (Mundorff et al., 1964). 
Since the aquifer discharges only to the river, and since 
river flow rates can be measured relatively accurately, the 
aquifer discharge data are believed to be accurate to + 54. 
Recharge estimates generally are based on measured discharge 
rates (Mundorff et al., 1964). 

4.2.3.4 Groundwater Flow 

Plate 4.2 is a generalized groundwater 
flow net for the Snake River Plain aquifer. Many investiga
tors feel that most groundwater circulation occurs within the 
upper 160 m of the saturated zone (ERDA, 1977; Robertson et 
al., 1974). 

Groundwater flows in a southwest direction 
with flow velocities that average about 5 x 10 cm/sec under 
INEL (Barraclough et al., 1967a; Robertson, 1974). All 
water, except for that originating from a strip of land along 
the river above Minidoka Dam, discharges at springs between 
Twin Palls and Bliss (Plate 4.2). Thus, water originating 
under INEL flows down the whole length of the plain, a mini
mum path length of 160 km, and takes 60 to 300 years to reach 
the discharge area. Reliable tritium age dating of the dis
charging groundwater is not possible because of the numerous 
and widely dispersed sources of recharge on the plain. 

When irrigation is started each year, 
the incre esed recharge under the particular project establishes 
a groundwater mound in the aquifer which travels at approxi
mately 0.8 km/day and which is observed up to 80 km or more 
from the irrigation site (Barraclough et al., 1967a; Thomas, 
l\ ?8). 

The hydraulic gradient in the aquifer is 
small, averaging about 0.002 under the entire plain (Barra
clough and Jensen, 1976). Under INEL, the average gradient is 
0.001, and in places is as small as 0.0001 (ERDA, 1977; Barra
clough and Jensen, 1976). Gradients are locally steep where 
tributary valleys enter the plain. Water flowing into the 
plain cascades where it leaves valley-fill sediments and enters 
the more permeable Snake River basalts (Barraclough et al̂ ., 
1976a), 
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4.2.3.5 The Unsaturated Zone 

The Snake River Plain aquifer is almost 
everywhere unconfined, although slight artesian heads are 
found where sedimentary interbeds locally confine portions of 
the aquifer (Stearns et al.., 1938), Figure 4.15 shows the 
depth to the water table under INEL and vicinity. The un
saturated zone is thickest just to the southwest of INEL, 
where the water table is over 300 m deep. However, data from 
that area are so sparse that the extent of the thick vadose 
2one cannot be delineated. 

The material in the vadose zone is mostly 
basalt, sedimentary interbeds, and surficial sediments, where 
they are present. 

Unsaturated-zone phenomena that could 
affect waste disposal operations include (a) infiltration of 
precipitation through the vadose zone, (b) aquifer responses 
to atmospheric pressure changes and (c) perched water. The 
role of certain characteristics of soil and rock in controlling 
infiltration is discussed in Section 3 of this report. Section 
4.2.3.2 describes groundwater recharge mechanisms and gives 
estimates of the amount of water percolating through the un
saturated zone. 

Atmospheric pressure changes cause two 
effects in the aquifer: the water table may fluctuate as much 
as a foot in response to pressure changes (Mundorff et al., 
1964); and the aquifer is observed to "breathe" or expel moist 
air with decreases in pressure. This latter effect has an un
known influence on the mechanism of unsaturated flow in the 
vadose zone. 

The interbeddsd and surficial sedimentary 
deposits can intercept and perch water infiltrating from the 
surface. Perched water bodies oocur underneath areas with a 
substantial supply of water, (e.g., irrigation tracts, termi
nal sinks of rivers, and seepage ponds for the disposal of 
liquid wastes at INEL). Hud lake (Plate 4.2) is a body of 
water perched on surficial lake beds (Stearns et al^., 1939). 

The perched water bodies fluctuate in size 
in response to the short-term supply of water. For instance, 
four days after the 1965-1966 flood of the Big Lost River, the 
water level rose in a well tapping perched water 52 m below 
the surface and 69 m to one side of the river (Barraclough et 
al., 1967b). Approximately four months after affecting the 
perched water body, the increased recharge was noticed in the 
regional aquifer 40 to 50 m below (Barraclough et al., 1967a). 



-50-

Under the liquid waste seepage ponds at 
INEL, two perched water bodies have formed. One is perched 
on top of the basalt at a depth of about 16 m and the other is 
perched on a sedimentary interbed at a depth of about 50 m. 
The regional water table in the area is about 140 m deep (ERDA, 
1977). The laboratory monitors the dimensions of the perched 
water bodies and radionuclide concentrations in both the 
perched water and regional aquifer below (see, for example, 
Barraclough et al., 1967a, b; Robertson et ad., 1974; Morris 
et al., 1963, 1965). 

4.2.4 Climate Change and Groundwater Levels 

The normal seasonal fluctuation of water levels is 
0.6 to 1.5 m (ERDA, 1977), The fluctuations are greatest near 
irriga;ion projects where water is seasonally applied, and 
diminish with distance from a project. Long-term changes in 
water levels have occurred locally due to continued irrigation 
or pumping. The configuration of the water table prior to ex
tensive irrigation is known at only a few places, and where 
that information exists the water table is observed to have 
risen about 20 m since irrigation began (Mundorff et al., 1964). 

The possibility of a significant rise in ground
water levels due to climatic change is difficult to assess. 
There is little evidence on the plain indicating past climato-
logic parameters or the amount of recharge from the surrounding 
mountains during past periods of wetter climate. There are no 
immediately obvious geological "safety valves," as there are 
in the Ash Meadows groundwater system discussed in Section 
4.1.2,4, so that any rise of the water table far from the cur
rent discharge point is not likely to be attenuated. Analysis 
of the hydrologic data associated with specific irrigation 
projects might give some insight on the possible behavior of 
the aquifer under different climatic regimes. For a first ap
proximation, it might be assumed that a rainfall rate double 
that of the present climate would double the flow rate through 
the aquifer. If the transmissivity were assumed constant, the 
gradient would have to double according to Darcy's Law. If 
the gradient were to increase from .002 to .004 over a flow 
path of 160 km, the water table would rise approximately several 
hundred meters, virtually eliminating the unsaturated zone at 
INEL. 

Flow nets (Mundorff et al,, 1964; Skibitzke and da 
Costa, 1962), and a finite-difference model have been formulated 
for the Snake River Plain aquifer. The first two kinds of 
models have been used for the whole plain. Finite-difference 
modeling has been used at INEL in an effort to understand and 
predict the migration of radionuclides. 
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Nearly 30 years of waste disposal at INEL has led 
to an accumulation of data on the distribution of radionuclides 
disposed of by burial, seepage ponds, or well injection. The 
finite-difference model is two-dimensional and accounts for 
convective transport, flow divergence, two-dimensional hydraulic 
dispersion, radioactive decay, and sorption for radionuclides 
migrating from the seepage ponds and injection well (Robertson, 
1974). currently, the radioactive waste plume down-gradient 
from the injection well includes tritium, strontium, and minor 
amounts of iodine 129 and plutonium (ERDA, 1977). None of the 
many other radioactive species has been detected even in the 
closest monitoring wells (Robertson, 1974; ERDA, 1977). Tritium 
has migrated 9 km down-gradient, and strontium only 2.4 km 
(Figures 4.16, 4.17; Robertson, 1974). Apparently, as deduced 
from the shape of the plumes, horizontal dispersion is nearly 
90° (Robertson, 1974). Vertical dispersivity is assumed negli
gible, based on a small amount of data and the stratified nature 
of the aquifer (Robertson, 1974). Only tritium is found in the 
regional water table below the seepage ponds although many 
other species have been released to the ponds (Robertson, 1974). 
The waste plumes and changes in the groundwater gradients due to 
infiltration from the flooding Big Lost River, are well-simulated 
by the model (Robertson, 1974, 1978). Few new data have been 
acquired since formulation of the model, so tests of its predic
tive power have yet to be made (Figure 4.18; Robertson, 1978). 

4.3 Columbia River Plateau, Washington 

4.3.1 Introduction 

The Columbia Piver Plateau, like the Snake River 
Plain, is underlain by a thick sequence of flood basalts, al
though it is older and more extensively covered by sediments 
than the Snake River Plain. The national laboratory at the 
Hanford Reservation, like INEL on the Snake River Plain has 
collected much of the available geologic and hydrologic infor
mation about the plateau. The water table at Hanford, located 
at a depth of about 100 m, probably is not deep enough to be 
suitable for a vadose-zone repository. However, the area is 
of interest because thicker vadose zones may occur elsewhere 
on the Columbia Plateau, and because Hanford is the site of 
extensive investigation of unsaturated flow and of deep in
filtration of precipitation (Isaacson et al̂ ., 1974; Brownell 
et a_l., 1975; Last et al., 1976). Liquid and solid nuclear 
wastes are disposed of in the vadose zone, and their subsur
face distribution is monitored. Modeling techniques have 
been applied to explain and predict the transport of radio
nuclides. 

The Hanford Reservation (hereinafter termed Han
ford) is a Department of Energy facility used since 1944 for 
the production and purification of plutonium. The geology and 
hydrology of the area is we11-summarized by the National Aca
demy of Sciences (1978): 
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"Geologically, the Hanford area is part.of the 
Pasco Basin (see Figure 4.19, a broad area of 
low relief bordered by hills of basalt (of which 
Rattlesnake Hills, Yakima Ridge, and Umtanum 
• Ridge are representative). The basalt is part 
of the huge accumulation of lava flows called 
the Columbia River basalt, which covers much of 
eastern Washington and Oregon. Lava flows under
lie not only the hills but the whole of the 
Pasco Basin; the total thickness is unknown, but 
a deep well has shown it to be more than 3,000 
meters. Overlying the basalt in the Basin is 
a sequence of sediments ranging in grain size 
from clay to gravel called the Ringold formation. 
Above the Ringold are local deposits of wind
blown silt (Palouse formation), then sands and 
gravels deposited by melt-water from glaciers 
of the Pleistocene Epoch. The glaciofluvial de
posits form most of the surface of the Reserva
tion, except for a 5-kilometer-wide belt of wind
blown sand. Groundwater moves fairly readily 
through much of the Ringold and glaciofluvial 
material, and the water table (the upper surface 
of the zone in the sediments that is saturated 
with water) stands far below the land surface 
over much of the Reservation. In most places, 
the water table is not far from the uneven con
tact between the glaciofluvial material and the 
Ringold sediments, and the thickness of the un
saturated (vadose) zone ranges up to 100 meters 
(emphasis added). Production and waste-mangement 
operations, especially the percolation of large 
volumes of lov level waste water, have caused the 
water table to rise under parts of the Reservation, 
at places more than 25 meters. In the basalt be
neath the Ringold formation, most aquifers are 
confined because some of the basalt flows are 
relatively impermeable." 

The Hanford area is in the rainshadow of the Cascade 
Range, and receives an average annual precipitation of only 16 
cm, about 40% of which falls in winter. Precipitation increases 
with altitude, and the surrounding hills receive up to 38 on/yr 
(ERDA, 1975). 

4.3.2 Geology 

4.3.2.1 Stratigraphy 

The stratigraphy of the Hanford area is 
summarized in Table 4.4 and the subsurface distribution of the 
stratigraphic units in Figure 4.20. 
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The Columbia River Basalt Group - The 
Columbia Plateau is underlain by more than 3,000 m of basalt 
flows (ERDA, 1975). The flows were extruded from fissures 
and were unaccompanied by violent explosion. Flows exposed 
at the surface are three to 45 m thick and some extend for 
tens of kilometers (National Academy of Sciences, 1978). 
Plows as thick as 120 m have been confirmed by drilling 
(National Academy of Sciences, 1978). The top of each flow 
may be slightly-to-moderately vesicular, but the vesicles are 
mostly unconnected and do not contribute to effective porosity. 
The upper and lower portions of each flow commonly contain 
columnar cooling fractures, while the central portions of 
thick flows generally arr only slightly fractured. These 
fractures, while open in basalts near the surface, appear to 
be closed at depth (National Academy of Sciences, 197B). The 
basalt is most perm able at the contact between successive 
flows, where rubbly zones are commonly developed. 

Interbeds of st ments separate the basalt 
flows and become increasingly thick upwards in the section. 
These sediments include clay, silt, sand, gravel, and some 
volcanic debris (National Academy of Sciences, 1978). 

Few hydrologic tests have been performed 
on the Columbia River basalt near Hanford. One well was used 
to investigate the variation of hydraulic conductivity of the 
basalt with depth, and 28 values were obtained from injection 
and swabbing tests (National Academy of Sciences, 1978). The 
most permeable zones were weathered or highly-fractured flows 
and the rubbly contact zones between flows. Hydraulic con
ductivity in this material is of the order Of 10" 3 cm/sec 
(LaSala and Doty, 1971). The vesicular, unjointed basalt has 
a hydraulic conductivity of about 10"^ cm/sec and the dense 
basalt in deep zones where fractures are apparently healed 
also has a hydraulic conductivity of about 10"6 cm/sec (LaSala 
and Doty, 1971). The sedimentary interbeds, generally fine
grained, are commonly less permeable than the zones of frac
tured basalt. Some interbeds may be very permeable, however; 
one coarse-grained sedimentary zone about 30 m thick had a 
hydraulic conductivity of 10" 3 cm/sec (ERDA, 1977; LaSala 
and Doty, 197.1). 

A summary of the data obtained from sev
eral other wells appears in Table 4.5. The wells are among 
the approximately 90 that penetrate into the Columbia ftiver 
basalt. Most of the wells are drilled only into the upper 
portion of the unit. Table 4.5 shows that while the hydraulic 
conductivity of individual basalt layers can be low, the 
transmissivity of a thick section containing several basalt 
flows can be high. 
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The effective porosity of the unit is un
known because no tracer tests have been performed. From well-
logging measurements, total porosity has been determined to 
be between 1 and 101 (ERDA, 1975). 

Surficial Sedimentary Deposits - A 
locally thick sequence of sedimentary material has been de
posited on top of the Columbia River basalts. The two prin
cipal units are the Ringold formation and the glaciofluvial 
and fluvial deposits (Table 4.4). 

The Ringold formation has been arbitrarily 
divided at its typo locality into a lower clay member, a gravel 
or conglomerate member and an upper sand-silt member; but this 
scheme is not applicable over the whole Pasco basin, because, 
as is typical for glacial deposits, the various sediment types 
are irregularly distributed. The Ringold formation is des
cribed in more detail in Table 4.4. 

The hydraulic conductivity of the Ringold 
formation, determined by pumping tests, ranges from about 
3 x 10" 4 to 7 x 10" 2 cm/sec (ERDA, 3975). More data on the 
properties of the Ringold formation are presented in Table 4.6. 

Above the Ringold formation lie the 
glaciofluvial and fluvial sediments, predominantly coarse
grained material deposited by a series of floods originating 
from ice-damned lakes upstream during Pleistocene time. De-
positional features include flood-scoured, gravel-filled chan
nels buried by later deposits which serve as conduits for 
groundwater flow (ERDA, 1975). These sediments are the most 
permeable deposits at Hanford, having a hydraulic conductivity 
of about 1 cm/sec. The Ringold and glaciofluvial sediments 
are collectively termed the "unconfined aquifer," and the re
sults of aquifer tests are presented in Table 4.6. The cal
culated distribution of hydraulic conductivity derived from 
existing data is shown in Figure 4.21. 

Other sedimentary units which play a 
lesser role in the movement of groundwater include the Palouse 
soils, fine-grained, wind-blown sediments locally lying between 
the Ringold formation and the glaciofluvial deposits, the 
Touchet fine-grained lakebed deposits, and volcanic ash beds. 
These lie above the water table and do not influence the satu
rated-flow regime directly, 

4.3.2.2 Structure 

Since their eruption, the basalt flows have 
been gently deformed into a series of anticlines and synclines 
which form the framework of the present topography. The Ringold 
sediments filling the Pasco Basin are only mildly warped, and the 
younger sediments have barely been deformed (ERDA, 1975), Fault
ing has been minimal, and, in general, geologic structure has a 
minor effect on groundwater movement. 
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4.3.3 Hydrology 

4.3.3.1 Introauction 

There are two groundwater systems recog
nized at the Hanford Reservation, an un.confined system and 
a lower confined system. The unconfined system comprises 
most of the surficial sediments and is well-known, while the 
confined system comprises the basalts and locally the lower 
Ringold formation, and is less well-known. 

4.3.3.2 The Groundwater System 

An unconfined groundwater system occurs 
in the Ringold and younger sediments. Runoff from the hills 
surrounding the Pasco basin and infiltration from rivers 
recharge the aquifer. Precipitation falling directly on the 
thick sediments may evaporate before infiltrating to the water 
table (Isaacson et al., 1974; Brownell et a_l., 1975). 

Artificial recharge is supplied by waste 
disposal operations at the Hanford facilities, including in
filtration of liquids from cribs, trenches, and seepage ponds. 
These operations have substantially altered the groundwater 
regime; Figure 4.22, a reconstruction of the water table be
fore artificial recharged, shows that the table sloped gently 
and fairly uniformly towards the Columbia River with an aver
age gradient of about 0.001. Figure 4.23, a map of the water 
table in 1975, shows that two mounds have built up beneath dis
posal areas, 23 m and 6 m above the natural position of the 
water table. Groundwater gradients have increased, and ground
water has risen in wells as far as 26 km from the disposal 
operations (ERDA, 1975) . 

Figure 4.24 shows groundwater flow paths 
for liquid originating at the disposal sites. The velocity of 
groundwater flow averages about 50 m/day (ERDA, 1975; Newcomb 
et al., 1972). 

Monitoring wells have been used to trace 
the migration from disposal sites of radionuclides in the un
confined aquifer (see Figure 4.25). Some of the flow from 
cribs and ponds near the Columbia River discharges to the river 
8 to 240 m away within three to eight days (ERDA, 1975). Up 
to at least 1973, dilution at the Columbia River was relied 
upon to lower the concentration of some radionuclides from one 
disposal area to permissible levels (ERDA, 1975). 

The confined groundwater system at Hanford 
includes the Columbia River basalt group and the lower Ringold 
formation where clay beds act as aquitards. This system is, 
in general, poorly known, but each permeable zone is recognized 
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as a discrete leaky aquifer (National Academy of Sciences, 1978). 
A map of the piezometric levels in the uppermost confined 
aquifer appears in Figure a.26. The horizontal component of 
the gradient over most of the Reservation is about 0.0002 to 
0.001. 

Recharge to the confined groundwater 
system is derived from precipitation on the highland regions 
of the terrain (National Academy of Sciences, 1978), especially 
where the basalt crops out. The attitude of the basalt affects 
the recharge of the system; since the basalt aquifers are 
layered between impermeable 2ones, flat-lying basalt sections 
experience slow recharge while tilted and broken basalt sections 
on anticlinal ridges expose the permeable zones for rapid re
charge (Newcomb et al., 1972; Newcomb, 1961, 1969). Recharge 
is also derived from irrigation on lands to the east and north 
of the Hanford Reservation (National Academy of Sciences, 
1978). The groundwater discharges in a zone beneath the gen
eralized course of the Columbia River (National Academy of 
Sciences, 1978). 

Geotechnical evidence shows that: (1) 
water currently in the confined aquifer beneath the Hanford 
Reservation probably entered the aquifer during a climate 
colder than at present, and (2) water from one zone entered 
the aquifer about 13,000 years ago. Thus, water movement in 
this zone appears to be slow. 

Over most of the Hanford Reservation, 
the piezometric level of the confined aquifer is higher than 
the water table by 0.3 to 10 m (NAS, 1978). There are few 
measurements of the variation of head with depth in the con
fined aquifer, but those that exist suggest an upward gradient 
several times the magnitude of the horizontal gradient (NAS, 
1976). 

4.3.3.3 Groundwater Models 

The history of groundwater modeling at 
Hanford is described in ERDA (1975): 

"Initially, simple graphical flow net 
analyses and analog models were applied and evaluated. In the 
early 1960's a program was initiated to develop the capability 
to predict transport of contaminants in Hanford sediments. 
Early models developed to predict groundwater movement under 
steady state conditions required many compromising assumptions 
to simulate the system. The models were not able to simulate 
transient conditions or waste transport and thus were not ef
fective tools for managing a groundwater basin. In the late 
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1960's an intensive effort was initiated to develop a more 
refined model that wouid provide transient analysis of con
taminant movement. 

"To date, models for describing groundwater 
and contaminant movement in the unsaturated zone and the un-
confined aquifer have been developed and tested against analyti
cal solutions and limited field data. The testing provided con
fidence in the mathematical methods and the approach being used. 
Verification with field data showed areas where data cover
age was inadequate and pointed up the need for development of 
a technique to compute uncertainties in the output based on 
known uncertainties in the input data. Additional data and 
work are needed to reduce the uncertainty in the model predic
tions. 

"In general, the Hanford Reservation model
ing is divided into three categories: 1) unsaturated-zone 
analysis capability, 2) saturated unconfined groundwater 
analysis capability, and 3) transport capability. The unsatu
rated and saturated portions of the groundwater system were 
considered separately in order to develop feasible models. 
The transport phenomena were assumed to be affected by, but 
not to affect, the convective flow patterns. 

"The model development effort is separated 
into three major categories: data models, hydraulic models, 
and contaminant transport models. Data models calculate from 
a relatively small number of field measurements the input 
characteristics required for operation of the hydraulic and 
transport models. The hydraulic models predict the groundwater 
velocities in the unsaturated and saturated sediments. The 
transport model combines the groundwater movement calculated 
by the hydraulic models with soil-waste reactions to predict 
the contaminant movement rate. The groundwater convective 
transport is simulated independent of waste movement 
A major data model, the TIR, has been developed for calculat
ing the hydraulic conductivity distribution in highly hetero
geneous aquifers where characterization by field measurement 
alone would be prohibitive. The method is based on the numeri
cal integration of the Boussinesq equation for the transmissi-
vity along instantaneous streamtubes of flow. Testing of the 
computer program on a synthetic surface identified a set of 
control parameters that resulted in a maximum computation error 
of + 5%....(Details of the model assumption limitations, error, 
and ssnsitivity analyses are contained in Garlock et al., 1974.) 

