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SUMMARY

The use of vegetation and rock covers to stabilize uranium mill tailings

cover systems is being investigated by Pacific Northwest Laboratory. A model-

ing study of moisture movement through the tailings and cover layers was

initiated to determine the effect of the stabilizing techniques.

The cover system was simulated under climatic conditions occurring at

Grand Junction, Colorado. The cover consisted of a layer of wet clay/gravel

mix followed by a capillary barrier of washed rock and a surface layer of fill

soil. Vegetation and rock were used to stabilize the surface layer. The

simulation yielded moisture content and moisture storage values for the tail-

ings and cover system along with information about moisture losses due to eva-

poration, transpiration, and drainage.

The study demonstrates that different surface stabilization treatments

lead to different degrees of moisture retention in the covered tailings pile.

The evapotranspiration from vegetation can result in a relatively stable mois-

ture content. Rock covers, however, may cause drainage to occur because they

reduce evaporation and lead to a subsequent increase in moisture content. It

is important to consider these effects when designing a surface stabilization

treatment. Drainage may contribute to a groundwater pollution problem. A

surface treatment that allows the cover system to dry out can increase the

risk of atmospheric contamination through elevated radon emission rates.
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INTRODUCTION

Uranium mill tailings consist of the waste or refuse left after uranium

processing. The typical disposal method has been to slurry the tailings into

large ponds that eventually dry out, leaving a tailings pile. Since the tail-

ings contain significant quantities of radium, they emit radon gas, which is a

decay product of radium. Because exposure to radon gas has been linked to

lung cancer, concern has been expressed over the health and environmental

aspects of open tailings piles. A number of sealant or barrier systems are

being considered to contain radon and other toxic materials in inactive uranium

mill tailings. To maintain long-term effectiveness, a sealant/barrier system

must be protected from wind, water, ultraviolet radiation, frost, chemical

reaction, and biological degradation.

Soil placed over a sealant/barrier system can provide a protective mantle

if the soil is not lost by erosion. Vegetation is an attractive choice for

controlling wind and water erosion since it is economical and self-renewing.

In extremely arid regions, vegetation may not adequately stabilize the surface

layer. In these areas rock covers may be required. However, by reducing

evapotranspiration, rock covers may cause the moisture content of the tailings

to increase.

Maintaining a high moisture content in covered uranium mill tailings helps

reduce the surface emission of radon gas (Nelson et al. 1980, Mayer et al.

1981). Too high a moisture content, however, may result in drainage through

the tailings pile and increase the potential for groundwater pollution. In
response to these concerns, Pacific Northwest Laboratory (PNL) (a) contracted

with the Department of Energy's Uranium Mill Tailings Remedial Action Program

(UMTRAP), to develop a methodology for studying the effects of vegetated and

rock covers on the moisture content in a covered uranium mill tailings system.

(a) Operated by Battelle Memorial Institute
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This report introduces a methodology for analyzing the time varying mois-

ture content in covered uranium mill tailings. A discussion is included on

the application of the methodology to rock and vegetated cover systems under

climatic conditions occurring at Grand Junction, Colorado. Comments are also

included on how to improve the methodology to increase the accuracy of the

moisture-content analysis.
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CONCLUSIONS AND RECOMMENDATIONS

The results of this study indicate that care must be taken when selecting

a surface stabilization system for a tailings pile. The moisture-content

response of the tailings pile and cover system can be radically altered by

different surface treatments. The two cases considered in this study indicate

that (under climatic conditions occurring at Grand Junction, Colorado) the

evapotranspiration from a vegetated cover can result in a relatively stable

moisture content. A rock cover, however, may increase the moisture content of

the tailings pile by significantly reducing evaporation. In fact, moisture

storage may increase to the point that drainage occurs.

Future studies should refine the description of the surface boundary con-

dition to provide a more accurate moisture sink term. This work should focus

on better descriptions of plant growth and moisture extraction behavior as a

function of climatological conditions. Additional work is required to more

accurately describe the diffusion of water vapor through rock covers, and to

quantify the effects of wind.

Once a cover system is selected, the modeling effort should also include

an assessment of how the cover system affects radon gas emissions. This capa-

bility is already developed and can be directly coupled to the unsaturated

flow analysis presented in this study (Nelson et al. 1980, Mayer et al. 1981).

It is important to consider the effects of atmospheric contamination from

uranium mill tailings, as well as the potential for groundwater contamination.

3



UNSATURATED FLOW CONSIDERATIONS

Uranium mill tailings usually occupy an unsaturated flow zone constituting

the transition region between the atmosphere and a groundwater system. Unsatu-

rated zone modeling has, therefore, been used for this study. An unsaturated

flow zone gains moisture from precipitation, agricultural irrigation, and

seepage from rivers and lakes. Moisture is lost by evaporation, plant trans-

piration, and drainage. Soil moisture moves in an unsaturated zone under the

influences of gravity, Darcian flow, and vapor diffusion.