"The basic hydraulic models are the Variable 
Thickness Transient Groundwater Model (VTT) and the Partially-
Saturated Transient Flow Model (PST). The VTT Model was developed 
to predict the changing height of the water table {phreatic 
surface) throughout the unconfined aquifer underlying the Han-
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ford Reservation. H provides for the simulation of two-
dimensional flovi in unconfined aquifers. The model utilizes 
the nonlinear transient Bo^ssinesq equation with the ap
propriate initial and boundary conditions. The heterogeneous 
permeability distribution input can be calculated by the TIR. 
A successive line over-relaxation technique with unequal time 
steps is used for numerical Solution. 

"The PST Model includes a mathematical 
description and computer program to simulate transient Darcian 
transport of a fluid in heterogeneous partially-saturated 
porous media (Reisenauer, 1972). Thn objective of the model 
is to assess movement of groundwater in the unsaturated 2one, 
The model involves the solution of the basic two-dimensional 
equation of flow in the unsaturated region (Reisenauer, 1972) . 

"A transport model (Baca et d., 1973; 
Ahlstrom and Baca, 1974) has been developed for use with the 
PST and VTT Models for predicting movement and distribution of 
contaminants in groundwater systems. Based on the two-dimen
sional form of the general diffusion-convection equation, the 
model considers variable dispersion coefficients, variable 
media thickness and sin!'; and/or source terms. The model has 
two major components: the macroion segment handles dissolved 
minerals that are typically present in groundwater systems, 
and the microion segment predicts movement of contaminants which 
are normally present in trace quantities (in comparison to the 
naturally-occurring materials). The model encompasses the 
compound problem of multi-component transport with simultaneous 
chemical reactions and includes the general transport mechanisms 
of advection, dispersion, and sorption, as well as radioactive 
decay. Each segment can be run as a separate model," 

4.3.3.4 The Unsaturated Zone 

The unsaturated, or vadose zone, reaches 
a maximum depth of about 100 m at the Hanford Reservation. It 
consists primarily of widely graded silts, sands, and gravels, 
although at some locations, basalt lies within the unsaturated 
zone (Figure 4.27). 

Because of the potential consequences of 
radionuclide migration to the Columbia River, the unsaturated 
zone at Hanford is being studied intensively. Several years 
ago, two lysime^ers (3 m-diameter, instrumented pipes buried 
20 m into the soil, to monitor vertical movement of soil 
moisture) were constructed, and during the past five years 
the data have indicated that a large percentage, if not all, 
of the rainfall that infiltrates the upper 12 m of the soil 
eventually evaporates. 
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4. 4 Copper Wine krea, Ari2or, i_ 

4.4.1 Introduction 

Within the Colorado Plateau province of south
western United States, deop water tables can occur where there 
is a combination of deep -irainage by canyons, low recharge 
caused by the arid climate, and a thick section of relatively 
permeable rocks. The Copper Mine area (Figure 4.28), a small 
portion of the Colorado Plateau, demonstrates the profound 
influence that local geologic structure can have in maintain
ing deep, unsaturated zones in rock. The Navajo sandstone, 
widespread in the surrounding area, is in many places an ex
cellent aquifer. In the Copper Mine area, however, the sand
stone is sandwiched between rocks that do not readily transmit 
water, and it is located adjacent to and well above the Colorado 
River on the limb of an anticline la convex upward fold). 
Drainage is directly into the Colorado River, and it is un
likely that the jroundwater level could rise appreciably, 
because, as shown in the cross section in Figure 4.29, the 
elevation of the groundwater table is strongly controlled by 
the depth of the canyon of the Colorado River. 

The Copper Mine area is located near the Utah 
border and lies within the Navajo Indian Reservation. The 
region is arid and is composed of elevated plateaus of roughly 
horizontal sedimentary rocks which have been deeply dissected 
by the Colorado River and its tributaries. While the area 
may not be a suitable repository site because of its location 
within the reservation, it provides an excellent example of 
how a ti.ick, unsaturated zone of wide, horizontal extent can 
be maintained in rock under certain geologic and topographic 
conditions. 

The climate of the Copper Mine area is influenced 
strongly by its altitude and the surrounding mountain barriers. 
The mean annual precipitation is about 20 cm and the mean 
annual temperature is about 12°C. Summer precipitation supplies 
50 to 65 percent of the annual total and is sporadic, whereas 
winter precipitation is generally distributed evenly. Summer 
temperatures higher than 38°C (100°F) are common. Prevailing 
winds are southwesterly. The distribution and orientation of 
dunes and other eolian deposits indicate that the wind move
ment in the area during the past million or more years (at 
least during times of eolian deposition) was from the south
west and generally similar to the present wind pattern (Cooley 
et al., 1969). 
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4.4.2 Geology 

4.4.2.1 Stratigraphy 

The Copper Mine area is located on the 
Kaibito Plateau under which lies over 1,300 meters of sedi
mentary rocks (sandstones, shales and limestones) re1-*- g 
upon an igneous and metamorphic basement (Cooley, el. ,T1. , 
1959). A summary of the stratigraphy and certain characteristics 
of the stratigraphic units is presented in Table 4.7. 

The sedimentary rocks have been classified 
according to their water supply capability. The term "multiple 
aquifer system" is used to describe one or more aquifers which 
are separated from other aquifers by aquicluJes (rocks which 
do not transmit water). A specific multiple-aquifer system is 
designated by the initial letter of the major aquifer of the 
system. 

The sedimentary rocks of the Kaibito 
Plateau have been divided into four groups which, from upper 
(younger) to lower (older) are described below. 

1. The N multiple-aquifer system is named for the Navajo 
sandstone, the major aquifer of the system. It is capped over 
the northern part of the plateau by about 25 m of essentially 
impermeable red siltstones of the Carmel formation, which act 
as an umbrella to prevent precipitation from percolating into 
the N-multiple aquifer system. Sandstone beds form a minor 
part of the Carmel formation whereas the siltstone units range 
in thickness from 1.5 to 6 m (Harshbarger et al., 1957). 

The main aquifer of the system is a 244 m thick sec
tion of Navajo sandstone. Although the Navajo sandstone is a 
regional aquifer, it is largely unsaturated in the Copper Mine 
area. It is composed of medium- to fine-grained sand *md in 
most places is bonded with a weak calcareous cement, fhe for
mation is remarkably uniform throughout the Colorado Plateau 
region. 

In its lower portions, the Navajo sandstone is inter-
bedded with about 40 meters of the impermeable Kayenta forma
tion and is isolated at the bottom from the underlying multiple 
aquifer system by about 500 meters of impermeable rocks, the 
silty sandstones and sandy siltstones of the Moenave, Chinle, 
and Moenkopi formations. In its typical occurrence, the Kayenta 
consists of a fine-grained sandstone interbedded with mudstone 
(Harshbarger, 1957). The sandy units of the Kayenta are con-

# 
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nected hydraulically with the Navajo sandstone and form part 
of the N multiple-aquifer whereas the mudstone units act as 
confining beds (McClyraonds. 1961). The silty sandstones and 
sandy siltstones of the underlyinq Moenave formation are not 
waterbearing and are interbedded with the overlying Kayenta 
to form the bottom confining aquiclude for the N multiple-
aquifer system. In this location, the Koenave would act to 
keep water from leaking upward into the unsaturated zone of 
the Navajo sandstone if the underlying aquifer were saturated. 

2. The Moenkopi and Chinle formations arc; mainly aqui-
cludes (Cooley et al., 1969). They comprise mudstones and 
siltstones which together are about 380 m thick as measured 
in sections 4 miles northwest of the Copper Mine area (Cooley 
et al., 1964). They act as a further barrier to prevent the 
transfer of water between multipl -aquifer systems. 

3. The C multiple-aquifer system is named for the 
Coconino Sc"idstone, a rock composed of well-cemented, wind
blown sand. Other members of the system which yield small 
amounts of water in this area are the Kaibab limestone and 
the upper part of the Supai formation. The Coconino sand
stone is saturated under part of the Kaibito Plateau but is 
unsaturated in the Copper Mine area. The C multiple-aquifer 
system, including the relatively impermeable basal siltstone 
bed:-, of the Supai formation, is about 300 m thick in the 
Copper Mine area. The siltstone beds form the lower confining 
bed for the C multiple-aquifer system. The closest outcrop 
of the Supai formation to the Copper Mine area is in the gorge 
of the Colorado River about 25 km to the west. These rocks 
lie below the level of the Colorado River in the region of 
the buried anticline at Copper Mine, and they do not affect 
directly the hydrology of the unsaturated zone at the Copper 
Mine area. 

4. The Redwall limestone is an important aquifer yield
ing large amounts of water to the Little Colorado River at 
Blue Springs, approximately 63 km south of the Copper Mine 
area. It is too deeply buried to affect the area of this 
study and is mentioned only to complete the description of 
aquifers in the total stratigraphic column above the basement 
rocks. 

4.4.2.2 Structure 

The Kaibito Plateau is locate* in the south-
central part of the Colorado Plateau province, wtu. h is char
acterized by nearly horizontal strata, high elevations and 
spectacular canyons (Fenneman, 1931). As shown in Figure 4.28, 
the Copper Mine area lies on the limb of the elongate Preston 
Mesa anticline where it crosses the north part of the Kaibito 
Plateau (McClymonds, 1961). 
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The province has been generally stable 
for about 600 million years since late Precambrian time. It 
was warped into gentle folds about 70 million years ago during 
late Cretaceous time and was uplifted and faulted about 10 
million years ago during late Tertiary and Quaternary time 
(Harshbarger et a_l., 1957). 

The regional uplift set the stage for 
erosion» and rivers have di ssected the area into an intricate 
pattern of canyons. To the east of the Kaibito Plateau, the 
Echo Cliffs and Marble Gorge of the Colorado River expose some 
1,000 m of the stratigraphic sequence down to the Redwall 
limestone (Cooley et al., 1969). 

The Preston Mesa-Mt. Beautiful anticline 
can be traced for over 240 kilometers to the southwest from 
the Copper Mine area (Cooley et al., 1969) (Figure 4.28). In 
the area of interest, the dips of the anticline and the as
sociated synclines to the east and west are less than 3 degrees 
(McClymonds, 1961). These low dips exemplify the very gentle 
nature of the folding in the Colorado Plateau. 

There are several faults at Morman Ridgf 
on the anticline crest south of the Copper Mine. The displace
ment on the faults does not exceed 15 meters (Harshbarger et 
al., 1957). In general, the faults in the Copper Mine area 
are too isolated and displacements are too small to influence 
groundwater flow (Cooley et al., 1969). 

4.4.3 Hydrology 

4.4.3.1 Groundwater Recharge 

Recharge to aquifers in the area is from 
precipitation, ephemeral streams or interformational leakage 
of groundwater. Direct recharge is controlled by the rock 
permeability, geologic structure, characteristics of surficial 
deposits and by the duration, type and amount of precipitation 
(Cocley et al., 1969). As shown in Figure 4.29 the Navajo sand
stone is capped for the most part by the relatively impermeable 
Carmel formation in the Copper Mine area. The cap extends for 
about 14 km on the surface over an interval where the elevation 
decreases about 275 m toward the north. Where it occurs, the 
Carmel retards greatly the infiltration of rainfall into the 
underlying Navajo sandstone, and what water does infiltrate the 
upper few meters of the Carmel formation is believed to be lost 
to the atmosphere by evapotranspiration. 
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In this area, it is unlikely that recharge 
would occur from an underlying aquifer since,, as is shown in 
Figure 4.30, the C multiple-aquifer below the Navajo sandstone 
is not saturated in this area. Furthermore, even if the C 
multiple-aquifer system were saturated, it is separated from 
the Navajo formation by about 400 m of relatively impermeable 
rocks, the Chinle and Moenkopi formations. 

4.4.3.2 Groundwater Flow and Discharge 

Movement of groundwater in the copp< Mine 
area is toward the Colorado River (Cooley et aL., 1969). 
Figure 4.30 shows the water level contours in the N multiple-
aquifer system. 

The average hydraulic gradient in the 
Navajo sandstone from the northern boundary of the Copper Mine 
area to the Colorado River, as determined from the water-level 
contours of Figure 4.30, is approximately 0.03. Based on fiild 
measurements, the transmissivity of the Navajo sandstone ran 'es 
from about 5 to 50 m2/day (Cooley et al., 1969). These valut s 
of transmissivity and a hydraulic gradient of 0.03 indicate 
that the flow to the Colorado River per meter of width of the 
Navajo sandstone (where saturated) ranges from about 0.2 to 
2 nr/day. Groundwater flow does not occur directly in the study 
area, however. 

The length of groundwater flow is approxi
mately 15 km,and commonly discharge flows into the Colorado 
River from springs associated with rock fractures near the 
base of the Navajo sandstone. 

As shown in Table 4.8 the permeability of 
the Navajo sandstone as measured from cores ranges from about 
1.4 x 10"4 to 2.3 x 10" 2 cm/sec. Assuming an effective porosity 
of 0.30 the flow velocity under a hydraulic gradient of 0.03 
would have an approximate range of 4 to 700 m/yr. Therefore, 
the residence time of water in the aquifer, if it were to enter 
below the Copper Mine area, would be of the order of 20 to 
4,000 years. 

4.4.3.3 The Unsaturated Zone 

To the north and northeast of the Copper 
Mine area, the Glen Canyon of the Colorado River and the tri
butary Navajo Canyon expose the Navajo sandstone and provide 
drainage down to the river elevations. 
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As shown in Figure 4.29, a zone of 
unsaturated Navajo sandstone extends approximately 10 km 
eastward from the Colorado River. The thickness of the un
saturated zone at the Copper Mine area ir> about 250 m. As 
shown in Figure 4.30, the zone of unsaturated rock has an 
areal extent, centered at the Copper Mine area, that is rough
ly circular with a diameter of about 25 km (an area of approxi
mately 500 kur). No studies have been made of the flow of 
water in the unsaturated zone. 

As can be seen from Figure 4.29, the 
groundwater level in the Navajo sandstone is strongly controlled 
by the elevation of the Colorado River, and a major change in 
the level of the river would be required to raise the water 
table significantly. Because there is no evidence that this 
deep drainage will be significantly altered by tectonic acti
vity, the extensive unsaturated zone at the Copper Mine area 
will, in all probability, continue to exist for the design 
lifetime of a radioactive waste repository. 
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TABLEU • SUMMARY OF STRATIGRAPHY AND HYDPOLOGIC PARAMETERS OF 
GEOLOGIC W7ER1MS AT HEVAPA TE5T SITE 

HydrogeOlogic 
Unit 

Maximuff 
Tnicknuss 

At NTS 

Litholoqy Dominant 
Plow 

C h a r a c t e r i s t i c s 

Hydraulic 
Charac ter i s t ic" ! 

V a l l e y - f i l l 
Aquifer 

Dis,-or.t inumjs i n t e r -
tHjdrt uf cortrflp to 
f ini> (irainril i e d l -
f'-nta iniiurilntj a l 
luvia] Ui\, Inktbpd, 
r l vo r , anil mudflow 
Jp | idi ta , p a r t i a l 
ceiwntcd wjth call*, 
and loca l ly dreplv 
cracked. 

J n t e r s t t i a l 
flow, except 
l o c a l l y f r ac tu re 
ilow ID lush 
f u t u r e ! a t (>Uyi 
c r i c k s . 

T r a n f l i i i i i v l t y ; 
164 mVday. 

Lava-
fiow 
Aquifer 

Lava flown, with ' 
tJcal coo] inq Inv 
turns. 

Welded 
Tuff 
Aqu i fer 

Hctl'li-il 
Tuff 
A-[Ui h i 

ftr.'i-vcidpd tc copi-
plott-ly w«lded aSh-
( U v tuff; hiqhly 
fractuiod m the 
Piddle ol each flow. 

Aflh-fii)1 tuf f rtlid 
l u f f rrwortrrt l»y 
ruiuiniu. WAtrr: HQlt, 
fl/,C T ('(.'lUf 
-trained: mi f rac
tured . 

uff Aquiijrd 

ASh fal l and ash 
flow tu f f s wjth a s 
sociated sediments; 
f rac tures uncon
nected; ex tens ive ly 
zeoli t n o d . 

Fracture flow in 
macroscopic 
voids . 

F rac tu re !Jov-. Tr .msmis5ivi ty: 2 .5 to 
8'JO m2/ ( |ay. 

I n t e r s t i t i a l 
flow. 

Transnuaaivi ty : 16 m /day 
Hydraulic conduc t iv i ty : 
) K ID" 3 t o l.fc x H T 1 

m/day. 

I n t e r s t i t i a l 
flow. 

Hydraulic conduc t iv i ty : 
1 0 - 3 t o 10"* ra/day 

Permian 
to 

I'nnnjiVlvaiT 

Upper Girl on 
a t e Aquifer 

IM f)hJy-f racLur<?d 
l imestone. 

MlSElSSip-
pian 
and 

Devonian 

Upper C l a s t i c 
Aquitard 

2,Jinn Conglomerate, a r g i l -
l i t e , and q u a r U i t e ; 
f r ac tu res believed 
t o be sealed by 
plastic deformation. 

Devonian to 
Cambrian 

Lower 
Carbonate 
Aquifei 

Limestone, dolomite , 
minor e l a s t i c rocksi 
h ighjy- f rac tured . 

Lower 
C l a s t i c 

Aquitard 

Qua r t z i t e . s h a l e , 
s i l t B t o n e , sandBtone; 
f r ac tu res bel ieved 
t o be sealed by 
plastic deformation. 

Similar to lower carbonate 
aqu i fe r . 

. ' n t e r s t i e i a ' 
flow. 

T r a n s a i s s i v i t y : 0.01 to 
0.1 m*/day. 

F ' ac tu ro flow. Low i n t e r s t i t i a l hydraul ic 
conduc t iv i ty : 4 x 10"* 
in/day. 
Transmissivi ty of forma
t ion ( includes f r ac tu re 
flowl: lfi m 2/day to 50fl+ 
n r / day . 

I n t e r s t i t i a l 
flow. 

I n t e r s t i t i a l hydraul ic 
conduc t iv i ty ; 3 x 1 0 " 9 

t o 4 x ID" 6 m/day. 

Geotechnical Engineers inc . Pro jec t 77393 
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TABLE 4.2 - INTERSTITIAL POROSITY AND HYDRAULIC CONDUCTIVITY 
OF CORES FROM ROCK UNITS AT NTS 
(From Winograd and Thordarson, 1975) 

Number of Range Mean 
Samples 

Tuff Aquitard (zeolitized tuff) 

Total porosity (%)a 34 19.8-48.3 37.7 
Effective porosity (%) - - _, , 

Hydraulic conductivity (m/day)° 34 2xl0~ -2xl0~ 2x10 

Tuff Aquitard (argillaceous tuff and argillaceous sediments) 

Total porosity {%) , - " 
Effective porosity (*) 32 1.8 - 21.6 11.0 
Hydrauli; conductivity (m/day)C 38 8x10 -2xl0~ 2 8xl0~ 

Upper Clastic Aguitard 

Total porosity (%)3 22 2.0 - 18.3 7.6 
Effective porosity (*) 22 0.6 - 15.1 4.2 
Hydraulic conductivity (m/day) -

Lower Carbonate Aquifer 
, .a 

Total porosity (%) 
Effective porosity (%) , 
Hydraulic conductivity (m/day) ' 

16 0.4 - 12.4 3.4 
25 0.0 - 9.0 2.3 
13 8xl0"7-4xl0~3 4xl0~ 4 

Lower Clastic Aquitard 

Total porosity (%) 
Effective porosity (%) 
Hydraulic conductivity (m/day) 

Determined from grain and bulk densities. 
Determined by mercury injection or water saturation 

23 0.2 - 10.0 3.8 
20 0.6 - 5.0 1.9 
18 3xl0"8-4xl0~6 4x10" 7 

^Conductivity to Denver, Colorado, tap water. 
Tfcst hydraulic conductivity in the carbonate aquifer is derived from 
fractures, not interstitial voids. Thus, these values understate 
iormational hydraulic conductivity. 
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TABLE I.-Summary of prtncifxitcharacteristic}, and strattgraphic relations of gwfagic units 

P W M ) U h i i l o p r unit " ^ ' j j j " Chv5i«l character Origin 

Windblown 0- 3p 
deposit* 

Fine u n d and n i t Mantle*, UrRC artaa I D vai iaui 
pa rUo l l beNRTS 

Lovfv t ramparted frvm distant 
K U r t n Dune <flnd derived frorr. 
'ccai utmrm 

Playa deposit.- 0 HI* White i r l i f ihl-Un flay. si l l , and 
nand Chieflv poorly wr twl 
clave?, sandv sill Some i*.quite 
calrarmu* 

Govern about 72 tquar* milts 
wi lhin thf NRTS. in fc'je U r t 
Ri»er and Birch Creek plavas 
and numerous t a i w r e t j am id 
plavs*. 