This chapter describes the processes that control moisture gain, loss,

and movement in an unsaturated zone. Gravity causes downward movement of soil

water until the restraining force due to capillary hydraulic potential (matric

potential) is in balance with the gravity force. If the capillary action is

stronger than the gravity force, upward moisture movement may occur. The

movement by capillary action i' called Darcian flow and is described by the

hydraulic conductivity and the matric potential gradient, both of which are

strongly dependent on the moisture content.

Movement of soil moisture by vapor diffusion is significant near the soil

surface and is the primary mechanism controlling moisture loss by surface

evaporation. Potential evaporation rates are the highest when the soil near

the surface is nearly saturated; otherwise, a dry layer of soil limits evapora-

tion. Moisture is also lost by plant transpiration. To model this mechanism,

the relationship between the potential transpiration and the climatic condi-

tions must be specified. Root zone extraction-behavior must also be described,

since plant roots remove moisture at different rates at different depths.

If the water infiltrating the soil profile exceeds the capability of the

soil to store moisture, drainage will occur. This drainage may enter the

groundwater system, depending on the depth of the water table.

The presence of soil layers complicates unsaturated flow modeling. Clay,

silt, sand, and gravel layers affect the movement of soil water differently.

Certain layers rapidly transmit soil moisture, while others impede its

movement.
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The computer code, UNSAT (Gupta et al. 1978), has been developed to solve

the one-dimensional unsaturated flow equation. The code accounts for the

important factors influencing the unsaturated zone, namely,

" water infiltration from precipitation or irrigation

" evaporation

" transpiration

* runoff

o drainage.

A new version of UNSAT called UNSATV (developed by Simmons and Gee 1981) has

been used for this study because it is capable of modeling the effects of

water vapor diffusion. For a more detailed description of these codes and

applications of the codes, the reader is referred to the reference reports.
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MOISTURE CONTENT ANALYSIS

The following three sections discuss the various aspects of modeling

vegetated and rock cover systems. The basic input data and model setup common

to both simulations are discussed. This discussion is followed by analysis of

soil moisture dynamics under vegetation and rock cover surface treatments.

MODEL SETUP

The multilayer cover system investigated is one of three being developed

at the Grand Junction, Colorado site. This particular system was simulated

because the water content in the seal affects its performance as a radon bar-

rier. The initial conditions used for the unsaturated flow analysis (Table 1)

represent near-equilibrium conditions below the clay/gravel layer to the

763-cm-deep water table. The moisture conditions above the clay/gravel layer

are the result of repeated simulations using the recorded climatic conditions

and could represent the initial conditions from a long-term climatic history.

The clay/gravel layer's moisture content is initially at a nearly saturated

state. Table 2 summarizes the layer characteristics used for this simulation.

The soil water characteristics reported by Simmons and Gee (1981) for the Grand

Junction clay, rock, and tailings layers have been used. The soil. water char-

acteristics for the A+ clay/gravel mix are represented by the curves shown in

Figures la and lb.

Climatic parameters were obtained from monthly summaries of local climato-

logical data(a) for Grand Junction, Colorado. The data from the summaries

for the years 1976 and 1979 were provided in the following units: hourly pre-

cipitation (inches); temperature (OF) in terms of daily maximum, minimum, aver-

age, and average dew point temperature; average wind speed (m.p.h.); percent

of possible sunshine and sky cover in tenths; and maximum and minimum relative

humidity. Hourly precipitation determined the water infiltration rate for the

modeling. Other climatic parameters were used to estimate potential evapotran-

spiration on a daily basis.

(a) Published by the U.S. Department of Commerce,. National Climatic Center,
Asheville, North Carolina.
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TABLE 1. Soil Profile Depth Nodes and Initial Conditions for
Simulation of the 1979 Climate of Grand Junction,
Colorado

Depth
Soil Layer (cm)

Grand Junction Clay 0.0
2.5
5.0
7.5

10.0
15.0
20.0
25.0
30.0
35.0
40.0
50.0
60.0
70.0
80.0
99.0

Rock 100.0
110.0
120.0
129.0

A+ Clay/Gravel Mix 130.0
132.0
135.0
140.0
142.0
144.0

Medium Tailings 145.0
150.0
160.0
180.0
200.0
250.0
300.0
400.0
500.0
600.0
650.0
700.0
750.0
755.0
760.0

Water Table 763.0

TOTAL INITIAL MOISTURE STORAGE

Suction Head
(cm)

14-50.0
3167.0
1293.0
1230.0
1176.0
1090.0
1025.0

975.0
935.0
902.0
874.0
830.0
796.0
768.0
746.0
709.0

709.0
709.0
709.0
709.0

600.0
600.0
600.0
600.0
600.0
600.0

651.0
646.0
629.0
612.0
590.0
524.0
467.0
365.0
265.0
165.0
155.0

65.0
15.0
10.0
5.0
2.0

145.859 cm

Water
Content
0.170
0.172
0.175
0.177
0.179
0.183
0.187
0.190
0.192
0.195
0.197
0.200
0.203
0.206
0.208
0.212