Sediment* derived chirfiy from 
[oca! unamiiolidated older de-
posits 

Stopewwh and 0- ;&• 
lalir* 

SfapftaHih IN chiefh rewnrked 
•rindhltiwn M-dimfni.' minpr 
tmnunlordptn l j i l IwuK Talur. 
of Wind Twin Hul l t t- Work*, 
bliKk 10 hrtrnn. arnrratd deriFe 
t w t l t Talus or bast Twin Butte 
(on»;i*iJt ol fragment* of wekl»d 
lu l l , pumice, and miM*llanemjfi 
volcanic rocks, rangine. in i i v 
from jtund pa in 1 : to boulder* 

Sloprwaah occupiH numerals dr-
preaanna and *.ide*lnpe*. Tal in 
and nlopewash occur together 
artiund the flanks of Easl Twin 
Hu l l * arid on ihe northern flank 
of West T * . n Bu l l * 

Slnpewajh m derived Irom 
windblown material", local pro 
dutUof weathering anderoSion 
Talrn lit derived from ndj^enl 
i w k outcrops 

Alluvium of <hf A-12ft-
Hi(t U M Ri*ei b l re tavd w|lh varying amounts 

Qf j i l iandf tu idn ia i r i i ('oar*«*i 
m thf wuthem part of the Na
tion, pngmui/tir finrr painrd 
northward, beromine, fine rand 
l t d mil 

Cover* atout W fquarp mile* 
within thr N R T S i n a bell up to 
tpveial mi l r * • i l l * ' nn either side 
ol Ihe river 

Derived pfincipall) fmm nwun-
tain* m th f headwnter* area of 
UIP Bin Lost River onb id rn f ih r 
Stution 

Alluvium of Hirth (J 3Z* 
Creek 

Ssndv r fnbl r and tnhble pave l ; 
about Hi) percent by weight of 
gravel ana 20 prrreni sand and 
a l l m f l l n i I'artirlesaiProunded 
and art- similar in rompn'itK'n in 
those <n the alluvium ol the Rift 
l/wt River Thirtv i *o fool 
lh j t ) ine« penplraled at te-t * H I 
7N 31F. 3<hdl 

CovfMarK)utl ' i* ' | i fnernifp<.|nthe 
ertreme north''rn part of the 
NRTS. horth m l t | f Pirch CmV 
pl iya 

fJenvfd efiiehV (mm Hie dtamepp 
area ef Birch Crr+k outside the 
NRTS.oti the emUPtn ^Inpe of the 
Lemhi Rangr nnd the western 
dfor* of Lhf Beavrrhcad HntifK 

V I A l luv in l lan 0 I I I - -
g J dep^Hf 

Klnrk bavnll I) i f f 

U 

Nnnrompfl' L '«l boulder and cobWe 
pravrl in *m»tn» n( fmr maien-
•1K rnnjfine m «re from clay U> 
maewwnd 

(JVPTS ahoul l b Fijuarr mile* 
wtfhrn thr NUTS nrfjiifen! to 
fuolhill skipef near the weslem 
houndar^ 

Drnvptj l»om the nviimimns.. Inul 
hills, and ba>jll ndpr* Adjnrrnl 
loandnn thcNHTS 

Dntk p n y to block pfllnjchnr Ten. 
tut* ninp.es (mm nphamlic to 
porphvnlir Vw i fW. crevifis, 
ajfriti and Olbpr I rwIurM. »nd 
oprn rnnlartRbpl«ern |avfr»are 
common 

Covfrs iihout f> square m i lw in ihr 
extrrmt' i iouth'r i 'ntralpartoflhe 
NRTS 

Fitruded fmm vent nror Cnfat 
Bulte 

lake bril<. and 0 l l l j ' 
aKwcmirt) beach 
and har deutMib 

ftufce K i m Croup 0 -J ,5W* 
lundif lpipnl inufl ' 

Snndv anddnvey IurM r»iIi»rM*sih. 
*, i lh a fp« la>frs of fplati»elv 
pure hand, b i t . and clav 

On'rnaPni i t EflMimre miJe? in I h ' 
nnr thmi NRTS Thicknrw ol 
13' leel was dulled in tot hol* 
6N 33E 2Wdl 

Sedrmfnl*!dpr'Vf*f fir IW^MJ IV '»»« 
romh ' l i>|f* ol thr Hi ,»""fbwH. ' 
Centennml. and W«' "ikPr 
Honara. tf«n«-p*'rt«*t In * ' ' * Kifl 
I f l r t K(*f f . flrrfh l . ' w i and w-
KTmAlent tvfal Mumn-

Ch-efly n l ' ^ ' w bnwilt T n l u n ' 
lunj-w; ln»m cln*"> tupnrphyn 
tic (iray > n d blark arc the most 
mmmiri colors Vesicles, tre 
vicpi, joint*, f rar iun* , " j f n ran 
lacta f f ld other void* are (i>m-
mun B»«l t similar In that al 
furtace wai drilled at dr-ptb ol 
nearly I.StW (ert m t«» "«-U 
4N-30rV6abl. I « « l l v include* 
interf ln* heds of windblown. 
Incustnftf. and aHu«ial « b 
men (a 

• l)nmn(nrmiiy - — — 

Covprs nbaul 5711 rnjuarp rnib'-
within the NKTS, with oulcra|A 
in al l parthof UifMatmn 

Kulrudrd l i " in coi»"-
Mfne within Hnrf ^ 
the NHTS 

ml (• 
i- uutsidf 

rlasali, blockv. black to bm*n . 
ernenlh Jenw Thtrknt*^ al 
Went Twin Hutte n al«ul « « ' 
feel 

CuicrsnUurt 1 iqnitremiletnWpsI E i l rudrd (mm di'plh i 
Twin Riitti- area. 

•lutprop 

Vnlcunicrnrk* I' WW-
LindirlfreniinH-d' 

I'alHiiAir mcks 1 .5* * 

KVMi d («W ««h. [ '« " " " ' . .'od vari 
O V M V V ' I O I Ro» r<"ks Li'Mitcd 
Ihirknrnt M F^ t bmi r •>-annul 
WH)frrl 

• — Unronlnfrnit' ~ -

l"nnci|wlli limptlonp Ma* include 
minor imnunt^ ol *flnd<Jiine 
KilL-innr and conflnmrfal*- E* 
Itmaied iipusi-d tb l i knew m Ihif 
vtunitv . ' I ' red ' l . ^ iOfe i ' t 

( i r ru i i i r - Hl«mI I I 1 Mjunre miles al Flout, nneinntw) frmti ^^nt» ftl or 
F,a*t Twin Hultr and "Huwe ptarIhrnutvrdt)nr*<w l\r«c|»v. 
I'pint ' lie matetwi|(probBb|i liom iume 

w tei»«d venu. 

fjrf i ipiei. ahnut 2 'quarr milffl in Deposited i f i an antirnt w» 
norlh*e«t*TTi pnn of NHTS 

T a b l e 4 . 3 - CIENERAUZF.D GEOLOGIC FRAMEWORK OF THE NATIONAL REACTOR TESTING STATION, IDAHO 

( A f t e r Mace, e t a l . , 1975) 
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TABLE 4.4 - GEOLOGICAL HISTOKf OF PASCO BASIH 
(After ERDA, 1975) 

ERA SYSTEM SEWS 

pit isiocmt 

PLIOCENE 

MIOCENE 

OUGOCENE 

EOCDIE 

PALCOCE* 

O M S AND EOLIAN SEDIMENTS 

I0 40TEETFHICKI 

dUl lvlUM. COllUVIUM. l A M K U W S 
mtoof i rnmcKi 

PASCOGRAVELSAIIDTHETOUMT 

BtDsto-JooftmHicm 

PALQuSf SOILS 
1010 t i n IH ICKI 

FORMATION MitXllSEllHICKI 

- ELLENseuRC t?a !oo r t n T H I C M 

YAKIMA BASALT FORMATION 
IPROB. 250OFCETTHICKI 

PICTURE G0»C( FOR MAIION 
EQUIVALENT c'l 
IPROB. !500fFET IHICKI 

SAWS. INCREASINGLY FINER AND QUARTZ-RICH TO 

THE NORTHEAST 

UI60RTID HOBBLE AND DEBRIS, LOCALLY INUflFIHOER 
WITH RINCOIO FORMATION A W PASCO (TRAVELS 

SANDS A W GRAVELS OCCURRING AS GLACIAL FLOOD 

DEPOSITS. COMMONLY ROUGHLY GRADED. UNCON

SOLIDATED BUT HIGHLY COMPACT. 

WIND-IRANSPOSUD AND DEPOSITED SILT. LOCAllY 

VJEATHtRED TO CLAY 

WELL-BEDDED ILUVIAL AND FLOOD-PLAIN SILTS. SANDS 
ANDGRAVEL POORLY SORTED. COMPACT BUT VARIABLY 
CEMENIEO. BASAL PORTION LARGILY SIL I AND CLAY 
0! HIGHLY VARIABLE THICKNESS. REMAINDER Of FOR
MATION 15 INTERBEDDED GRAVEL SAND AND SILT. 
GENTLY DEFORMED. 

VOI.CANICLASTIC ROCKS AND THEIR WEATHERING 
PRODUCTS. LARGELY CLAYS. GRADES INTO AND INTER-
FINGERS WITH RINGOLO FORMATION SEDIMENTS. 

BASALTIC LAVAS VII IH IN1ERBE0D- D STREAM SEDIMENTS 
IN UPPER PART. LOCALLY FOLDED AND FAULTED. 

BASALTIC LAVAS POS5IBLY COMPARABLE TO THE 
TEANAVfAY BASALTS 

PROBABLY SANDSTONES COMPARABLE 10 THE SWAUK 
AND ROSLYN FORMATIONS 

ROCKS OF UNCERTAIN AGE. TYPE 
AND STRUCTURE 

PROBABLY METASEDIMENIS ANDMETAV0LCAN1C5 
INTRUDED BY GRANITIC ROCKS 
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TABLE 4.5 - CONFINED AQUIFER PUMP TEST RESULTS 
COLUMBIA RIVER BASALT 
(After ERDA, 1975) 

Well Number Transmissivity Hydraulic Conductivity 
mVday m/day 

199-B3-2 0.33 0.03 

199-H4-2 0.21 <0.03 

299-W11-2 9 0.03 

399-5-2 0.56 •̂ 0.03 
699-S18-E2 1.2 0.4 
699-S11-E12 3.3 0.3 
699-S6-E4-C 140-220 2.8-4.6 

699-S1-7-B 150-200 3-4 
699-10-E12 20 6 
699-14-E6 40-70 2-3 
699-14-38 37 40 
699-20-E12 33 2.8 
699-20-E5 40 0.4 
699-24-1 8 0.3 
699-28-40 0.45 0.1 
699-34-88 2.2 0.03 

699-84-35 0.4 0.1 
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TABLE 4.6 - AVERAGE FIELD HYDRAULIC CONDUCTIVITY 
< M/PAY) MEASUREMENTS 
{After ERDA. 1975) 

Tested 

Glaciofluvial 

Glaciofluvial and 
Ringold 

Ringold (including 
clays) 

Pumping 
Tests 

370-3,700 

37-200 

0.3-60 

Specific 
Capacity Tests 

400-5,200 

40-160 

2-12 

Tracer 
Tests 

2,400 

Cyclic 
Fluctuations 

670-2,300 

40-240 

6-18 

Gradient 
Method 

4-12 
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TAB LE A. 1 STRATIGRAPHY K7 THE, MOKTTt EDGE Q» K J I 6 I T C r t A T E W 
If laaed on d a t a f r o g C o a l c y f t -a I - . I tw-1- O o o i e y p t i - H ^ i w < - r t , T » r - J t , ? ? 6 i i 

L e o 
S t r a t l o r a p h i c Unit or 

M u l t i p l e - a q u i f e r 
Eye t asm 

Thickness of Unit Br-
n r * I h Northr -m Kn ib i to 

P l a t e a u 

iye toK S l r . i t luraptiM- (hut I i t r c l . w v 

H K u K l p I * - a q u i f e r 

S y * t e » 

2 * J„ . . „c Carnol fumuKion 
Kt l t r . tor i~ j n d name n n c * i a n e . Y i e l d s water to a few smal l s p r i n g * In nor tb*a3- tern Coconino C o m t y j 

f a m upper c o n f i n i n g bed o f the N m u l t i p l n - ^ q u i f e r l y s t r i . 

H K u K l p I * - a q u i f e r 

S y * t e » 

3 4 4 tZHL Navajo u n d i c a n i ' 
S d n d i t T r ; th i* : !«n» n a i t h * o a t w « r t . U n i t is t h * c h i e f a q u i f e r o ( the M atult i p l e ^ a q u i f t f r systesn y i e l d a 

« s « t l t f B*diia& mqunCE of v < t « r p r i n c i p a l l y i n the nor thern p a r t o f 
the N t v t i D I n d i a n P « i t v i l m n : bak' of format ion i Pon»-pkTv»»» 

H K u K l p I * - a q u i f e r 

S y * t e » 

4 0 TE13351CI?] Kayei , . i f r > ™ t ] g n 
C h i e f l y * gindntcnr in t h e n o r t h e r n p a r t of 
the Havaio Ind ian P r « n > j t i i > n ; c h i e f l y -» 
s i I t stone in s o u t h w f i ' e r n p a r t of the 

Y i e l d s water t o a few a p r l n q s i tongue* o f the Nava jo iand»tone in the 
upper [.art of the t o m s c i n n y i e l d smal l aanunts o f water t o w e l l s 
near Tut« C i t y : a f«w of theac w e l l * f i t ™ . 

H K u K l p I * - a q u i f e r 

S y * t e » 

1 1 1 

T n a s s i c l ? ! M O C M V O f o r m a t s S i l t / M n d i i o n p and ajnt iy &i I tstc-nc- Hot water b r ' r l n q . 

H K u K l p I * - a q u i f e r 

S y * t e » 

1 1 1 

T n a s s i c l ? ! 

Lukach-ulia l Member i t • Sandstone. 

Stack Point Hendber is i s i I t s tone dnd n i t t y 

Y i e l d s s » » l l and moderate aaw-unta of v i t i r -.D sprinOB. and w e l l s i n 
n a i i h u n Apache and Havafo c o u n t i e s . 

Y i e l d s >o*e water t o « p r t r t ) t i u n i t o e n e r a l l y does not y i e l d %uttl-
c l s n t w a t e r f a r d r i l l e d v e i l * . 

H _ IT} ""— Chin le rornai ion A l r p m o t i n q Mvaly un i tu «n th nandatons &h* ly a f i t s a re not water bear inq -H _ IT} ""— 
" ° " k " " ""-"">» s i lCx tc iK i anil aono i.aftdatone. Y i e l d s a s s u l ) aaount of wa te r t o a few w a l l a . 

C M u l t i p l e - a q u i f e r 

S y a t a * and B**.al 

a q u i c l u d * 

30 D 
,.~ t„ 

Kaibab l latcatone Llmeaton* and nmc l i n y la r .dMom- . Y i e l d s * » 4 l l amounts of waiter to a few m i l l near Le-upp. 

C M u l t i p l e - a q u i f e r 

S y a t a * and B**.al 

a q u i c l u d * 

30 D 
,.~ t„ 

'oroween f a n a t i o n C h i e f l y iundic<i) if . U n u a l l y M l u t a r b e a r i n g I n t f te M*v»}D c o u n t r y . 
C M u l t i p l e - a q u i f e r 

S y a t a * and B**.al 

a q u i c l u d * 

30 D 
,.~ t„ 

Coconino *andatone SandKpns. Un i t i n t h e c h i e f a q u i f e r of the C • u l t i p l « - * q u l f e r ayataMi y i e l d s 
w a l l t o l a r g e u a u n t i of water t o w a l l a i n • o u t h w e i t e r n p a r e o f 
Havaio coim t rv -

C M u l t i p l e - a q u i f e r 

S y a t a * and B**.al 

a q u i c l u d * 

30 D 
,.~ t„ 

Hnrmit shale C h i e f l y aandy t i l t a t i w i e . Mot water b e a r i n g . 

C M u l t i p l e - a q u i f e r 

S y a t a * and B**.al 

a q u i c l u d * 

30 D 
,.~ t„ 

Suj^n f o n w t i o n C h i e f l y l i l ' - l w r ir.-1 M n J l ' I T . '••pperwo't sandstone beds of f a n u t ion interconnect: hydro l o g i c a l l y 
w i t h the Coconino sa.idctonp. 

C M u l t i p l e - a q u i f e r 

S y a t a * and B**.al 

a q u i c l u d * 

30 D 

p r M i i y l v s j m - Suj^n f o n w t i o n C h i e f l y l i l ' - l w r ir.-1 M n J l ' I T . '••pperwo't sandstone beds of f a n u t ion interconnect: hydro l o g i c a l l y 
w i t h the Coconino sa.idctonp. 

Mailaall l ia«r * tono 
I s q u l f e r ) 1 M J MlS!i]3^L^piajl Rniw.ill l I B M t a n c C iDcs ton* . Y i e l d s l a r o e ™ o m t . o f water t o Blue Spr ing i n canyon o f the l ^ t t l a 

ColoraiSa R i v e r . • — ^ , . „ , 
H M V l i a e a t o n e Lines tone. 

Y i e l d s aaial l ajsount* o f wa te r t o a few i p r l n e i i n Marb le and i r a n d 
Canyonsj a»s t o f the water oovea in to the f o r s u t i o n frost the BedaralL 

— ^ , . „ , 
B-nqht AJTJCI shale S h a l e . Not wa te r b e a r l n q . • — ^ , . „ , 

Tapra t TI Mndstonn Sands to i l * and BOTHI c o n ^ l o n r r a t s j p a r t l y 
rtuart t i t i e . 

V l r - U n s n a i l aroountH at water t o f p r i n q n Ln "rand Canyon. • 1 B U M H H t nacfce — P f p c i * i r j .m ' J r a n t w • 1 B U M H H t nacfce — P f p c i * i r j .m ' J r a n t w 

• c ln l ca l Enqlneers Inc. 5«y. 
CZ3-Aquifer 
• I " hqui r lude 
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TABLE 4.8 - RANGE OF THE HYDRAULIC PROPERTIES OF THE 
NAVAJO SANDSTONE AQUIFER IN THE NAVAJO 
AND HOPI RESERVATIONS 
(After rooley et al., 1969, Table 7) 

Rock unit Navajo sandstone 

Median grain size 0.18 mm 

Porosity (lab) 25 to 35* (24 tests) 
-4 Hydraulic conductivity (lab) 1,4 x 10 to 

2.3 x 10" cm/sec (24 tests) 
2 TransmisGivity (field) 5 to 47 m /day (4 tests) 
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boundary between exterior and interior 
drainage (outline of Great Basin) 

Fiqure 4.1 - Outline and topography of the Great Basin 
(from Fenneman, 1931) 



outline of Nevada Test Site 
™ _ _ approximate boundary of Ash Meadows groundwater system (after Winograd 

and Friedman, 1972) 
approximate lines of cross-sections in Figure 4.7. 

Figure 4.2 - Index map of Nevada Test Site and vicinity, showing Ash 
Meadows groundwater system (after Winograd and Thordarson, 
1975) 



S 

Kaii']o Ranue 

Relief = a few thousand meters or less 
Distance = 20 to 40 km between ranges 

I I I I I I 

m 

Valley-fill aquifer and thin alluvial cover on highlands - inters' ii 
flow 

Volcanic aquifer - flow through inb/rconnert-nd 'Tartures 

volcanic aquitard - fractures discontinuous - interstitial flow 

Carbonate aquifer - fracture flow 

Clastic aquitarci - interstitial flow 

riguro 4,3" Scher.atic cross section of a typical topographic basin 
showing discontinuous valley-fill and volcanic aquitard, 
and generally continuous carbonate aquifer. 



Figure 4.4 - Hydroqeologic map of Nevada Test Site an! vicinity showing 
poteiitiometric contours and groundwater Clow directions 
(after Winograd and Thordarson, 1975 as 'eproduced in Borq 
et al., 1976). 



M--.-.J t — — i 

Figure 4-5 ~ Schematic cross section perpendicular to Basin and Range topography 
of regional flow system showing effect of topographically low dis
charge point and gentle hydraulic gradient on the establishment of 
the deep water table. Barrier to groundwater flow causes reduction 
in depth to water by increasing gradient. 
Note how the dam effect of the groundwater barrier causes a reduction 
in depth to the groundwater table. 
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Modified from Thordanon 11965. fifl d| 

EXPLANATION 

Weldei-tuff aquita 

S3 
Bedded-luff aquifer • 

Tuff iquifard 

zn 
Lower carbonate aquifer 

FRACTURE TYPES 

( j ) En echelon joints or Faults, some contain water, others 
empty 

(2) Faults, closed above tuff aquitard-carbonatc aquifer con
tact, fully and partly saturated 

(?) Fault, open at bottom, empty 
(4) Fault, with pinchmdswcll structure, partly saturated 

Water-filled fractures are black 

Figure 4.6 - Diagrammatic cross section of Rainier Mesa showing depth 
to the regional water table and perched and semi-perched 
groundwater. Vertical exaggeration about 2 times (from 
Winograd and Thordarson, 1975). 
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Figure 4.7 - Geologic and hydrologic cross sections showing various 
kinds of barriers to groundwater flow (lines of section 
on Figure 4.2; from Winograd and Thordarson, 1968). 
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Figure 4.8 - Schematic cross section of a topographic basin showing 
typical shallow groundwater flow system including 
upward flow under valley floors. 
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Figure 4.9 " The distribution of thick carbonate rock units in 
Nevada (the carbonate rock province; from Mifflin, 
1968). 
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Figure 4.10- Sketch map of the distribution of ash 
flow tuff in the central Great Basin 
(from Winograd, 1971, after Cook {I960}). 
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Figure 4.11 - Index map of and generalized groundwater flow pattern 
in the White River groundwater system (from Eakin, 1966). 
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Figure 4.12 - Diagrammatic profile showing relation of water level to 
land surface along axis of the White River groundwater 
system (from Eakin, 1966). 
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Figure 4.13 - Index map of Idaho showing the Snake River Plain and the 
Idaho National Engineering Laboratory (from ERDA, 1977). 
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Fit ure 4.14- Diagram showing the geometry and formation of 
spring alcoves discharging the Snake River Plain 
aquifer (from Stearns et al., 1938). 
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Figure 4.15 " Contour map of the depth to the water table under part of the 
Snake River Plain where a) the vartose zone is thickest and b) 
there is adequate data for contouring (from Hundorff et al., 1964). 
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Figure-4,16 - Sketch of the waste disposal area showing distribution of 
tritium in the Snake River Plain aquifer in 1970 (from 
ERDA, 1977). 
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Figure 4.17 - Sketch of waste disposal area showing distribution of 
Strontium-90 in the Snake River Plain aquifer in 1970 
(from ERDA, 1977). 
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Figure 4.18 - Distribution of tritium in the Snake River Plain aquifer 
in the year 2000 as predicted by the digital model, as
suming disposal continues at the current rate (from ERDA, 
1977}. 
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Figure 4.19 - Index map of the Hanford Area, Washington State, showing 
the Pasco Basin and the Hanford Reservation (from National 
Academy of Sciences, 1978). 
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Figure 4.20- Geologic cross section of the Hanford Reservation from 
east to west showing the distribution of subsurface 
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(from ERDA, 1975). 
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Figure 4.21- Hap of the distribution of hydraulic conductivity 
in the unconfined aquifer under the Han ford 
Reservation (from ERDft, 1975). 



Figure 4.22 - Reconstruction of the water table under the Hanford 
Reservation as it probably occurred in 1944, before 
the start of Hanford operations (from ERDA, 1975). 
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Figure 4.23 - Contour map of the water table under the Hanford 
Reservation in 1975 (from ERDft, 1975). 
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Figure 4,24 - Map of the 1972 water table under Hanford including 
groundwater flow lines (from ERDA, 1975). 
Note: Convergence points of streamlines are questionable. 
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Figure 4.25 - Map of the Hanford Reservation showing the waste plume of 
tritium migrating in the unconfined aquifer (from ERDA, 
1975). 
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Figure 4.26 - Map of the piezometric level in the uppermost confined 
aquifer in 1970 (from ERDA, 1975). 
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Figure 4.27 - Simplified geologic cross sections 
of the Hanford Reservation showing 
the water table and material in the 
vadose zone (from ERDA, 1975). 
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Figure 4.29 - Section of buried anticline. The zone of interest in the 
unsaturated Navajo sandstone is shielded from precipitation 
by the carmel formation and is freely drained by the deep 
canyons of the Colorado River. (McClvmonds, 1961). 
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5. CHARACTERISTICS OF A VADOSE ZONE REPOSITORY 

5.1 Introduction 
Successful demonstration of geologic disposal of radio

active waste in a particular medium requires that two condi
tions be met: (1) that the medium exist at at least one geo
graphic location, with sufficient areal extent such that 
reasonable criteria relative to population density and political 
boundaries could be met and (2) that the effects of pertinent 
geological and hydrological processes and of the activities 
associated with site exploration and waste emplacement are under
stood to the point that the containment and isolation of the 
radionuclides for the required time span could be assured. 

Implicit in this second condition is the requirement that 
the characteristics of the medium which affect containment be 
measurable and that their effects can be bounded so that numeri
cal estimates of potential release of radionuclides to the bio
sphere «re possible. 

Several of the geologic and hydrologic factors that char
acterize the vadose-zone-repository (VZR) concept are described 
in the following section. These factors are presented in two 
categories*, those that appear advantageous for the containment 
of radioactive waste and those that do not. Section 5.3 out
lines the analytic and numerical techniques available for model
ing the transport of radionuclides from a VZR. Conclusions re
garding the VZR concept are given in Section 5.4 and recom
mendations for additional study are presented in Section 5.5. 

5.2 Factors Affecting the VZR Concept 
5,2.1 Factors Favoring the VZR Concept 

Large areas with deep water tables can be found 
in several parts of the United States. The Great Basin area 
of Nevada, which contains the Nevada Test Site (NTS), has two 
groundwater systems where water tables are as deep as 1,000 m 
over areas of many square kilometers. The Copper Mine area 
of the Colorado Plateau in Arizona typifies the type of geo
logic setting where deep drainage by canyons lowers the water 
table to depths of several hundred meters over areas of several 
hundred square kilometers. The water table at the Hanford Re
servation, which is located on a portion of the Columbia River 
Plateau in Washington, reaches a maximum depth of about 100 m, 
and at the Idaho National Engineering Laboratory (INEL) of the 
Snake River Plain, the water table is locally as deep as 3Q0 m. 
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Soil or rock with interstitial porosity constitutes 
the vadose zone in many arid areas. Studies indicate that down
ward movement of rainfall ?.n arid areas is greatly retarded, 
if not eliminated, where soil or rock with interstitial porosity 
forms the upper 10 to 20 m of the vadose zone. Rainfall im
pinging on the surface of a porous medium is drawn into it by 
capillary and gravitational forces but it is held near the 
surface in pore storage after an approximate balance is reached 
between flow due to gravity, capillary forces and thermal 
gradients. Studies at Hanford suggest that, in that region, 
rainfall is held in the upper 12 m of soil, from which it is 
slowly lost by evapotranspiration. On the other hand, few data 
are available on infiltration through rock in which fracture 
permeability dominates over interstitial permeability. 

Moisture flow can be extremely slow in media with 
interstitial porosity at low water contents. As a first ap
proximation, the velocity of flow under gravity through porous 
media can be found by: 

K(0)i v = 0 
where v = velocity of flow 

K(Q) = hydraulic conductivity, a function of 0 
i = gradient 
0 = volumetric water content. 

There are no hydraulic conductivity measurements 
of unsaturated soil or rock with interstitial porosity at the 
low water contents typically found in arid regions. However, 
since hydraulic conductivity decreases with water content, an 
upper bound to the actual hydraulic conductivity of soils in 
arid areas can be estimated by using laboratory values deter
mined for loam soils at the lowest water contents used in the 
tests (typically 10% by volume as opposed to typical field 
values of about 6% by volume). Typically, laboratory values _^ 
of hydraulic conductivity of such soils are of the order of 10 
cm/sec or less'1'. For gravity drainage the vertical downward 
gradient (i) is one. However, downward flow would actually be 
slower than predicted using a gradient of unity because moisture 
movement caused by the geothermal gradient is opposite to that 
caused by gravity. Assuming a volumetric water content of 0.06, 
the velocity of flow in this instance would be about 1 m in 
20,000 yr. This represents a maximum rate of radionuclide 
transport since sorption or chemical retardation has been neg
lected. 

'Extrapolation of published hydraulic conductivity vs water 
content curves would give K = 1 0 ~ " cm/sec or less at water 
contents of 6%. The higher value of 1 0 " ^ cm/sec is used 
for conservativeness. 
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The flow of moisture in an unsaturated medium is 
down thermal gradients. As shown in Section 3 moisture in un
saturated porous media, when subjected to a thermal gradient, 
flows toward lower temperatures. This has two consequences for 
a VZR: (1) moisture will flow away from a depository as long as 
the waste emits sufficient thermal energy (and if the deposi
tory is not inundated), and (2) moisture will tend to flow 
upward, mostly in the vapor phase, under the geothermal gradient 
of about 3C°/100m. Both of these phenomena provide an additional 
barrier to both the entry of water into the depository and the 
transport of radionuclides down to the water table. 

Soil moisture does not flow into voids in an un
saturated medium with interstitial porosity. The outflow 
principle of Richards (1950) states that where capillary 
moisture tension is high (such as in the soils at depth in 
arid areas), water will not enter larger pores from smaller 
pores. Therefore, in the case of downward moverent of moisture 
in unsaturated media water will not flow from a finer-grained 
medium into a coarser-grained medium until the upper stratum 
becomes saturated. The consequence of this phenomenon to the 
VZR concept is shown in studies by Frind et al. (1976), who 
demonstrate that potential downward infiltration can be cir
cumvented around waste storage rooms by backfilling the rooms 
with a gravel that is coarser than the surrounding soil. 

Areas with low population densities and deep water 
tables are available on large tracts of land in the western 
United States. There are several areas in the western United 
States which are so arid and where the water tables are so 
deep that irrigation and development are discouraged. In 
these areas of essentially desert terrain the population den
sities are near zero. In addition, much of the areas consists 
of large tracts of Federal land. 

5.2.2 Factors Adversely Affecting the VZR Concept 

Many arid areas with deep water tables are char
acterized by vadose 2ones composed of fractured rock that 
extends to the ground surface. In certain areas, such as INEL 
and in the mountains of the Great Basin of Nevada, rainfall 
is inferred or.observed to infiltrate rapidly downward through 
fractured rock. Such inflow above a VZR could reduce the 
effectiveness of the vadose zone in containing radionuclides. 
Specifically, observations at Rainier Mesa at NTS suggest 
that rainfall readily percolates through several hundred 
feet of rock to the water table: inflow occurs in tunnels 
which are located in fractured rock 300 m below the 
rock surface and peaks only a few months after the 



corresponding peak in precipitation. At INEL, a model which 
adequately simulates the groundwater hydrology is based on the 
assumption that 10% of the annual rainfall/ some 2 to 3 cm, 
percolates down through fractured basalt to the water table. 
Therefore, unsaturated zones in rock may be less suitable if 
the vadose zone is considered a primary barrier to radionuclide 
migration. This phenomenon may eliminate a large class of 
sites with deep water tables because much additional field 
study is required to characterize movement of rainfall through 
fractured rock. 

Rock that is overlain by an adequate thickness of 
soil (about 10 to 20 meters), however, would have the same lack 
of infiltration which is believed to exist in thick soil layers 
in arid climates. 

Geologic faults and open fissures are exposed at the 
ground surface in certain arid areas. Recent faulting is ob-
served at the ground surface in the alluvium in the vicinity of 
NTS, suggesting that relative movements at depth occur in the 
vadose zone. Most of the observed movement at this particular 
location appears to be associated with the underground nuclear 
test blasts. In addition, large cracks exist in the playa de
posits and substantial quantities of surface water drain into 
these fissures following the infrequent rain storms. Both the 
faults in the alluvium and the fissures represent potential 
threats to the containment characteristics of an improperly-
sited VZR. 

Future climatic conditions are uncertain and of 
potential consequence. Climatologists, while stressing the 
cyclical nature of weather, are unable to predict, with cer
tainty, the timing and duration of future temperatures and 
rates of precipitation and evaporation for an area. Inunda
tion of an area above a VZR, such as might occur during a 
future period of increased rainfall and/or reduced evaporation, 
could have substantial consequence to the containment charac
teristics of a VZR. This is because the media between the 
ground surface and the water table could experience downward 
flow at the rate of the saturated hydraulic conductivity 
divided by the effective porosity (the hydraulic gradient would 
be unity). 

The theory of unsaturated flow at water contents 
found at depth in arid areas has not been verified. Only 
recently have numerical techniques been devised for solving 
the equations of flow at low water contents (below about 10% 
by volume). The techniques have been calibrated with field 
data and have been used successfully to predict moisture move
ment for short time periods, but they have not been verified 
for materials with very low water contents at depths of hundreds 
of meters. Furthermore, there are no measurements of hydraulic 
conductivity at the low water contents found at depth in arid 
areas. Most measurements are made at water contents signifi-
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cantly higher than those fomd in arid areas, giving values 
that may be several orders of magnitude higher than those 
that exist in-situ. These points may be moot, however, since 
as shown in Section 5.2.1, simple, conservative, analytical 
computations indicate that flow in the unsaturated zone may 
be of the order of 1 m in 20,000 years. 

VZR sites generally are not as deep as potential 
sites in other geologic media. The typical depth of the water 
table in the four areas studied ranges from 250 m to 500 m. 
Assuming that a repository would be located 100 m above the 
water table to accommodate any fluctuations due to future cli
matic changes, the depository might be approximately 150 m to 
400 m below the ground surface, compared with an 800 m depth 
at the Waste Isolation Pilot Plant (WIPP) in southeastern New 
Mexico. 

Heat flow from a VZR has not been studied. Con
cern is expressed over the ability of soils or rock with inter
stitial porosity to transfer the heat generated by radioactive 
waste away from the canister area. This concern depends in 
large part upon 1) the rate of heat generation of the wastes 
at the time of emplacement, and 2) the thermal conductivity of 
the host medium. This topic may require additional study as 
the thermal characteristics of waste packaging schemes are 
developed. 

5.3 Modeling a Vadose Zone Repository 

The containment ability of a radioactive waste repository 
is commonly analyzed by subdividing the entire system into a 
number of discrete components, called "barriers," which impede 
the transport of radionuclides and which are connected in series 
and/or parallel networks to simulate the conditions that would 
exist under various escape scenarios. 

One possible series of containment barriers of a VZR might 
be the following: 

Thermal barrier surrounding the waste 
Dissolution barrier 
Vadose zone transport barrier 
Aquifer transport barrier 
Human water usage patterns barrier 

This section discusses the information required to model 
the first, third, and fourth barriers above. If each barrier 
is to be modeled as a hydrologic system, the following four 
aspects of the system must be known: 
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Flow equations 
Geometry of the system 
Hydraulic parameters of the materials 
Boundary and initial conditions 

Each of the three barriers is analyzed in the following sec
tions with regard to the status of knowledge of the informa
tion required for modeling. 

5.3.1 Thermal Barrier Surrounding the Waste 
The solute transport equation for unsaturated 

porous media at low water contents under non-isothermal con
ditions has only recently been solved by Baca and King (1978), 
and while additional studies are in progress, there has been 
only minimal verification of the solution to date. The equa
tions and model are discussed in more detail in Section 3; 
however, it is our opinion that, at the present time, the model 
is in the developmental phase. If future verification studies 
are successful, the model may become an important tool in 
analyzing solute transport under the above conditions. At 
present, however, there is no accepted model that can be used 
to compute rates of radionuclide transport under the thermal 
and moisture regime that would exist around a VZR. 

Geometric considerations for radionuclide trans
port modeling in the vadose zone are relatively simple compared 
with modeling in the phreatic, or saturated zone. Gradients 
are essentially vertical, except in the immediate vicinity of 
the waste canisters, so one-dimensional models are adequate to 
represent the physics of flow in-situ. For detailed modeling 
of waste dissolution, two- or three-dimensional modeling would 
be required. 

The hydraulic parameters remain problematic. There 
are no published values of hydraulic conductivity for porous 
media at water contents below 10% by volume, whereas the water 
contents of Hanford soils are consistently below 7% in water 
content. Previously, there has been little interest in making 
these measurements because for most practical agricultural or 
engineering problems, water contents are higher than 10%. 
Published hydraulic conductivity vs. water content data, such 
as shown in Appendix B, can be extrapolated to low water con
tents, but the uncertainties may be several orders of magnitude, 
and there are no published data for the soil or rock of the 
four areas represented in this study. Diffusivity parameters 
due to thermal gradients are even less understood. 

Because moisture flow under non-isothermal condi
tions is coupled with heat flow, the boundary conditions for 
a repository model would include time-varying temperatures at 
the ground surface and at the waste canisters in addition to 
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the fixed moisture content at the water table and the time-
varying moisture contents near the ground surface. Initial 
and boundary conditions were not studied in detail because 
other limitations to unsaturated-flow modeling restrict the 
application of current theory to vadose zone repositories. 

Previous experiments have demonstrated that the 
flow of moisture under thermal gradients is toward lower 
temperatures. While, at present, it is not possible to pre
dict with confidence the rate of flow, it is probably suffi
cient to know that flow will be away from the waste as long 
as the surrounding soil is at a relatively dry water content. 
Additional study is needed to determine if the heat generated 
sfter the fission products have decayed is sufficient to 
keep moisture from migrating down toward the waste under 
gravitational flow. 

5.3.2 Vadose Zone Transport Barrier 

If further studies show that heat production after 
decay of the fission products is insufficient to prevent 
moisture from contacting the waste, dissolution would require 
analysis. Studies have shown that much of the movement of 
moisture at low water contents occurs in the vapor phase, and 
therefore cannot transport dissolved radionuclides. Modeling 
of radionuclide transport under these conditions is influenced 
by the same constraints noted in Section 5.3.1 above; namely, 
that the transport theory has not been verified, and that the 
hydraulic parameters have not been measured. 

The velocity of moisture migration was found in 
Section 5.2.1 to be less than 1m in 10,000 yrs for soils with 
volumetric water contents below about 10%, basod on the avail
able published data for the hydraulic conductivity of loam 
soils. At this rate of moisture movement, flow modeling would 
be of academic interest only. Other phenomena, such as cli
matic changes or sudden inundation would be of greater impor
tance for establishing the feasibility of the VZR concept. 
The various accident scenarios should be modeled so that the 
consequences can be considered in light of the probabilities 
of occurrence. 

5.3.3 Aquifer Transport Barrier 

To analyze the consequences of radionuclides 
reaching the water table below a VZR, transport could be 
modeled in a manner similar to that currently employed in the 
Lawrence Livermore Laboratory waste transport code. Ground
water flow is commonly subject to complex boundary conditions 
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and geometries and is more reliably analyzed on a site 
specific basis. Two-dimensional groundwater models are 
currently used at both INEL and the Hanford Reservation, 
but no groundwater modeling has been attempted at NTS or 
at the Copper Mine area of the Colorado Plateau. 

Borg et al. (1976) studied the status of know
ledge regarding groundwater modeling at NTS and concluded 
that, because of complex aquifer geometry, boundary condi
tions, and lack of parameter data, one-dimensional modeling 
was the greatest degree of sophistication warranted at NTS. 
No data or interpretations from this study contradict these 
conclusions, which state: "...currently only crude predictions 
of radionuclide transport at NTS can be made. Reliable and 
convincing predictions await further evaluation of the para
meters that control transport in the NTS area" (Borg et al. 
1976). 

There has been no groundwater modeling in the 
vicinity of the Copper Mine area although the relatively simple 
geology, discussed in Section 4.4, suggests that first order, 
one- or two-dimensional modeling could be performed if addi
tional field data are obtained regarding the geometry and hy
draulic properties of the Navajo sandstone aquifer. 

5.4 Summary and Conclusions 

Large, relatively unpopulated areas with deep water 
tables exist in arid regions in the western United States. 
Such areas, where underlain by soil or rock with interstitial 
porosity, warrant additional study with regard to radioactive 
waste disposal, because moisture flow through some arid site 
vadose zones is so slow that adequate containment could be 
achieved. Furthermore, what limited flow does exist would 
probably not enter the canister area for two reasons: first, 
moisture flows down thermal gradients (i.e., away from sources 
of heat such as radioactive waste), and, secondly, moisture 
will not flow from the host medium into the canister area if 
the depository is left open or backfilled with a material, 
such as coarse gravel, that has larger pore spaces than the 
host medium. These factors suggest that the vadose zone can 
provide an effective barrier to radionuclide migration from a 
radioactive waste repository. 

The major uncertainty regarding the vadose zone repository 
concept concerns the potential for increased rainfall or decreased 
evaporation, in which case water might percolate downward through 
the canister area to the water table. Rainfall stability through 
the past several millenia of recorded history, however, suggests 
that climatic conditions are unlikely to change significantly 
during the several hundred years required for containment of 
the fission products in HLW. 
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At present, a lack of both verification of theory and 
parameter-measurement technology makes it impossible to model 
mathematically the transport of radionuclides from a vadose-
zone repository. Conservative analytic computations show that 
moisture would flow with a velocity of less than one meter in 
10 years under the conditions likely to exist in arid-site 
vadose zones consisting of materials with interstitial poro
sity. Mathematical modeling should be performed, however, to 
analyze the consequences of accident scenarios such as sudden 
inundation of the ground surface. 

5.f Recommendations 

Considerable additional research is required before the 
engineering feasibility of the VZR concept can be established. 
The topics listed below represent those that we feel are funda
mental to further characterization of the VZR concept. The 
topics are listed in relative order of importance, and the 
answers to some questions may obviate the importance of others; 
for example, if the critical containment period is the 300 to 
600 years required for decay of the fission products of HLW, 
the question of future climatic conditions reduces to assuming 
that a major climatic change will not occur within that time 
period. Similarly, if waste cannot be dissolved or leached by 
predominantly vapor flow through coarse backfill immediately 
surrounding the waste canisters, then the question of unsaturated 
flow rate becomes irrelevant. 

The first five topics are generic and would therefore 
apply to any potential site: 

1. Required time for containment and isolation 

What is the critical period for containment? for isolation? 

2. Future Climate 

What is the maximum credible future rainfall, and 
will the maximum occur during the critical period 
for containment? 

What will be the rate of infiltration during future 
periods of increased rainfall and/or decreased evapora
tion? 

3. Geochemistry 

Can waste canisters dissolve if embedded in a moist 
but unsaturated medium? 
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What values of the distribution coefficients (K,) 
are appropriate for unsaturated soil and rock 
at various water contents? 

4. Heat Flow 

Can heat produced by the waste be dissipated ade
quately through the coarse backfill that may be 
required between the canisters and the host medium? 

What will be the characteristics of the thermal 
regime in the rock or soil surrounding the waste? 

5. Hydrology - Unsaturated 

How fast, and in what direction does moisture move 
in arid site vadose zones with very low water con
tents under non-isothermal conditions? 

Can radionuclides be transported by predominantly 
vapor flow, which may be found in arid site vadose 
zones? 

If moisture flow in the vadose 2one is significant, 
what are the relevant flow equations and parametric 
values? How can the parameter values be measured? 

What are the characteristics of moisture flow through 
unsaturated, fractured rock, if the repository is to 
be constructed in rock? 

What is the potential for migration of gaseous radio
nuclides in the unsaturated zone? 

The last two topics are site specific and would require 
additional detailed study at particular areas of interest. 

6. Hydrology - Saturated 
HOW stable will the present water table elevation be in 
future periods of increased precipitation or reduced 
evaporation? 
What are the relevant geometries, parameter values, 
and boundary conditions for saturated groundwater 
flow? 

7. Geology 

What is the likelihood of faults, glaciers, earth 
cracks, or other features that could short-circuit 
the vadose-zone barrier? 
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APPENDIX A 

This appendix consists of a summary of raost of the liter
ature which was reviewed for this study. The information is 
categorized into the following subject areas: 

Table 1 Theory of Moisture Flow in Unsaturated 
Porous Media Under Isothermal Conditions 

Table 2 Theory of Moisture Flow in Unsaturated 
Porous Media Under Non-isothermal 
Conditions 

Table 3 Unsaturated Flow Experiments 

Table 4 Measurement of Parameters Pertinent to 
Moisture Flow in Unsaturated Soils 

Table 5 Additional References - General Discussions 
of Unsaturated Flow 

In these tables, several symbols are used which are de
fined as follows: 

D Diffusivity (1 t"1) 

h Depth of water ponded on ground surface (1) 

K Hydraulic Conductivity (It - 1) 

K Saturated Hydraulic Conductivity {It" ) 

q Moisture flux (l3l" t"1) or (It ) 

R Rain Intensity (It- ) 

T Temperature 

t Time (t) 

u Rate of advance of wet front (It ) 

v„ Rate of infiltration ( l W 1 ) or (It - 1) 



A-2 

/ 

X, Z Distance, depth (1) 
ID One~dimensional Analysis 
2D Two-dimensional Analysis 
i Experimental constant 
!•' Experimental constant 
(i volumetric water content (11 ) 
0 Volumetric water content at t = 0 (1 1 ) n 

3 -3 0 Volumetric water content at saturation (11 ) o 
\ Total potential per unit volume 

(f + T ) (ml-k" 2) 
1!' fatric potential per unit volume 

f Gravitational potential per unit volume 
g (ml - 1t" 2) 
f-based equations are of the form: 

12 = i. IK Hi + Hi 
at n l* w n 

0-based equations are of the form: 
30 = i_ ( n 30, 9K 
at az l u az' az 



TABLE 1 - THEORY OF MOISTURE FLOW IN UNSATURATED 
ISOTHERMAL POROUS MEDIA 

Typ« of 
Equation 
l-O, O-based 

1-D, O-basad 

Special Assumptions+ 

f(0) defined 

1-D. 0-based Empirical approximations 
1-D, O-based 

i-D, Q-based Short time span 

1-D, O-based Examines limit as t -. «, 

Empirical 

Author,, Date 

Klute, 1952a 

Klute, 1952b 

Philip, 1954 
Youngs, 1957 

Philip. 1957a 

Philip, 1957b 

Philip, l9S7d 

Takagi, i960 
Scott and 
Hanks, 1962 
-Hanks and 
Bowers, 1962 

Ashcroft «t̂  
al., 1963 
Rubin and 
Steinhardt, 1963 1-D, O-basad 
Rubin, 1966 1-D, O-based 
Staple, 1966- 1-D, O-based Accounts for hysteresis 
Jensen and 1-D, Y-based K - f{0) f r om curvilinear inter-
Hanks , 1967 polat ion 
Rtnion £t â _. , 1-D, O-based Heterogeneous, hysteretic soil 1967 
Freeze, 1969 

1-D, O-based 
1-D, O-based SO 

1-D, O-based D and K are qiven approximate func
t i o n s 

1-D, O-based 

1-D, Y-based Hysteretic 

Type of Solution Applications 
Page 1 of 2 
Useful Data 

Boltzman transformat ion, 
iterative 

Boltzman transformation. 
iterative 

Algebraic approximation 

Sand column example 

1/2 to 1/4 mm sand 

Series approxicnat ion-finite Slate dust and g lass beads-
difference 

Power series approximation, 
iterative 

Geometric, finite differ-
ence 

Algebraic approximation 

Algebraic approximat ion 
Taylor power series 

Finite difference 

Finite difference 

Finite difference 
Finite difference 
Finite difference 
Same as Hanks and Bowers, 

1962 

Finite di fference 

Sane as Rubin, 1963 

+ Otherwise assisted nan-hysteret i c , isotherma1, ksot r o p i c . homogeneous, h »0. i r escapes readily 

Geotcchnical Engineers i n c . 

infiltration -experiment 
Numerical example for Volo O vs x at several times 

1lght clay-infiItrat ion 
Numerical example for Yolo 

1ight c1ay-infiltration 
Numerical example for Yolo 

light c l a y infiltration 

v vs t as t -» 

l̂ ain soil - measurements 
compared with Scott, 
1962 and Philip, 1957 

Several soil types 

Examples for Rehovot Sand 
-2 mm si it loam 
Comparison of several 

solutions 
Drainage of sandy loam 

Several hypothetical 
examples 

v vs t, 0 vs x/«̂ t~ 
Ovs x for various 
layer sequences 
0 vs x 

V vs O, 0 vs Z 

V vs 0. t vs K 
i n f1uenei ng fac tors 

Project 7 7 391 
September 13. 1978 



TABLE 1 - THEORY OF MOISTURE FLOW IN UNSftTURATED 
rSOTHERMAL POROUS MEDIA 

Author, Date 

Hanks et al_.. 
1969 
Cisler, 1972 
Parlance, 1972 
Yong and 
Warkentin, 1972 
Reichardt et 
al.. 1972 
Heuaan, 1973 

Aylor and 
ParIange, 1973 
Giesel et al. , 
1973 
Parlange, 1975 

Wind and van 
Dooms-. 1975 
Frind et̂  aa. , 
1976 
Parlange and 
Babu, 1976 
Perrins and 
Watson, 1977 

Special Assumptions* Type of 
Equation 
1-D, 0-based Hysteretic 

1-D, f-based Anisotropic 
1-D, 0-based 
1-D, O-ba&.^d Swelling soil 

1-D, 0-based Layered soil 

1-D, f-based 

1-D, 0-based Layered soil, empirical approxima
tions 

1-D. Y~based Hysteretic 

1-D, 0-ba*ed C - ae 

1-D, *-based 

1-D, f-based 

K - K e , wet soil 
o 

K(0) - cG 8 

1-D, D-based Optimization -2nd order approxima
tion 

2-D, f-based Hysteretic 

Type of Solotion 

Same as Hanks and Bowers, 
1962 

Singular perturbat ion 
Analytical error function 

Finite difference 

Finite element 

Method of Parlanqe, 1972 

Fi nlte di f feroncc 

Analytical approximation 
(iterative) 

Digital model with approxi
mate equation 

Finite element 

Applications 

Finite difference 

Nunn clay Loam 

Infiltration from a furrow 
Clay and glass beads 

Clay, loam, silt loam, 
sandy loam 

Transient flow through a 
dam, and into a ditch 

Compar i son wi th reported 
exper inents 

Wi cK effect - repository 

Ho. 17 Ottawa sand, sandy 
loam 

Page 2 of 2 
Useful Data 

O vs x//t. u vs/t 

0 vs x, T vs x various 
1 J.yer sequences 

* vs O, K vs 0, 0 vs z, 
f VS X. 

Sketch of repository 
with wick layer 

Perspective plots of 0 
VB X VS Z 

+ Otherwise assumed non-hysteretic, isothermal, isotropic, homogeneous, h"0, air escapes readily 

Geotechnical Engineers Inc. Project 77393 
September 12, 1978 



THEORY OF MOISTURE FLOW IH UHSATUBATEP 
POROUS MEDIA DUE TO THERMAL GRADIENTS 

Page 1 of 3 

Author, Date 

Gurr «t al. , 

Rollins, 0t *a 
1954 
Taylor and 
Cavazza 
Philip and Da 
Vrie*. 1957 

Kuxmak *nd 
Sereda, 1958 

Woodalde and 
Kuxmak, 1958 

Taylor and 
Gary, 1960 

Gary and 
Taylor* 1962a 

Cary and 
Taylor. 1962b 

Jackson, 1963 

Type of 
Analysis 

ExperlMfj t£ 1 

Gaseous dif
fusion 
Experimental 

Special Assumptions 

Tortuosity factor 

Type of Solution 

Moisture de
pendant dif
fusion. CDM-
bined haat and 
B U S S transfer 
equations 
Experimental 

Experimental 

Uniqu 

Thermodynamic* Onsagers reciprocity, 
of irrever- Phenomenological laws 
a ibis- pro
cess** 
Thermodynamics Onsagers reciprocity, 
of irrever- Phenomenologic&l co-
sible pro- efficients, vapor 
cesses transfer only 
Thermodynamics 
of irrever
sible pro
cesses with 
modification 
for liquid 
flow 

Experimental 

Onaagara reciprocity, 
Phenomenologi ca1 co-
efficianta near equil
ibrium, steady state. 
Coefficients are 
independent of T, 
D a D pur* water, no 
other gradients 
present 

Equations are 
linear 

Equations are 
1inoat 

Equations are 
1 inear 

Applications 

Salt tracer in 
soil column 

Silty loom lab 
colums 
Air gap experiment 

l'se?ul Data 

vs x front heat 

q vs V T . 0 VS X 
from heat 

Kir gap, salt 
tracer, streaming 
potential ex
periments 
Large-scale pore 
analysis 

Thermal, electri
cal and salt grad
ient experiments 

Millville 1oam 

Ki ilvillc loam 

Loam, silt and 
clay 

Vapor flux vs 
temperature 
gradient 

Moisture flux 
vs temperature 
gradient 

Q vs x, 0 vs 

Water flows from hot to cold 
in vapor form and is ac
companied by a lesser re
verse flow in liquid form 

Flow process theory is pro
posed 

Flow is in vapor form only 

Temperature-gradient in 
por^s Is much greater than 
across sample 

Lab test r«-quired tor cc— 
efficient^ 

Lab tests required for co
efficients 

Geotechnical Engineers inc. Proiect 77193 
September 12, 19^8 



TABLE 2 - THEORY OF MOISTURE FLOW IN UNSATURATED 
POROUS MEDIA DUE TO THERMAL GRADIFWTS 

Page 2 of 1 

Author, Date 

Cary, 1963 

Taylor and 
Cary. 1964 

Cary, 1965 

Cary, 1966 

Hadas, 1968 

Moench and 
Evans. 19*70 

Type of 
Analysis 

Thermodynamics 
of irrever
sible pro
cesses 
Thernodynanics 
o f irrever
sible, pro
cesses 

Thermodynamics 
of i rrever-
sible pro-

Diffusion 
based equa
tion 

Experimental 

Cassel ejt a l . . Experimental 
1969 

experimental 

S pec t a 1 As suinpt i on s 

Onsaqers reciprocity, 
Phenomenolog i ca1 co
efficients , 

Onsagers reciprocity. 
Phenomenological co
efficients, 0 vs in T is 
Linear, V vs In T is linear, 
soil is inert, system is 
near equil ibriuxn, flow can 
be described linearly, all 
f luxes are -accounted for , 
if diffusion form - no 
hysteresis 

See Taylor and Cary, 1964 

See Taylor and Cary- 1964 

Typo of Solution Applications Useful Data 

Equations are Vapor diffusion 
1inear exper im«nt to 

check Onsaqor * s 
theory 

f-based or <->-
based equations -* 

Equations are 
1inear 

Equations a. e 
linear 

Cary-Taylor 
equations, 
Philip and De 
Vries equations 
Cary-Taylor equa
tions, Philip-De 
Vrios equations 
Measurement of 
thermal conductl-
vi ty and di f-
fusivity 

Columbia loam 

Di urn til heat 
fluctuations in 
field soil, moist
ure flow to freez-
i no zone 
Gilat silty loairu 
s i nusoIda1 temp
era tu re fluctua
tions 
Columbia fine 
sandy loam under 
constant V T 
Sandy loam noi1 
with cylindrical 
heat source 

Moisture flux vs 
temperature 
gradient 

Table comparing 
predictions with 
measurements 

Table comparing 
predictions with 
mea s ureiwr. £ s 
Tabulated values 
vs water content 

Lab tests required for co-
p f f l < " 1 0 T l t 5 

Lab tests required for co-
e f ficients 

Lab teBts required for co
efficients 

Good discussion of theory 
and applications 

Both theories underestimated 
flow. Cary-Taylor gave best 
prediction 

Phi 1lp-DeVries gave good pre
diction 

Geotechnical Engineers Inc. Project 77391 
September 12, 1976 



&*£rafftfc£&»-~ __ 

Authort Date 

Jury. 1973 

Kay and 
Groenevelt, 
1974 

Type of 
Analysis 

Combined 
Tay lor- Cary 
and Philip-
DeVries 
Combined 
Taylor-Gary 
and Phlllp-
DeVries with 
Clapeyron 
equation 

Special Assumptions 

Onsagers reciprocity. 
uniform gas pressure, ideal 
gas law, moisture flow is 
chiefly liquid 
Horizontal flow, salt-free 
water, no electric potential» 
rigid soil matrix, vapor 
is at atmospheric pressure 

- THEOHY OF MOISTURE FLOW IN UNSATURATED 
POROUS MEDIA DUE TO THERMAL GRADIENTS 

Typp of Sol Lit ion Appl i cations Useful Data 

Page 3 of 3 
Notes 

Orthogonal Col- Analysis tested on + vs Q, K «s +, K 
location medium sand vs O, D VS t" 

Lab eests required to ob
tain coefficients,diffi
cult to measure coeffi
cients at low 0 

•lew equations 
for coupled flow 
including ice 
lenses 

Frozen and unfrozen 
soils 

Gaotechnical Engineers Inc. Project 7739J 
September 17. 1976 



TABLE 3 - UNSATURATED FLOW EXPERIMENTS 

Author, Date 
Youngs, 1958a 

Youngs, 1959b 

Remson et al_., 
1959 

Type of Experiment 
Redistribution 

Redistribution 

Infiltration 

Fenimore, 1964 Monitoring- of waste 
burial 

Rubin et al_. , 
1964 

Gupta and 
Staple, 19G4 

Horton and 
Hawkins. 1965 

Biswas «at al. 
1966 

Schmaltz and 
Polzer. 1969 

I n f i l t r a t i o n 

Infiltration 

Infiltration flow 
path 

Redistribution 

Infiltration, re
distribution of 
tritium in rain 

Type of Soil 
Slate dust and Bal-
lotini glass beads 
Slate dust and Bal-
lotini glass beads 
Sandy soil in field 
Seabrook, N. J. 

San ay days 

Rehovot Sand 

Grenville silt 
loam 

Sand ana glass 
beads r loam and 
sand 

Hanford sand, 
Columbia silt loam, 
Aiken clay loam 

Silt loam to 
silty clay loam 

Theory Applied 

Rubin and Stein-
harc>t, 1963 {0-based, 
finite di fferencc) 
Philip. 1957 (O-
ba scd, in tera t i ve) 
and explicit finite 
di fference approxi-
mation 

f—based equations 

Cone1us i on s 
Di ffusion thpory has Iimitat ions 

Coarse soils exhibit s-harp wetting 
f ron r. 
Mater will not rearch groundwater 
table until soil column is at field 
capacity. Each rain may estab
lish a separate wetting front 
Migration of waste was general 1y 
about 2 ft in 10 yrs. One area, 
subject to a perched water table, 
showsd 7 ft mig ration 
Low intensity rain infiltration 
can be predicted accurately 

Philip theory underpredicted u 
finite difference theory with 
provision for high K near sur
face gave good prediction 

Larger pores empty first, flow is 
by downward displacement of 
water initially held in soil pores. 
Entrapped air serves as a barrier 
to infiltration 
Rate of redistribution is depen
dent on initial depth, of wetting 
and f vs Q relation of soil. 
Type of soi1 marked ty effected 
the shape of redistribution curves 

Page 1 of 2 
Useful Data 

o vs J. wi th t ime 

Table of water penetration vs 
rainf-al 1 

u vs t, u vs R 

V vs V), O vs z, D va 0, K vs 

0 vs z for 3 soils with time 

Diffusion theory plus 
convection to predict 
tritium spreading 

Prediction by theory was 
an order of magnitude 

i ithin D •» 0.9 x lO 
cm 2/sec 
u = 3 cm/month 

to 9 x 10 

Geotochnical Engineers Inc. Project 77393 V 
September 12 , 1978 



TABLE 3 - UNSATURATED FLOW EXPERIMENTS 

Author, Date 

Staple, 1969 

Freeze and 
Banner, 1970 

Vachaud e_t a l . 
1972 

Type of Experiment 

Redistribution 

Field and lab. 
water recharge 

Infiltration, drainage 

Type of Soil 

Uplands sand, caster 
loam, Rideau clay 

Medium sand in lab, 
sandy loam to sandy 
gravel in field 
Layered fine and 
coarse sand 

Theory Applied 

Staple, 1966 (O-based 
explicit F.O 1 

Conclusions 

Good agreement with theory. D 
and K can be determined from 

Hanks and Bowe*~s . 1 9h2 wett ing prof i le. 

Pag* 2 of 

ful Oat« 

(o-based implic- ' 
F.D.) 
Freeze. 1969 

Two-phase iimisr ible 
fluids (Buckley and 
Leverett. 19421 

6 depends on 
relat ions 

( s c a n m n 
with tin 

vs 0, K v 5 Q, 
curves!, 0 vs 

depth wetted jnd K 

Mathemat ical prediction ts good 
but need to know functional re
lationship among *, K and 0 
Development of water profiles is 
st ronqiy dependent on air flow 

Table of recharge information 

-j vs z wi th t imp 
pressure) 

(effort of a 

Geotechnleal Engineers Inc. Project 77^93 
September 12. 1978 



MEASUREMENT OF PARAMETERS PERTINENT TO MOISTURE 
TLOW IN UNSATURATED SOIL - LABORATORY 

Author, Date Parameters Measured 
Bruce and Diffusivity 
Klute, 1956 

Nielsen et Hydraulic con-
•1., I960 ductivity 

Elrlck and Hydraulic con-
1964 ductivity 

Jackson, 1964 Diffusivity 

Youngs, 1964 

Jackson et. 
*1., 1965 

Watson, 1966 

Topp and 
Hi Her, 1966 

Watson, 1967 

Hydraulic con
ductivity 
Hydraulic con
ductivity 

Hydraulic con
ductivity 

Hydraulic con
ductivity 

Hydraulic con
ductivity 

Infiltration to horizontal column. 
»"><x) gravimetricaUy in sections. 

Stejdy state flow under potentials up 
to lOO cm of water. Measured o vs v 
on pressure apparatus. 

Steady state and transient tests 
in pressure cell. Moisture content 
obtained at equilibrium by weighing 
sample. 
Horizontal cylinder divided in 1 cm 
sections in diffusion chamber under 
constant vapor pressure. Measured 
0 at different times. 
Infiltration to a vertical column. 
Measured 0 gravimetrlcal)y. 
Steady state desorption and sorp
tion. Measured O and potential. 

Transient method. Moisture content 
measured by gamma r*y attenuat ion 
duri.ig desorpt ion. 
Transient test on small rectanqi.lar 
sample. Moisture content measured 
by gamma ray attenuation. 

Method of Watson (1966). 

TV£. of Soil Tested 
Compacted samples 
of glass beads, 
f ine sand, si 1ty 
fine sand 
Und 1st urbed samp I e 

o f loess and 
glacial till 

Compacted samples 
of loam 

Compacted samples of 
loam and silty c'.ay 

Compact ed s amp1es 
of slate dust. 
Compact ed samp 1 «* s 
of fine sand 

Compact ed s. imp 1 e s 
of fine sand 

Glass beads 

Compacted samples 
of fin** sand 

Page 1 of 3 

Useful Data and Notes 

tlsinq Boltzmann transformation, determined D t O ) . 
Di ffusivi ty peaked at Bjoistur*' rontent less than 
saturation. 

Compared experimental results with K V B •* curves 
predicted by the method of Chi Ids and Col 1is-George 
(CCGl and the method of Marshall. The CCG method 
showed q^od agreement with experlffient aI data. 
Found hysteres i s 
curves. 

0 vs t r u r w s but not In K(Q1 

Showed 1inearity of O vs x t 
curve at O less than aaturation. 

dnrl peak in D C L£> 1 

Compared results with predict ion bv severa1 other 
methods. Mi 1 1 m q t o n and Quirk method showed best 
fit when match lnq factor u s M , 
Instantaneous profile method. 

l*arge hysteresis observed in £> vs V and K vn f 
curves but little in X vs & curve*. Found independ
ent domain theory inapplicable for predict ing 
scanning curves. 
Finite di f f rrence tochn ique of predi i:t i ng water 
profiles during desorption compared favorably with 
measured profi les-

Gaotachnical Engineers Inc. Pro-ject 
•if ember 1 J . 

•7 19 3 
14?H 



TABLE 4a - MEASUREMENT OF PARAMETERS PEHTIHENT TO MOISTURE 
FLOW IN UNSATURATED SOIL. - LABORATORY 

Author, Date 
Weeks ar.d. 
RichardB, 1967 

Kunze et al., 
1963 

Hillel and 
Gardner, 1970 

Green and 
Cory, 1971 

Topp, 1971 

Vachaud and 
Thony, 1971 
Bruce, 1972 

Haridasan and! 
Jensen, 1972 

Parameters Measured 
Hydraulic con
ductivity 

Hydraulic con
ductivity 

Hydraulic con
ductivity, 
diffusivity 

Hydraulic con
ductivity 

Hydraulic con
ductivity 

Hydraul ic con
d u c t i v i t y 
Hydraulic con
ductivity 

Hydraulic con
ductivity 

Desorption of horizontal column. 

Measured infiltration under trans
ient and steady state conditions to 
soil with surface crust. 

Sorption anri desorption of vertical 
columns subjected to differential 
air pressure. 

Sorption and desorption of vert ica1 
column, 
0 vs f and diffusivity with pres
sure plate apparatus. 

Steady state flow experiments i 
pressure cell. Transient flow 
experiments in pressure plate 
apparatus. 

Type ot Soil Tested 
Comparted And un
disturbed samples 
of lcam 

Compacr-ed samples 
of loasn 

Compa cted samp1es 
of clay 1 oani and 
silt loam 

Compactcd samp1 es 
of sand 
Compacted and un-
di stnrbed samples 
of loam 

Compacted samples 
of two si Ic loams 

Page 2 of 3 
Useful Data ar,3 Sotes 

Developed empirical equat ior.r for K and n under 
trans lent flow condit ions. Required knowledge 
of * vs tl. 
Compared measured K with calculated K and found 
that Milling ton and Quirk method given r-,est re
sults if a matching factor is used. Requires 
knowledge of K and & vs -. ^ o 
Determined weighted mean dif f usi vi ty and hy
draulic conductivity as a function of 0. By 
varying resistance in crust, di fforent suctiona 
can be developed. 
Compared, measured ar d calculated K (F>) curves. 
Found that Marshall and Millinqton and Quirk 
methods gave similar results-
Kt0> curves showed little hysteresis but for clay 
loam -cheie was scatter due to rearrangement of 
sample. Scanning f) vs f curves were measured, 
and independent domain theory found inapplicable. 
Concluded hy. teres is in K( C1) can be neglected. 

Calculates K{G> from0 vs*curves using reversal 
methods. Found that Millington and Quirk and Mar
shall theories accurate for coarse-grained mater
ials but difficult to use for fine-grained mater
ials. Found large difference in O-* curves de-
r ived with undisturbed and reconstituted samples. 
Performed tests at 15°, 25°, and 35°C and compared 
steady scaz& and transient methods. Transient 
method sensitive to temperature f1actuations. 
Steady state method and K vs + not affected by 
temperature. 

Geotechnical Engineers Inc. Project 7739 3 
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TABLE 4 a MEASUREMKNT OF PARAMETERS PERTINENT TQ MOISTURE 
FLCW IN UNSATURATED SOIL - LAB^RATOHY 

Paqe 3 of 3 

Author, Date 
Elzeftawy and 
Hansel1, 1975 

Mchuys et^ al. 
1975 

Cilham e^ 
al.. 1976 
Alani et al. 
1976 

Parameters Measured 
Hydraulic con
duct ivity 

Hydr^ulic con
ductivity 

Hydraulic con
ductivity 
Hydraulic con
duct ivi ty 

Steady state and t tansient 
detcrminatinns in prpasurp 
eel 1 apparatus. 
Tra:is icnl out flow mot hod 

Instantaneous proflle method 
on vert ical columns. 
C e n t r i fuqc 

Typi- of S o i l T e s t e d 

Compact ed j n d un -
d i i i t u r b e d sjtnpl>' s-
of f i n c »diid 
Compatrt e-3 nampl ' - s 
of three? s a n d s w i t h 
and -wi thou t *J rrjn 
f r d c t i o n 
Compa c t od samp Ies 
of sand. 
I ' j id i s t u r b e d s«unjil«'s 

I n r r a n s i c n t 
<>qu i 1 i b r i um 

Useful D^ta ar.d Notps 
H t h o d , S v s T r u r v d e f e n d s 

• i t t d m e d d u r i nq d r ^ i n ^ a e . 
r a t e a t wh ich 

( . ' a l ^ u l d t i ' d K u t i i r q W^ekR and Ri 
SPHCO of +J mm m a t e r l a l d i d no t 
must b e a c c o u n t e d fo r when det«> 

D e t e r m i n e d s r j n n i t i q c u r v e * . 

compa.-t i an o f s a m p l e may a 

- h a r d s <19h7) m e t h o d . P r e -
a f f p r t K v s T c u r v o . b u i 

•fflin nq O f o r K vs Q c u r v e s . 

i1ur:*.o r e n t r i fun a t ion . 

G e o t e c h n i c a l E n g i n e e r s I n c . P r o j e c t 77393 
Septemti t r 12 , 1978 
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MEASUREMENT OF PARAMETERS PERTINENT TO MOISTURE 
FLOW TN UNSATURATED MEDIA - FIELD 

Author, Date Parameters Measured 

Bouwer, 1464 

Roae et a l . 
196S 

Gardner, 1970 

Roulier et 
a l . , 1972 

Baker et al_., 
1974 

Baker, 1977 

Hydraulic con
ductivity 
Hydrau'ic con
ductivity 

Diffusivity 

Hydraulic con
duct i vity 

Hydraulic con
ductivity 

Hydraulic con
ductivity 

Double tube infilt rotneter 

Measured moisture content 
with neutron raoderation 
equipment a ftor irrigation. 
©-V curves obtained in Lab. 

In field - measured poten
tial with tonr, lometers and 
moiuture content with 
neutron probe. 

Infiltration to a cylindrical 
pedestal of soil capped with 
a crust of gypsum. 

Type of Soi1 Tested 

Sandy loam qradinq 
into clay 

Sandy loam 

Za\a and Notes 

Mi-di am sand and 
silty clay loam 

Determined horizontal and verfica. -ydrauliL- conductivity. 

nevrloped an qudtion for calculatirq 3 from m - s i t u tests 
in which potfnti?'. was measur d wj?ri depth. Beat suited 
for moiaturt- contents near s* i.rJ*. ion . 
Field ' vs * curves agreed -JL' t 1 w i ^ . 1 ai- curves from 3D cm 
cores but not fi cm core 1:. Found transient flow method of 
Richards and Weeks cl«*67) better tr. estimate K in field 
than Mi 1 1 inqton and Quirk theory -sinq ©- + curves. 

In field, best method to install ter-siometers »!. in a soil 
slurry in a borehole. Best way to measure t> i.-i field is 
with nputrun probe. If not p o s s i b l e , then can ge* u from 
G-1 curves der i ved in lab on long cores. Whe». m s u n 
ous proiilv method ts used in the fteld, therr- may bt? 

nstantane-
****^» i* u \* i i t\r " ' e n .V^^A * ?* u-s-v u i l l L I I L . -i v 4. u » w t i v ft- ' m a y w 
problems if rriP strata are not nor l rental an'J i f rhere are 
layers whi ch have .• lower permnabi i • t y than the o rher 
t aye rs. 
He term in en K vs *" -.urve by us i ng :.--sts with different 
amounts of qypsum. Diameter and l***"QTh of pedestal af
fects results. 

Geotechnical Engineers Inc. r r m o c t 77141 
ember 1 J , l«*7tl 



TABLE 'J - ADDITIOKAL r<EF3RENCES 
FOR GENERAL DISCUSSIONS 
OF UNSATURATED FLOW 

This Table contains a list of references with a text bcok type 
treatment of the general aspects of unsaturated flow. For the reader 
interested in at; overview of the entire subject of unsaturated flow, 
but more detail than presented in this report, the references listed 
below an; recommended. Hillel (1971) and Yong and Warkentin (1°75) 
wore the most L'jOful in the preparation of this report. 

1. Bear fetal, 1968 

2. Childs, 1969 

3. Hillel, 1971 

4. Philip, 1958 

0. Philip, 1970 

6. Swartzendruber, 1969 

7. Yonq and Warknntiii, 1966 

H. Yonq and Harkontin, H7S 

Geotechnical Engineers Inc. Project 77393 
September 8, 1978 
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APPENDIX B 

Solution of the general flow equation presented in the 
text requires a knowledge of the water retention and con
ductivity (or diffusivity) relationships of the porous medium 
in question. Empirical information on such relationships has 
been obtained by several investigators and this appendix 
contains a compendium of data which nave been reported in the 
literature. (A tabulated summary of the literature is pre
sented in Appendix A.) For discussion purposes, the data are 
divided into the following four categories: 

1. Water Content vs Soil Moisture Potential 

2. Water Content vs Hydraulic Conductivity 

3. Water Content vs Diffusivity 

4. Hydraulic Conductivity vs Soil Moisture Potential 

Each of these relationships is discussed below. In these 
discussions, mention is often made to data which have been 
taken from a particular reference. For convenience, copies of 
the actual table or graph as presented by the original author 
are included in this appendix and are referenced in this text 
by page number and figure letter (for example, B8A refers to 
Figure A on page BB). 

Hater Content vs Soil Moisture Potential 

The relationship between soil moisture potential (V) and 
volumetric water content (0), frequently called a retention curve, 
is fundamental to the solution of the flow equation since flow 
under isothermal conditions is caused by a potential gradient. 
The t vs 0 curves presented herein illustrate several characteris
tics of soil water retention: 

1. In general, soil water potential becomes increasingly 
negative as the volumetric water content decreases due 
to the increasing influence of adsorptive and capil
lary forces. At the very low water contents found in 
arid site vadose zones, the soil water potential may 
be so low that gravity may have little influence on 
the movement of moisture. 
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2. At low water contents, the slope of Y vs 0 curves 
become very steep, indicating that large changes 
in potential result from small changes in water 
content. The steepness of this curve depends on 
soil typo: coarse-grained soils exhibit much 
steeper curves than do fine-grained soils, since 
the larger pores empty first and the remaining 
water is held by capillary and adsorptive forces 
as discontinuous "islands" of water at soil parti
cle contacts (pgs. B6 through B12). 

3. Sandy soils exhibit much lower water contents than 
clay soils at a specific potential. Expressed in a 
different way, clays will exhibit a much lower 
potential (more negative) than sands when both soils 
are at the same water content, (B6B, B8c, B9AC, 
BIOA, BllAB). This implies the field capacity of a 
sand (see Section 3.2.3 in text) will be much lower 
and should be more well defined than in clay soils. 

4. The relationship between potential and water content 
is not unique: one value of potential may correspond 
to several values of water content. The manifesta
tion of this phenomenon, called hysteresis, is that 
the curve followed by a particular soil at a parti
cular initial water content will differ in desorption 
from that in sorption, (B6C, B9A, B12, B13, B14, B15, 
Bl6). These data also show that a soil will not fol
low the main wetting or drying curve if it is initially 
at a water content other than 0 or 100* saturation, 
but will follow another curve (called a scanning curve) 
from its initial position toward one of the main 
curves (B13 through B16). 

5. Typically, remolding causes the soil to retain more 
moisture at a particular potential than if it were 
undisturbed (B9B). Therefore, testing core samples 
in the lab may not give an accurate representation of 
in-situ soil behavior because of the disturbance in
herent in the sampling process. 

6. As the clay content of a soil increases, the water 
content corresponding to a particular potential also 
increases (B17A). 

Additional water retention (V vs 6) curves are pre
sented on pages B18 through B21. 
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Water Content vs Hydraulic Conductivity 

One important characteristic of unsaturated flow is 
that the hydraulic conductivity (K> is not a constant (as 
in saturated flow) but varies with water content (0). In 
addition, the relationship between K and 0 is nonlinear. 
Since the flow rate depends upon the hydraulic conductivity, 
this relationship must be known in order to solve the flow 
equation. 

The K vs 0 curves presented herein illustrate the fol
lowing characteristics of hydraulic conductivity: 

1. In general, hydraulic conductivity decreases as 
the water content decreases. Mehuys et al. (1975) 
indicate that in the low water content range a 10% 
change in water content would change the conducti
vity by 3*5 to 4% orders of magnitude (B22). Very 
few experimental data exist for very low water con
tents (i.e., 5% by volume), such as may be found at 
arid site vadose zones. As will be discussed later, 
one can more easily measure diffusivity at low 0 
and then calculate K indirectly (B23). 

2. The hydraulic conductivity of soil at very low water 
contents becomes very small (B23 through B32). 

3. The K (0) relationship is less hysteretic than f(0) 
B27CD, B29C, B33C). 

4. Predictions of K (0) from other soil properties, 
such as pore-size distribution, are usually close 
to measured values on sands but fail for more clayey 
soils (B33AB, B34, B35). 

5. The effect of gravel particles (called stones in the 
literature) on conductivity of soils was examined by 
Mehuys et al. (1975), B22. The actual gradation of 
the soil was not given, only that from 10% to 20% of 
the particles were greater than 9.5 mm and 60% to 70% 
were less than 2 mm. They concluded that gravsl has 
a definite effect on K (0) but when water content 
determinations were corrected for the presence of 
gravel, there was good agreement between tests with 
and without gravel particles. This analysis may be 
useful when determining the relationship of K vs 0 
of desert soils which contain gravel. 
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Water Content vs Diffusivity 
The mathematical and experimental treatment of un

saturated flow can be simplified by using equations which 
are analogous to those of heat diffusion. Such equations, 
called 0-based herein, require measurement of soil-water 
diffusivity, D, which varies with water content. The dif
fusivity function is much easier to determine at low water 
contents than the hydraulic conductivity. Hence, diffusivity 
can be used either to solve the flow equation directly or to 
extend the K vs 0 relationship into the low water content 
range. However, due to the difficulty of measuring small 
flows, there are not enough data available to verify the 
applicability of currently proposed flew equations at very 
low water contents. 

The D vs 0 curves presented herein illustrate tha fol
lowing characteristics of diffusivity: 

1. At high water contents (i.e., approaching satura
tion) diffusivity becomes indeterminate since it 
tends to infinity (B36, B37). 

2. Diffusion, for the most part, is less sensitive 
to changes in water content than is the hydraulic 
conductivity (B36, B37, B38). For example, the 
data of Gupta and Staple (1964) indicate that a 
10* change in water content will result in less 
than an order of magnitude change in diffusivity 
(rather than the 3>s to 4^ orders of magnitude 
change in hydraulic conductivity mentioned pre
viously) , (B36A). 

3. In the dry range of some coils, there exists a 
water content at which diffusion reaches a maximum 
value (B38ABC). This point is discussed further 
in Appendix E. 

At water contents below field capacity, the diffusion co
efficient is much easier to measure than is the hydraulic 
conductivity coefficient. Also, several empirical relationships 
between D and 0 which have been proposed aid in computer model
ing of unsaturated, nonhysteretic flow under isothermal conditions. 

Hydraulic Conductivity vs Potential 

Typically, the relationship between hydraulic conductivity, 
K, and potential, Y, is determined indirectly from K vs 0 curves 
and 0 vs ¥ curves. If hydraulic conductivity can be measured 
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directly as a function of matric potential, the highly 
hysteretic 0 vs I need not be used to calculate K vs t. 
However, K (f), itself, is subject to hysteresis but to a 
much lesser degree. In addition, the slope of K vs ¥ is 
often very steep, hence K may vary several orders of mag
nitude within the potential range of general interest. 

Nonetheless, several researchers have reported K vs f 
some of which are reproduced herein (B39, B40, B41C). 

Th^e data serve to illustrate several characteristics of un
saturated flow: 

1. In general, conductivity decreases significantly 
as potential decreases (becomes more negative). 

2. For coarse-grained soils one can approximate K vs V 
by a procedure which is based on grain-size dis
tribution (B41A). 

3. At very negative potentials (hundreds of bars) a 
clay soil may transmit moisture more rapidly than 
a sandy soil (B41C). 

4. The data of Mehuys et al. (1975) indicate that 
the presence of gravel~Tn a soil does not seem 
to affect the unsaturated conductivity (as com
pared to the same soil minus the gravel portion), 
(B39). 
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A FigAI 1. Water content, w, of Ca-kaolinite-glass bead mixtures at various suction values ejven 
in bars on drying run. (D« Jong and Warkentin, 1965, Soil ScL, ©Williams and Wilkins Co., 

DaJtimw.) Yong and Warkentin, 1975 
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Table 1-*—4Teitt«cal percentages: also, water content & vs. capillary conductivity K for five values of suction on cor* samples 
£ from several depths of four Iowa soils. Each value in the table is the average of four samples. 
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nsinis llucc iiiclhodt ol cuiiipiilaliuii twupaicd with i>l"'"-
•iii-iilnl data ln.ui Cecil it al. H 'M . l i i r i r lit;. !i, «-'•> <"| 
depth). Calculated and nptiimrntiil data were matched 
=>•"<• Green and Corey, 1971 A 

g Fis- fi—Calculated hydraulic conductivities (or Pannchc day 
loam ("0 lo 12-inch depth") mine lllicc methods o( ciimim-
lalion compared with experiment,-! data (rom Nielsen el al. 
( laf i j , liuir Fi(. I I ) . Calculated and eipcriinciilal data 
were matched al » = 0»lS enr'/enr1. G r e e n and 

Corey, 1971 
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Fin 7—Calculated hydraulic conductivities (or Paoochc clay 

loam ("12 to IS-iuch depth") using three methods o( compu
lation compared with esperimental data (rom Niclien et al. 
(1!KU, their Fifi. 11). Calculated and eiperimcnl.il a'1' 
wore matched at » - 0.35 em'/cm 3. G r e e n and C o r e y , 
1971 
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FIR. 8—Calculated hydraulic conductivities (or Fnnnrhc elay 
loam ("IS lo 24-mcli depth") atinc three •cthods ol compu
tation compared with ciperimenlaT dala from Nicheu et al. 
(I9W4, their Fig. 11). Calculated .and experimental data 
were matched at » = 0.35 cafl/tm'. Q l e e n a n < 3 Corey, 
1971 
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A i Childs and Georae, 1948 
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APPENDIX C 

Most research into the behavior of moisture in unsatu
rated porous media has been related to the infiltration of 
rain to the soil profile. For convenience of discussion, the 
data obtained from the literature are divided into four 
categories*. 

1. Water Content or Potential vs Depth 

2. Rate of Infiltration and Wet Front Advance 

3. Effect of Layering 

4. Other Factors Which Influence Infiltration 

Water Content or Potential vs Depth 

Both laboratory and field experiments have been performed 
wherein water was applied t" the scil surface in the form of 
rain and measurements were made of water content, 0, and soil 
water potential, f, as a function of depth. Typically, a 
moisture profile such as noted by Bodman & Colman (1943), will 
develop (C7C). The curves of water content vs depth illustrate 
the following: 

1. Infiltration into a homogeneous soil profile can 
be characterized by the following zones which are 
listed in order of increasing depth: 

Saturated zone - the surface few centimeters 
become saturated and will not increase in 
vertical extent as long as the rain intensity, 
R, is less than the saturated hydraulic con
ductivity, K , of the soil. 

Transmission zone - the water content deer ases 
rapidly with depth until it reaches a valut 
somewhere between field capacity and saturation 
and remains relatively constant as the trans
mission zone increases in vertical extent with 
the advancement of the wetting zone. 

Wetting zone - the soil moisture content grad-
ually decreases with depth in the wetting zone 
wherein the moisture content of the soil increases 
rapidly with time as infiltration continues. 
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Wet front - the wetting zone stops abruptly 
at the wet front which marks the lower extent 
of infiltration and is characterized by a very 
steep gradient of moisture content. 

2. The shape of the water content vs depth curve 
varies with soil type (C8 to C14). Generally, 
the coarser the material, the steeper the gradient 
of moisture content with depth at the wet front. 

3. The amount of water applied to the surface will 
affect the depth to which the wet front will 
advance after time, t (C8, C9, CIO, Cll, C13B, 
C15, C16). In general, the higher the application 
rate, the further the wet front will advance in a 
given time period. 

Examination of the potential vs depth indicates the 
following: 

1. Initially, infiltration induces a very steep 
gradient of potential with depth which, with time, 
approaches a gradient of 1 (i.e. gravity becomes 
the only remaining driving force; (C13A, C14, C17, 
C13). 

2. As with the water content profiles, potential 
profiles vary with soil type (C13A, C17). 

Rate of Infiltration and wet Front Advance 

The rate of infiltration, v , is the quantity of water 
entering the soil profile througR a unit area at the soil sur
face per unit time. 

The rate of infiltration, v , vs time (for a constant 
surface supply of water) is illuStrated by the data in Figs. 
C19A, C20A, and C20B. These data indicate that with time, the 
infiltration rate, v , approaches a constant value equal to the 
saturated hydraulic conductivity, K Q. Concurrently, the total 
amount of water entering the profile, i, (called cumulative 
infiltration) approaches a linear relationship with time (C19A 
and C20C). 

One may also consider the rate at which the soil profile 
is wetted. This rate can be expressed as the rate of advance 
of the wet front, u, which, due to the storage ability of the 
soil, is usually different from v 0. Figures C19B, C21A, C21B, 
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C21C, C22A and C22B indicate that the advance of the wet front 
in a stable (i.e., non-swelling) soil is proportional to the 
square root of time. In swelling soils, such as clay, the 
relationship is not linear; rather, as time increases, the rate 
of advance of the wet front decreases (C22B and C22C). 

It is important to note that these data are for relatively 
short time spans, a limited range of soil types, and shallow 
depths of infiltration. 

If these data can be extrapolated to longer tines, to 
greater depths, and to other soils, the aforementioned phenom
ena have potential significance in the feasibility of storing 
nuclear waste in the vadose zone. For example, if surface 
water is ponded for an extended period of time, a saturation 
zone may be created which extends from the surface, through 
the repository, down to the water table. Once the entire soil 
column is saturated, water will drain down to the groundwater 
table at a rate'1' equal to the saturated hydraulic conductivity, 
K 0, assuming a hydraulic gradient of one (Philip, 1957f). 

Effect of Layering 

Adjacent layers of coils with different ffO) relationships 
(i.e., different grain size distributions) will cause discon
tinuities in water content V£ depth (or distance from source) 
curves (C23AB, C24, C25). However, at equilibrium, the ? vs Z 
or y vs X curves are continuous across the boundaries (in 
accordance with the Second Law of thermodynamics). 

Examination of Figure C23 reveals several characteristics 
of unsaturated flow through layered porous media: 

1. Flow rate is controlled by the layer with the 
lowest hydraulic conductivity, regardless of the 
sequence of layers in the soil profile. This 
point is illustrated by Fig. C23C in that, no 
matter which layer is on top, the infiltration 
rate curve joins that of Geary or the cumulative 
infiltration curve parallels that of Geary (the 
soil with the lower hydraulic conductivity). 

The term rate, with units of 1/t, equals the volume of water 
that moves through a unit area per unit time. Rate, therefore, 
corresponds to seepage velocity. The actual flow velocity equals 
the seepage velocity divided by the effective porosity. 
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2. When the finer soil overlays the coarser soil 
(i.e., Geary over Sarpy), the wet front stops 
at the boundary until the v/ater content is in
creased enough to increase the potential (reduce 
the suction) sufficiently to permit entry of 
water into the larger pores of the coarser mate
rial. 

3. Downward unsaturated (i.e., flow under a negative 
potential) may occur in the soil profile even 
if an overlying coarser layer is saturated. The 
109 min. curve in rig. C23A shows a positive 
potential in the Sarpy (coarser) layer but a 
negative potential in the Geary (finer) layer 
slightly below the boundary between the two soils. 

4. At very negative values of potential (B41C) a 
fine-grained soil will transmit water in the 
unsaturated state faster than a coarse-grained 
soil. Figs. C24A and C25AD illustrates this 
phenomenon by showing where the wet front would 
have been if the soil were homogeneous rather 
than layered. In Fig. C24A the wet front of 121 
min. has penetrated further into the FF soil than 
it would have if the entire column were homogen
eous MF soil. Conversely, the 196 min. curve 
in Fig. C25A has not penetrated as far into the 
MF soil as it would have if the column were homo
geneous FF soil. 

These characteristics are advantageous in the design of 
vadose zone repositories. For example, if the waste were placed 
in a cavern backfilled with coarse material (e.g., crushed stone) 
overlain by layers of successively finer soil, the layers above 
the coarse repository backfill would act as "wicks" (Richards, 
1950) causing the water to flow around the repository rather 
than through it (C33A). 

Other Factors Which Influence Infiltration 

Other factors, in addition to layering, such as initial 
water content, 0 , depth of surface ponding, h, and rain in
tensity, R, may influence the characteristics of infiltration. 
These factors are discussed here. 

1. Initial water content (Philip, 1957e) 

- infiltration rate, v , increases as initial 
water content, 0 , decreases (C26A). n 

- cumulative infiltration (total amount of water 
entering soil profile), i, increases as 0 
decreases (C26B). 
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- the "long time" moisture profile will be 
shallower as Q n decreases (C26C). 

- the rate of wet f-ont advance, u, will decrease 
as 0 n increases (C27D). 

"\ Depth of water ponded on surface, h f (Philip, 1957e, f) 
- initially, v Q increases with h but as time increases, the effect of h diminishes and v 

approaches K Q (C27A). ° 
- initially, i increases with h but as time in

creases, the curves of i vs t become parallel 
since v 0 approaches K 0 as t increases (C27B). 

- for h>o, x 0 (the depth of saturation) increases 
without limit; hence, the effect of h on Xo 
persists with time (in contrast with the dimin
ishing effect with time of h on v 0) (C27C). 

- in the limit as h increases or as t increases 
(with h>o) the saturated zone dominates the 
profile. 

- for a given h and t, the depth of the saturated 
zone, x 0, decreases as 0 n decreases (Probably because there is greater void volume available 
for storage). 

- the relative effect of h on v 0 decreases as © 
decreases. 

3. Rain intensity, R (C28 BDE) 
- the rate of wet front advance, u, increases as 

rain intensity increases. 
- the depth of infiltration increases as rain 
duration increases. 

4, Miscellaneous 
- gravity effects vary with soil type: Hanks and 

Bowers (1962), C28C, showed gravity affected the 
coarse soil more than the fine soil. 
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- the effect of soil type on infiltration to 
a shallow water table is illustrated by 
Fig. C29A (the moisture retention curves for 
the three soils can be found in Appendix B 
on page B-ll). It is useful to note that the 
infiltration curves are deDendent on the moisture 
characteristics of the soil, i.e., rain intensity, 
R, relative to the saturated hydraulic conduc
tivity, K . 

- the effect of confinement of swelling soils is 
illustrated by Fig. C30A: as the soil tries 
to swell, pore spaces are closed and, due to 
confinement, less water enters the soil; there
fore flow rate is reduced. 

- the effect of a soil surface crust is illustrated 
by Figs. C30B and C31A: the presence of a crust 
(a thin surface layer of soil which has a lower 
hydraulic conductivity than the bulk portion of 
the soil profile) rate of infiltration to the 
soil profile. Similarly, there is less cumula
tive infiltration with time in soils with a 
surface crust. 

- the data of Freeze (1969), C32B and C, illustrate 
the effect of groundwater conditions on infiltra
tion through soils in areas with shallow water 
tables. 
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A FIG. 6.-M0ISTURE CONTENT AS A FUNCTION OF HEIGHT 
ABOVE TIIE DATUM AMD OF TIME DUBING THE REDISTRI-
BUTOW OF INFILTRATED RAINFAIL RefflSOC e t a l . , 1 9 6 7 
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A Figure 2—Comparison of ll ir numerical mclliml n i l l i (he 
solution liv l l ir mcllmtl of .Scott el ill. fur infillratinn rale 
and tuniiilalirc inlillrntinn fur a soil with I ) — nr'". 

Hanks and Bowers, 1962 

|ui|/(tn 

-': 

MU»«E »0OI Of TIME («<N| 

BF'tt- C—Measured vaiucs of cumulative iii(iltratir>n (points) 
iutg layers (if Ilanford ( M l ' ) and Ilanford (KK) . Tlic lines 
arc theoretical vaiucs based upon ttic solution of equation 
|3 | . The straight solid line represents the cumulative infiltra
tion into a homogeneous column jof.Ilaiiford ( M F ) . 

Reirhardt et a l . , 1972 
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APPENDIX D 

Introduction 

In order to model or define unsaturated flow, the value 
of hydraulic conductivity or diffusivity must be determined 
for a range of soil-water potentials or water contents. This 
appendix contains a discussion of the devices and techniques 
available to measure these parameters in the laboratory or in 
the field, together with a discussion of their ad"antages and 
limitations. 

Devices To Measure Soil-Water Potential 

The type of device to use for measuring soil-water poten
tial must be selected on the basis of the required range and 
type of potential. Some of the more common devices are dis
cussed below and include the tensiometer, pressure plate and 
pressure membrane, thermocouple psychrometer, thermistor 
psychrometer, salinity sensor, gypsum block, and heat dissipa
tion block. 

Tensiometers measure matric potential down to -0.8 bar 
under laboratory and field conditions by means of water in a 
porous ceramic tip placed in contact with the soil. Figure 
DUA illustrates a typical tensiometer. When the soil changes 
potential, it exerts a tension or pressure on the water in the 
ceramic tip anu causes a change in an attached manometer, 
Bourdon gage, or pressure transducer (Yong and Warkentin, 1975). 
When used in the laboratory, tensiometers are usually installed 
at several locations in an undisturbed core or a column of com
pacted soil. In the field, the tensiometer is installed in a 
borehole filled with a soil slurry in order to ensure a good 
contact between the tensicmeter and the in-situ soil (Baker et 
al., 1974). 

Tensiometers typically respond rapidly to changes in poten
tial and are relatively simple to install. They cannot measure 
potentials below -0.8 bar and are sensitive to changes in 
temperature (Watson, 1975). When tensiometars are .'.. stalled in 
the field, dsily temperature fluctuations can cause volume 
changes in the tubing and the water in the tubing above ground 
surface even if the tubing is insulated. In one experiment, 
researchers had to instal' an air-conditioned hut around the 
tubing to minimize the temperature effects (Watson et al., 1975). 
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Peck and Rabbidge (1969) extended the range of the 
tensiometer by filling it with an osmotic solution, such as 
polyethylene glycol, which shifted the zero point to a lower 
potential (D13B). If solutes cannot pass through the semi
permeable membrane in the tensiometer, then the instrument 
measures the sum of the matric and osmotic potentials. Changes 
in temperature affect the response of the tensiometer by about 
1.5* per 1°C. Leakage of solute and strain-gage creep result 
in a drift of tht zero point of about 1 to 2% per month. 

Pressure-plate and pressure-membrane devices have been 
used in the laboratory to develop moisture content vs poten
tial curves for undisturbed and compacted samples (e.g., 
Bruce, 1972; Haridasan and Jensen, 1972). Figure DllB illus
trates a typical pressure-plate device and Figure D11C il
lustrates a typical pressure-membrane device. With these de
vices, air pressure, applied to a sample placed in a chamber, 
causes water from the sample to move into a ceramic plate or 
a cellulose membrane. The water content of the sample at 
equilibrium must then be determined by one of the techniques 
discussed in the next section. Ceramic plates can facilitate 
the development of potentials down to about -15 bars (Yong 
and Warkentin, 1975) and cellulose membranes achieve poten
tials down to about -110 bars (Richards, 1949). Plates and 
membranes are available with various maximum pressures. In 
general, as the maximum pressure increases, the flow rate 
through the plate or membrane decreases and tne time required 
to reach equilibrium increases. For example, the flow rate 
for a 3-bar ceramic plate is about 70 times faster than that 
for a 15-bar plate (Soil Moisture Equipment Corp. Catalog). 
At high pressures and for clayey soils, equilibrium may take 
one to two weeks, a distinct disadvantage since vapor losses 
may occur or air bubbles may collect under the membrane and 
plates, either of which affect the measurements. The labora
tory samples are small (1 to 2 cm for pressure tests), and it 
is difficult to obtain undisturbed samples that are representa
tive of the in-situ soil (Yong and Warkentin, 1975). 

Thermocouple psychrometers measure the total potential 
(including osmotic potential) in a soil by measuring the vapor 
pressure in the soil and relating the vapor pressure to poten
tial. The psychrometer consists of a thermocouple enclosed in 
a ceramic bulk as illustrated in Figure D12B. There are two 
basic types of psychrometer: the wet loop (D12A) an£ the 
Peltier types (D12C). In the wet loop psychrometers, a water 
droplet is manually placed on the thermocouple whereas in the 
Peltier type, water is condensed on the measuring junction by 
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passing a cooling current through the junction. Each 
psychrometer measures the vapor pressure of the soil by 
measuring the temperature depression of the junction caused 
by evaporation of the water. Peltier psychrometers can mea
sure water potentials down to about -80 bars (Wiebe et al., 
1971). 

Psychrometers are very sensitive to changes in tempera
ture (100 bar/ C according to Rawlins and Dalton, 19C7) which 
can usually be controlled to within 0.001°C in laboratory ex
periments. In the field, however, the temperature cannot be 
controlled and special precautions must be taken to minimize 
the effect of changes in temperature (R ;lins and Dalton, 
1967; Hsieh and Hungate, 1970; Chow and -eVries, 1973). Raw
lins and Dalton (1967) minimized the effect by measuring the 
current in the psychrometer before and af-er the cooling. 
The duration of the cooling current must . e kept to a minimum 
if the temperature is changing rapidly. Hsieh and Hungate 
(1970) developed a temperature-compensated psychrometer which 
has two series thermocouples connected with opposite polarities. 
The compensated psychrometer had 1/4 of the fluctuation that 
the uncompensated psychrometer had when the temperature varied 
between 20.1 and 20.9°C in 5 minute cycles (Hsieh and Hungate, 
1970). Chow and DeVries (1973) developed a -hree-terminal 
double-loop psychrometer. They reported tha. this psychro
meter had a thermal stability 40 times bettei than ths un
compensated psychrometer for ambient temperature fluctuations 
greater than 0.2°C/min. Water potentials recorded in their 
experiments agreed within +0.4 bar of the results obtained 
on the same material tested in a porous-plate extractor. 

Kay and Low (1970) developed a thermistor psychrometer 
containing two thermistors, one located above the sample and 
one in a reference chamber. The device worked well in cali
brated salt solutions and a silt loam but in tests on a clay 
paste, the thermistor psychrometer resulted in a potential up 
to 23.5% higher than measured with a tensiometer at the same 
moisture content. The authors gave no explanation as to which 
was correct nor why the measurements differed. 

A salinity sensor (Figure D13A) measures osmotic potential 
indirectly. The device contains a thin ceramic wafer which is 
pressed against the side of a borehole with a spring. After 
the ceramic wafer reaches diffusional equilibrium with the soil, 
the conductivity between two electrodes in the wafer indicates 
the salinity of the pore water (Rawlins, 1971), 

I 
! 
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Osmotic and total potential have been measured simul
taneously with the combined thermocouple psychrometer and 
salinity sensor of Ingvalson et al. (1970) shown in Figure 
D13C. The true matric potential can be determined from 
the difference between the two readings. In calibrating the 
sensor, the calibrating solution should have the same sodium: 
calcium ratio as the soil to be measured. It was found that 
if the matric potential dropped below -2 bars, the ceramic 
cup desaturated, which changed the calibration of the salinity 
sensor. In the calibration of the sensor, measurements were 
repeatable within +0.5 bar over a C tc -10 bar range. 

Gypsum blocks have been used to measure indirectly the 
in-situ potential (Yong and Warkentin, 1975). As the soil 
moisture changes, so do the moisture content and the electri
cal resistance of the block. Hysteresis of the blocks and 
soil is a large source of error; therefore, the blocks should 
not be used in zones where rapid wetting and drying occurs. 
Coating the electrodes with nylon improves the sensitivity of 
the blocks. If the salt concentration in the pore water ex
ceeds 0.24, the measured resistance is affected (Yong and 
Warkentin, 1975). The average life span of a gypsum block is 
3 to 5 years (Soil Moisture Equipment Co. Catalog). 

Phene et a U (1971) developed a device to measure matric 
potential from the rate of temperature dissipation from a 
porous block (D14A). The difference in temperature at the 
center of a block, before and after a heating pulse is applied 
to the center of a block, is calibrated with matric potential. 
The blocks can be made of gypsum, which dissolves with time, 
or of ceramics, which can be made to obtain a certain sensi
tivity. Phene et al. (1971) measured matric potential to -15 
bars, with a precision of + 0.1 bar. 
Methods For Measuring Moisture Content 

The moisture content of soil can be measured by either 
gravimetric or nuclear methods. Gravimetric methods require 
oven drying the soil and are, therefore, destructive by nature. 
Nuclear methods are fast and non-destructive but not as ac
curate as gravimetric methods and can be affected by variations 
in the chemical composition of the soil. 

Gravimetric determination involves weighing a wet sample 
of soil, drying it in an oven, and reweighing the dried soil. 
The water content equals the difference between the two weights 
(weight of water) divided by the dry weight of the soil (weight 
of solids). Soil science experimenters refer to the water con
tent by volume, 0, which can be derived froiii the gravimetric 
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water content by the following relationship (Yong and War-
kentin, 1975): 

Y d 
0 = — W 

Yw 
where w = gravimetric water content 

Y. = bulk dry density of the soil 
Y = density of water 

Several indirect methods have been developed to circum
vent the instructive nature of gravimetric tests. In the 
laboratory, many researchers have used gamma-ray attenuation 
devices to measure water content (for example, Watson, 1966; 
Topp, 1971; Gilham et a K , 1976). Gamma rays from a source 
such as Cesium 137 emitted at one side of a soil column, pass 
through the soil and are measured by a counter on the other 
side of the column. If the geometry of the system and the 
absorptive properties cf the soil and container are known, 
the water content can be measured as a function of the inten
sity of the detected gamma rays. The gamma-ray-attenuation 
technique can be used to measure water contents in the field 
by excavating an annular space and forming a cylindrical 
pedestal of soil, which then can be tested as shown in Figure 
D15A as if it were a laboratory soil column (Watson et al., 
1975). ~~ 

A similar method, derived specifically for field use, is 
the neutron probe (Roulier et al., 1972; Royer and Vachaud, 
1975). The neutron probe contains a source of fast neutrons 
such as radium or beryllium, and a counter to monitor the rate 
at which neutrons return to the probe. The rate of return of 
tne neutrons depends on the number of hydrogen atoms present 
in the soil which is proportional to the water content of the 
soil. The neutron probe requires calibration for each soil 
type encountered and is most useful in monitoring changes in 
the water content of a particular soiir rather than in determining the spacial distribution of in-situ water content at a 
particular site. Further, the presence of boron, potassium or 
iron in the soil can affect the accuracy of the probe (Yong 
and Warkentin, 1975). Consequently, the neutron probe should 
be used in conjunction with a more accurate technique, such 
as gravimetric determinations, when determining the initial 
moisture content versus depth distribution in a soil profile. 

Traditionally, only one of the aforementioned parameters, 
either potential or moisture content, has been measured in 
the field. Thus, laboratory tests on remolded or undisturbed 
samples have been required to obtain the 0 vs V relationship 
of the soil. 
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Royer and Vachaud (1973) have shown that hysteresis 
of the 8 vs ! relationship can be significant and that in 
field situations when the soil profile is subjected to both 
wetting and drying such hysteresis must be accounted for. 
Furthermore, laboratory samples inherently are disturbed, 
which means that the soil structure has been changed signi
ficantly. Therefore, the f vs 9 curve obtained in the lab 
may not be applicable to the field situation and both water 
content and potential should be measured simultaneously in 
the field. 

Methods of Measurement of Hydraulic Conductivity and 
Diffusivity 

Laboratory Methods 

Table 4a of Appendix A contains references to many methods 
available for the determination of hydraulic conductivity, K, 
or diffusivity, D, of undisturbed or reconstituted samples in 
the laboratory. A few of the most common methods used today 
are described below. Most laboratory tests to determine K or 
D involve either steady state experiments, transient experi
ments, or indirect methods (which utilize other soil properties 
such as grain-size distribution to estimate K or D). 

Steady state tests involve applying a potential gradient 
to a soil column and measuring the resultant flow of water. In 
one such test the soil sample is placed in a long column satu
rated at one end and with a controlled water loss at the other 
(Figure D16AB). Based on the geometry of the column and the 
rate of water loss, an average conductivity can be calculated. 
Another steady-state method involves clamping a sample between 
two porous plates which are maintained at different potentials 
and thus inducing a flow of moisture in the sample. By measur
ing the rate of moisture flow through the soil and the potential 
in the soil, the hydraulic conductivity can be calculated. 

Diffusivity can also be determined from steady-state tests 
if water contents are measured or by using the V vs G curve for 
the soil. Table 4a lists several steady-state experiments in 
which water contents were determined either gravimetrically or 
by gamma ray attenuation techniques and D was calculated. In 
these tests potentials were generally measured with tensiometers 
and so are restricted to potentials above -0.8 bar. 
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Transient flow experiments can be performed in one of 
several manners, such as illustrated in Figure D17A. For 
example, one can subject a sample in a pressure cell or pres
sure membrane device to a change in pressure and measure the 
induced outflow of water (Yong and Warkentin, 1975). Transi- . 
ent flow experiments also include tests of soil columns in 
which potentials and water contents are measured as the soil 
takes on water (sorption) or as the soil drains (desorption). 
Waston (1966) developed an "instantaneous profile method" to 
determine K (0) from instantaneous potential and moisture 
content measurements along columns yf soil. Weeks and Richards 
(1967) developed empirical equations for determining K and D 
from measurements of potentials and flow rates during transi-
. ent flow. They reported that the equations gave reasonable 
values of average hydraulic conductivity for a given column 
subjected to potentials down to -1 bar. As with the steady 
state experiments, the potentials considered in the transient 
flow experiments usually depended on measurements with ten-
siometers and, therefore, were restricted to potentials above 
-0.8 car. Mehuys et al. (1975) measured potentials down to 
about -60 bars with thermocouple psychrometers and computed 
K (0) and K (Y) using the method of Weeks and Richards (1967). 
They found that the method of Weeks and Richards may be valid 
for a much wider range of potentials than originally reported 
and suggested this range may include potentials as low as -50 
bars. 

Alemi et al. (1976) determined the hydraulic conductivity 
of soil cores by using a centrifuge but found that compaction 
of the sample during the test may affect the results. 

Diffusivity can be calculated from the water-content pro
file after infiltration of water into a horizontal column of 
soil by using the flow equations presented in Section 3 (Yong 
and Warkentin, 1975; Bruce and Klute, 1956; and Jackson, 1964). 
Hillel and Gardner (1970) measured diffusivity by placing a 
less permeable crust on top of a column of soil and measuring 
the infiltration with time. Different potentials in the.sample 
were obtained by varying the hydraulic resistance of the crust. 

Indirect methods of computing K (0) from G-f curves and 
pore-size measurements have been developed by Millington and 
Quirk (1960), Marshall (1958), and Childs and Collis-George 
(1950)• These methods have been applied to several soils with 
varying success. (In general, the best agreement was found 
for coarse-grained soils.) In all cases, a "matching" factor 
was required in order to make the calculated curves agree with 
experimental results. Typically, K (the saturated hydraulic 
conductivity) was used to match the curves. 
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Field Methods 
Table 4b of Appendix A contains a summary of various 

methods for the field measurement of hydraulic conductivity 
or diffusivity, some of which are discussed below. Most 
field tests require application of water to the soil surface 
and monitoring of the resultant change in water content with 
depth as redistribution takes place. Thus, these methods are 
essentially "instantaneous profile" methods similar to the lab 
tests of Watson (1966). 

Rose et al. (1964) irrigated a soil surface, measured in-
situ water contents with neutron moderation equipment, and 
then determined the corresponding potentials from laboratory 
0-f curves. Roulier et al. (1972), on the other hand, measured 
moisture potential with tensiometers and moisture content with 
a neutron probe in the field. They also performed similar 
tests on laboratory samples 30-cm and 6-cm long of undisturbed 
cores of the same material. Good agreement was obtained 
between in-situ tests and the lab tests on 30-cm long cores 
but not the 6-cm long cores. According to Baker et a^. (1974), 
the instantaneous profile method may incur problems" in the 
fiald if the soil strata are not horizontal or if the hy
draulic conductivity of the layers in the profile varies. 

Baker (1977) performed tests on a cylindrical pedestal 
of in-situ soil which was formed by excavating an annular 
hole as illustrated in Figure D15A. A crust of gypsum and 
sand was placed on top of the pedestal to maintain a constant 
suction in the soil. Baker (1977) then measured the water 
entering the soil from an infiltrometer and computed K. By 
varying the composition of the surface crust different poten
tials were established and the corresponding flows were mea
sured to establish K vs f. 
Laboratory Measurement of Thermal Properties of Soil 

Several researchers have performed experiments to measure 
moisture and heat flow under thermal gradients. Cary (1965) 
measured liquid and vapor flow in a soil sample placed between 
two plates maintained at different temperatures. Cassel et al. 
(1969) measured soil water movement in a column of soil unJer a 
longitudinal thermal gradient. They found that radial thermal 
losses occurred ^n the experiments and that a two-dimensional 
model should be used to analyze the heat and water transfer in 
a cylindrical column. Moench and Evans (1970) measured the 
thermal conductivity and diffusivity in two soils by embedding 
a cylindrical thermal probe in a sample of each material. They 
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reported an accuracy of 4% in the measurement of thermal 
conductivity, based on conductivity determinations on cali
brated solutions. 

Jury (1973) performed experiments to measure transport 
coefficients for liquid and vapor flow under thermal gradients 
in columns of soil. He measured thermal conductivity and 
moisture diffusivity on samples with a range of water contents 
corresponding to 20% to 90% pore saturation. The measured 
thermal conductivity agreed within 7% with values calculated 
using the method of DeVries (1963). 
Application To the Modeling of a Vadose Zone Repository 

Solution of the general flow equations requires determi
nation of the following parameters: 

1. for Y-based equations - K and ¥ 
2. for 0-based equations - D and 0 

Applying flow equations to the mathematical simulation of the 
flow of moisture in the vadose zone requires knowledge of the 
above parameters as they exist in-situ. Measurement of these 
parameters requires field exploratory borings and either in-situ 
or laboratory tests on the soil in question. However, pre
sently available exploration techniques and testing methods 
place severe restrictions on the application of current unsatu-
rated-flow theory to the prediction of the viability of vadose 
zone repositories. 

Most research has concentrated on agricultural soils at 
water contents near or above field capacity and indicates that 
the simplicity and accuracy of measurement techniques decrease 
as water content decreases. Field measurements have been re
stricted to the upper few meters of the soil profile and most 
laboratory measurements have been restricted to reconstituted 
soil samples. Tensiometers cannot measure potentials below 
-0.8 bar and psychrometers exhibit extreme sensitivity to temp
erature fluctuations. Reconstituted soil samples do not ac
curately represent in-citu soil structure and undisturbed 
samples are very difficult to obtain. A typical arid site 
vadose zone repository (VZR) would be constructed in non-
agricultural soils with very low moisture contents deep below 
the ground surface, soil water potentials may be hundreds of 
bars below zero, and surface temperatures may fluctuate several 
tens of degrees, consequently, one cannot expect to accurately 
predict the performance of a VZR based on parameters measured 
with currently available measuring devices. 
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The most reasonable approach to modeling the flow of 
moisture in the vadose zone would probably include a 0-based 
analysis with field measurement of water content vs depth and 
laboratory determination of D vs 0 for "undisturbed" soil 
samples. This approach would minimize extrapolations since 
D can be measured at much lower water contents than ¥ and 
would minimize error in obtaining field data since water con
tent determinations are less complicated and less temperature-
sensitive than measurements of soil water pocential. However, 
such an approach would be limited in that "undisturbed" samples 
are vciy difficult to obtain from depths common to waste deposi
tories (i.e., 150 to 200 m) and laboratory tests on small 
samples may not represent the overall diffusivity of the field 
soil {i.e., seal* effects). 

Insufficient data preclude any conclusions as to the 
reliability of the measurement of thermal properties of soil, 
i.e., 3T/3Z and D T {see Section 3.3.2). Some laboratory work 
has been done, but not on soils at very low water contents, and 
few, if any, field measurements of T and D T at depths greater than a few meters have been reported in the literature. 
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AFIO. J. Wet-loop psychromctrr (from Richards 
awl Optn, 1958) ghotrinjE. insulating cover (1), 
liquid bath (2), mnsonito corcr (3), tr*t tube (4), 
b n n cylinder (5), copper disk (8), copper tube 
(7). plastic handle (6), lead wire* (ID, and stain
less steel simple container with f..̂  cap (18). A 
droplet of water ia held in Hie silver riog nip-
ported by chromel and constantan wires in the 
cavity formed in the soil a^'ilc (17). 

Rawlins (1971) 
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B Fin. 2. Cross section of the thermocouple psy-
chromctot used by Itanlins and Dalton (1667) for 
in ri(u measnremcnl of soil water potential show
ing Teflon insert (1), copper heat sink (2), chro-
mel-Cviiftantan thermocouple (3). copper lead 
wires (4), acrylic tubing (6), onoiy resin encapsu
lating heat sinks (6), and ceramic bulb (7). Water 
ia condensed on the thermocouple junction by Pel
tier, cooling immediately preceding each measure
ment- R a w l i n s ( 1 9 7 1 ) 
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C Fro. 3. Temperature-compensated Peltier psyehrometer assemblies. (A) This complete 
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sated ran, depending on tiu. connections of the four external lead wires. (B) A simplified 
temperature-compensated paychrcroter with only two externa! lead wires. (C) Top view 
diagram of (B) psychromeler. (After Haieh and Hungate, (ID), j j a v f l i n s ( 1 9 7 1 ) 



D-13 

Flf. I- Kuril and •KIIMUI rle»a akawlaf: (I) ceraatle plate, 
(2) frtnt « • .A efeclrade, (3) back tkcUade, (4) n|ka 
HWnj, (6) epai; bltca, (6) termiitof, (7) Mier Licit* caw, . 
(8) tprinf hr hridlnf tkt ttiuitto ekrawt ipiiwt MH, , 
(9) releaie pin, and (10) pill "Ire.' ' ',!' 

Salinity Sensor, Richards (1966) 

2cm 
B F n . 8. Cross-ncclionnl viwv o[ tbc osmolir M -
siomctor propose! by Perk nnd liabbidp: i lW) 
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'Fig. 1—Cross section of the combined thenrocouple psychmra-
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potential of nil water. -. , 8 $ 
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EFFECTS OF THERMAL GRADIENTS 
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Since the early experiments of Bouyoucos (1915), many 
soil physicists have investigated the flow of water due to 
thermal gradients in soils. Gurr et al. (1952) performed 
several tests in which salt was used as a tracer to monitor 
the flow of moisture due to thermal gradients in a closed 
system (i.e., no drainage from soil). Their results indi
cated (1) a net flow of moisture in the direction of de
creasing temperature, and (2) an increase in the salt con
centration at the warmer end of the soil specimen. These 
results imply there was a flow of moisture as vapor down 
the thermal gradient, which may have been accompanied by a 
lesser liquid flow in the direction of increasing tempera
ture, due to induced moisture gradients. The data of Gurr 
et al. (1952), reproduced ou page E-4, illustrate this 
phenomenon well. 

Hutcheon (1958), E-5, determined the effect of initial 
volumetric water content, 0, on the resultant temperature-
induced moisture gradients for three soils. Decreasing the 
initial water content increases the resultant temperature 
gradient. 

Most equations which have been proposed to model unsatu
rated flow due to thermal gradients are of the diffusion type. 
(See Section 3.3.2 of text.) Although these equations have 
not been verified extensively, some experiments have been 
performed to show the application of the various theories to 
real soil (mostly relatively moist soil). In this appendix, 
the relationship of diffusivity to water content is examined 
and some experimental measurements of moisture are discussed. 
Diffusivity 

It was shown previously (Section 3.3.1 of the text) that 
diffusion theory can be used to mathematically describe iso
thermal unsaturated flow. Jackson (1963), E6A, obtained 
experimental data which indicate that diffusivity increases 
with increasing ambient temperature. However, Jackson (1964), 
E6BCD, conducted experiments to test the validity of diffusion 
theory for soil*, with low water contents subjected to thermal 
gradients and found an anomaly in the D vs 0 relationship at 
low water contents; there was a water content in the dry range 
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at which diffusion reached a secondary maximum. 

Jackson (1964) explored this phenomenon further and 
found that there were no simple relationships among D, 0, 
and soil texture or porosity. Rather, he indicated there 
must be other influencing factors such as structure, type 
of clay mineral, and the amount and type of ions on the clay 
complex. For the most part, the diffusivities he measured 
were in general agreement with predictions based on the 
method of Philip (1955). 

Jury (1973), E7, reported data from experiments in 
which he measured the diffusion coefficient of a medium sand. 
He found a relation between D and 0 that was similar to that 
of Jackson, 1964, with the exception that he found the 
anomaly in the D vs 0 curve at higher 0. 

Moisture Flux 

As mentioned previously, there are very few data from 
experiments in which moisture fluxes due to thermal gradients 
were measured in soils at very low water contents, Cary and 
Taylor (E8, E9), Cary (E10B), Rollins et al. (E11ABC) and 
Cary (EllD) have provided some useful~d*ata, although all of 
their experiments were on soils at volumetric water contents 
greater than 10%. Nevertheless, their data illustrate several 
characteristics of thermally induced moisture flow: 

1. As the temperature gradient increases, the moisture 
flux increases <E8, E9, E10B, E11BC). 

2. As the average temperature increases, the influence 
of temperature gradient increases causing greater 
fluxes due to an increased vapor flow component 
(E8, E9, ElOB). 

3. Cary's data (E9A to F) indicate a temperature gradi
ent of 0.2° C/cm (with a cool side temperature of 
15°C) will cause a moisture flux from 1 to 3 cm/yr 
depending on the potential gradient or water content 
during the experiment. 

Application To the Modeling of a Vadose Zone Repository 

At the time of burial, the high temperature of HLW and 
spent fuel will tend to oppose any tendency for moisture flow 
toward the depository. Hence, if no moisture could contact 
the waste, there would be no mechanism for transport of radio
nuclides away from the depository. 
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The prediction of thermally induced moisture flow is 
still in a nascent state. There are several tables repro
duced herein which summarize the various prediction techni
ques. Philip and DeVries (El2) compared several predictions 
with measured values and found that diffusion theory tends 
to underestimate flow by as much as 18 times. They subse
quently proposed a different theory which is discussed in 
the text" (Section 3.3.2). Cassel et al. (E13) compared the 
prediction methods of Philip and DeVries, Cary ard Taylor, 
and pure diffusion theory (Ficks Law). Their results, 
summarized in table form, indicate the methods of Philip and 
DeVries agreed well with experiments on Columbia sandy loam. 
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isiurc A—Water Mux Ihrnuuli Milhille loam snil. Apprnxi-
malt' pht stc:d characteristics were a Iwlk ilci sily of IJtf) 
;inil a Miclimi of II ccittihnrs. ExpeHmctilalh measured 
Mow rales arc '-huwii as points and the smnnth curves 
with cool M<IC temperature as parameters arc predicted 
h» the e<pmtinn 

0.4 0.6 
Vt •C/cm 

iSirrc .V-\V;j(cr J|i>\ tlinnndi MilUillv Inuni s«il with a 
moisture content «( alumt 27*i . Other approvimate 
eliarinlcristks viete it hulk density til \.',V.l. a uumturc 

itihars and an aii-Idled pure spate »d •»l 3 ccn 
I t ) ' . . Kxpcrimciilully measured How vales are ".luwn as 
points •imt llic smooth curves with tool side tt-iiipi'ra-
l»re a.v parameters are predicted hy die etpiatiun 

T ! f i, S-i r,n 

Cary and T a y l o r , 1962b 

' 4—Heat f1»i\ through tin* same system shown in 
re .'t. Kspei ' iuentalh measured flow rate 1 ' arc dmwii 
•ninrs and the smooth curves with coot side ft-mpcra-
• as a parameter are predicted hy 

. = (1. 0ZG2 * 2. -Jft-(2)A!o^ T + (fift. 8!M * 305. 22) A — . 
' Cary and Taylor , 1962b T 

: figure (»—Heat flux throuuh the .same sample considered, 
in figure .">. l-~\pci imcnUitU uicastitvtl fhtw rules nrc1 

shown .i-v puints and the- smooth curve is predicted by 
llie cijiiaiioii 

J K = 1.2031' A log T * 34.2G0 i i _ . 
T 

The i-xpi'i iiui'iitiil points arc labeled with the parainek'rs 
of coid side toiui^erature-

Cary and T a y l o r , 1962b 
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A T A W . E S 
rmtirhil ri"i nWrltr/ itllnfx itf uum/iirc y?oir nl ntrwrnt sin'f iwiisli/re iiu-rinnft trhcrc J, w 

l b tojiw Imntftr, J» i> transfer dur In the iirviuirc gradintt, and J l t is liquid-pluue 
tnncfrr due tftily to the thermal ijrmlir.nt 

'lit 
,JT. 

5 I . J I X 1 
5 I.IB 

10 l . l» 
in 1.an 
10 i n 
18 ll.:i:t 

18 I I I 
18 1 t i l 

I I I ' 

vr 
. . . . ._ 

•c. •£./,«, 

M l 1171 
18.7 0.ii:t 
:L'.I (1 VI 
(i.:i (1 14 

17.H II..11 
ai . i i I IS. ' 
H.ll 1.12 

LI) II II.'.hi 

:«.:' n..w 

-I).? 
- I S 
-': i 

•-M 
- • J . IS 

«.» 
-n . i 

o.:i 
~4.s 

D.M 
n.2> 
ICC 
II i.i 
n •>,-, 

o.ni 
n:u 
n f.i 
O.lii 

- (MM 118.7 11.811 
- I . I K ll.'.H 11.1)7 

-1.711 ii ;s - D . f i f l 

(l.lll n. is I I . (M 

-11.17 II. 18 i i .ai 
(1 J't i i . ii j :.MI7 

- I I . I.'i 0.110 0.17 
fl.lH 0 (Hi 1.17 

-ll.lifi (1.19 0. i 

'T. "W. Tary," l^Er 

on o.« o* o.< 

B I'm. 1. 
iini'lii'iii. 
.iii'l u.TC. 

0.4 0.6 0-B 0.4 0.6 0.4 

THERMAL GRADIENT c/cm 

Nol heat llii\ nml nut lliwmul muislu.ro llux shoiin as u function of K!iu|ieratnre 
I Jalaarc fur siiilinns of 5, 1(1, and 18 era. U|!, ill average lenijicraturra uf 8, 18, 

J . W. Cary , 1965 

http://muislu.ro
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RKUTUIV-IIII' III:I»I:KN H « « RATH AND 

llli'.UMAL IMIADIUST 

il«W IMl 1 Viv.l. 
iin'l 

Knlr 
lllni'' 

n[ flow 

*l« l is I w M l w M V <W 
» l i t I'l I) J 

n i:o J i 
27n3* ' vi.fi 
s» i n.l 
l„ . li.( 

Rollins e t a l . , 1954 
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. nr 
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I ' 211-
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I « X 
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!."« X 
IU1 X 
S . m x 
JK X 
1.79 X 
(I.Jl X 
i l l X 
j . n x 
!.'•! X 
ninx 
s s«x 
147 X 
I (M X 

Rollins et; » ! . , 1954 

Ttme«fO»un of worm «idi - C " 

V'tfcurr II. Krtalliimttln W , » m i flnw Tiilr anil thrtntil 
i>lMllrn(. 

Rollins et a l . , 1954 

n Tabk' I—l»mfarisann of moislw lion dm' la Ihrrnul giailii'M* and duo In hi'id cndiruls In rarious porous aialrvials. 
All liifrmal moisluie Haw is fr«m warm la cwl. lllbitf himilur dala may br found in reference* 
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)KI'IKI 

li.,,i.I 
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( h l a 
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li.|i i ir| f \«|>(ir 
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' W i -

. ^ • * i m i * . 

t n | * r 4-1>>|tli-, 
VW|*iW 

•(•(ii**iftnifinlamnr*iiiiiritii| n" 1 rm- MII-I nt.nil.inn.' (Iinlnrttnt 0.1 cm. 
t l!«f nil* rIuiniiT>J with name, 
t J'fi i mualy uii|«iMi*finf "tan 'J'Mio-^ V f >«• mtlwi in <'t|trriiiiriifii liinitnr bi llm • n-i«irt«i in (?». J , w, Cary, 1966 

http://Tr.li.iil
http://vi.fi
http://�ii.ii.ni
http://II.him.iti
http://diftill.il
http://nt.nil.inn.'
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A T A I U I - Eiffrimniltl iult m uvfrrw^t I/.ipinW In *>t'Ii Hndcr ItrnfftntHit fimiimi 

i.iHfj tlo» » v i M 9 l MiMiM » 
Id l i p * H4K 

hnxltr 
YotaMtik 

mriut 
1 

Vulumlrk 
til iwotcnt. 

lUlioof 
obaen-H 
tiurfer 
toirtn 

t«*t«1W 

• • t 

3 A 

~i$- '. 
• » • « , , 

UtiTUtii' , 

"and Liquid flow iisumed 
proportional to CI 
movement (NaCI 
used as tracer) 

o.4?2*: 

0.555* 

0.657-

0.074 0 3 9 * 

lUlioof 
obaen-H 
tiurfer 
toirtn 

t«*t«1W 

• • t 

3 A 

~i$- '. 
• » • « , , 

Uncertainty in this 'value 
about W* 

lam 

m 
Gjps in column pre

cunei: to rcttrirl 
movement to vapor 
pine 

o.4?2*: 

0.555* 

0.657-

0.206* 

0.I5R* 

0.349 

0.499 , 

lUlioof 
obaen-H 
tiurfer 
toirtn 

t«*t«1W 

• • t 

3 A 

~i$- '. 
• » • « , , 

Recomputed by w (from jrTg. 
$ after one day). ! ..''ii 

romputed by uV (from Bf. 
4»fter2d»vj). r - - . . f ; * V 

fill* IDtJ 

l«H| 

Liquid return flow 
'*:{aM to'lot) yii 

atonal capillary 
'preiumed to cqial 

- vapor Bow (bot to 
.' eoldjlnoofuniti 

• ' '• ' \ 

0.690, 
O.MI 
0.52! 
0.403 

0.452' 
0.407 

0.179 
0.202 
0.KQ 
O.fcJ 
0.301 
0.329 

0.511 
0.3iS„.i 
0.261 . 
0.215 " 

0.149 
0.078, 

• 1 . 

• '-4.6 . ' 

• • • « . » • ' : 

Computed Ityilafrroitf R i B , 

^ ? * * » ! • • 
Computed. by1 HollWfiaW 

other* (trial •*'IV, ! V g J 
Computed by ps (fret* rati 

h'- •'••k*mmi--
•Tbe«entaco»^Monaatanplki i i tImS.G.o(»ninateTi^ "-'V"' • •'i-•?(' 
• Figurenumber*fa tlif coluawi refer to IgurwoppearinE to thecorn^pnndtrit paper cited tacbfanlnl,f':-' 

Philip and DeVries, 1957 
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A 
T«W -Gimpuritnn of dbsmcd m-i fitter fluvtt through l-cni srdioiH In those prcdlrted by Flek' l»w, lb* Fliilipnlr Vrict 

Tlicory, and t fit- Fin <ir*G*ty Theory fur (he 0 ta 7frhoar i irtcnil of ruiiBl 

IM iTMl V * " " ' i w , , r 

•'i u i . 

v..,*-'1'" «i-c- ' " 
cm <-f|i,iliy f i n <Liv c m / i b ' cm/i5"t 

1 |. HO Z *». H « | . i 9 f >» » 5 i o . - l l 
2 3.35 1 it 0 . 4 1 " fc | 1 2 -IK 0 H u n t i 
i 4 M n H.4 D | * » 1 • » 1 Oi 6 H l> 0 M 
1 ', *5 | *..' l> ,**4 1 •*• 0 MS • TO II OlZ 
5 t c : i n o t a -, v> 0 «T7 0 11 u O H 

r. •* 4« I : : a i«i ..« n : J * F 41 i> wo 
7 1 » ; | SI 0 1 * ' c •; (1 H 6 6 IT ii « n 

a » 44 1 M 0 J»>" 7 C ' 0 9Z I (t i*. >> i * i 
9 4.72 1 NJ 0 i'«i H - 0 t'\ 0 . 5 7 ff w*. 

10 * «'• 1.71 6 I M M I a «:.? O S * I> Ofl l 

11 •» ' ,< 1 .4" (1 1*7 7 S« II M l 0 S7 *• oat 
12 ? ' C 1 «3 0 l» l M l " K M 4 42 if 047 
11 * 02 | « 0 1 " . |fl 1 I 11 O.Tfl .1 'lAt 

14 1 tvj i «1 q 11* t ] « I "3 0*7 O <»') 
11 I K 1 5 ! P |TD S 3 * ] 14 t>«* ft 0*5 
) t • *? 1 *• o rm id l 1 H 0 SI •• « i ^ 

n J . l l 1.9* o ;?'» 11 9 1 1 * Out •, itti 

u * (W I I I a : - i 11 • 1 10 « u i l 1C*. 

t* : • « i i t • •) J-'- 14 O i r » 1 * . u i i i ; 

B Cassel e t a l . , 1969 B 
T-blc3--Coinpamon of ubjcrvcd net water flutes through 1-tm sections (a those predicted b> Pick's law, the FbitiiMlc ̂ "H« 

Theory, and the Tayhir •tjry Theory fur tlii< 7(> to 18G-hour interval of run Bl 

reh*n» 
tn l r rn t I ^ C K . - " * V ( , ^ l " ' V, , *" - 0 1 _^L ' . . r " 1 " 

rtn rm'<h* rw •*•) r - n - d i j (•n> 'd*y 

1 t . r i i i 1 (1 11 .« 1 S9 0 43 0 » 

2 1.01 1 " o r: H.9Z 2 24 0 Oit* •». fl» 

3 i : « p f . f i * J " - , 1 7 ] 1 ' ' 0. D9> i ' P2J 

1 5.W i ' . : <i i * i 4 . ? 3 0.19 (1 03', 

S t.M i : i 0 . 1 * * s : i 0,14 o flj; 
1 T.M i. a 0.1 '1 5.73 0 * 1 0 fl'il 
7 : M i / . i 0r 1*1 *.» O.I i (J.024 

< » « l . M 0, l « 7 . 7 1 o.ss 0 nen 

« 1 . 1 * 1 •>* 0 in? • 75 0 . 4 0 0 044 
1* * c i j : J 0 1*6 » . J I 0 . 4 7 i) 0t9 
( 1 9 :> i '.o Q IV* T S I 0 . 5 3 M M 
1 * i . « i . « 0 1*9 yn 0.45 0 . ( 4 1 
I ».)« J.5> 0 I f * 10.1 o.« o n:i 
»w .̂ B.71 I W A JW ata a. HA 0.0TN 
I S ^ 1.W | U n j 91 ».w O.ZR 0.016 
11 8.41 1,75 n 279 ».M 0.32 O. OS'I 
n 4,1) I.M n i*»" 11.1 0.E6 0.11 
i * 3.15 1 . 1 ' 0 71G 13.1 (ins 0.15 g. i? 
i t 1 31 1 1 * J . 6 - 12 5 «.M • 0 18 • 0.14 

Cassel et a l . , 1969 