0.008
0.008
0.008
0.008

0.259
0..259
0.259
0.259
0.259
0.259

0.141
0.141
0.142
0.144
0.145
0.150
0.155
0.167
0.185
0.214
0.238
0.278
0.370
0.384
0.399
0.408
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TABLE 2. Layer Characteristics

Layer

4

Thickness
(cm)

100

3

2

1

30

15

618

Material

Overburden (Grand
Junction clay)

Rock

Clay/Gravel mix (A+)

Medium tailings

Porosity

(cm3 /cm 3 )

0.468

Bulk
Density

(1.cm 3 )
1.37

0.320

0.270

0.458

1.80

1.97

1.47

cc

U

U
I--

I--

0
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10 1 W 102 10 3J 10 1 t @' i
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FIGURE la. Hydraulic Conductivity Versus Suction Head
for Grand Junction A+ Clay/Gravel Mix
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FIGURE lb. Moisture Conductivity Versus Suction Head
for Grand Junction A+ Clay/Gravel Mix

For both cover systems, UNSATV was run for one year using the climatic

data for 1979 (wettest year on record). This simulation was started using the
initial conditions shown in Table 1. The purpose of this one-year simulation

was to allow the moisture content in the soil to adjust to the actual climate.
Since this is simply an initialization procedure, the results for this year

are not discussed here. The moisture content profile at the end of the one-
year simulation was next used as the initial condition for a two-year simula-

tion using repeated 1979 climate data and for a two-year simulation using

repeated 1976 climate data (driest year on record). This approach provides

two dry years and two wet years for comparison of the effects of climate on

each surface treatment. The surface treatments can also be compared with each

other and thereby illustrate the effects of vegetation and rock covers.
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VEGETATED COVER SIMULATION

The purpose of this phase of the research effort is to examine how vege-

tation influences the moisture content of a covered uranium mill tailings pile.

A plant community consisting of the following plant species (percentages are

cover values) was modeled:

* 29% Artemisia tridentata (Big Sagebrush)

* 2% Atriplex confertifolia (Four-wing Saltbush)

* 2.5% Agropyron (Wheatgrass)

* 2.5% Bromus tectorum (Cheatgrass).

Thus, the plant community consisted of 36% plants and 64% bare soil.

Because UNSATV was originally developed for a single plant species, the

above plant community was modeled as a single composite plant with the root

density data and evapotranspiration (ET) data for each plant weighted appropri-

ately. The data obtained for root density and ET for each plant are based on

a plant community that would consist of reasonable amounts of bare soil. The

composite plant characteristics are obtained by averaging the individual plant

characteristics. The weighting factors for each plant are obtained by divid-

ing the percent of plant cover for each species divided by the total percent

of plant cover.

The root density must be specified so that the loss of moisture due to

plant transpiration can be distributed appropriately throughout the root zones.

The root densities for each plant were developed from data on root biomass and

root weights reported in the literature (Branson et al. 1976, and Cline and

Rickard 1974). The actual values are tabulated in the appendix. The two

shrubs Artemisia tridentata and Atriplex confertifolia were assumed to have

constant maximum root depths of 180 cm and 110 cm, respectively, and the per-

renial grass was assumed to have a constant maximum root depth of 80 cm. The

maximum root depth of the annual grass depends on the growing season as shown

in Table 3. The two shrubs were assumed to have an active growing season

starting on the 90th day of the year and ending on the 320th day of the year.

The grasses were assumed to be actively growing from day 120 to day 190. It

should be noted that the plant root model does not take into account the

10



TABLE 3. Growing Days Required for Annual Grass
Roots to Reach Various Depths

Depth Depth
(cm) Days (cm) Days

0.0 5 30 20

2.5 6 35 25

5.0 7 40 35

7.5 8 50 40

10 10 60 50

15 11 70 60

20 15 80 70

25 16

effects of climate or soil conditions on root growth. UNSATV is not currently

able to account for these effects, although it would be possible to add this

feature.

Modeling plant transpiration requires that the potential evapotranspira-

tion (PET) be divided into its component parts: potential evaporation (PE)

and potential transpiration (PT). Little information was available for

describing this relationship for the shrubs, but information reported by

Branson et al. (1970) indicates that the PT is approximately 85% of the PET.

This relationship was assumed to hold for both shrubs throughout the growing

season. A relationship that accounts for the variation of PT with growing

season and PET has been discussed by Simmons and Gee (1981) for cheatgrass and

has been used for both grasses.

Using this information, the simulations were-performed as previously dis-

cussed. Figures 2a and 2b are plots of the moisture contents for selected days

from the two wet years simulated. Figures 3a and 3b are for the two dry years

simulated. An important feature to note is that, although the moisture content

in the surface layer varies dramatically, the lower layers exhibit very little

change in moisture content. By comparing Figure 2a with 3a and Figure 2b with

3b, we see that the dry climate results in a drying out of the upper layer and

less variation of the moisture content throughout the year. Note that the

moisture content in the upper layer is generally smaller and that the moisture

content profiles do not change as much in Figures 3a and 3b.
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The moisture storage for the entire soil profile is plotted for the two

wet years in Figures 4a and 4b and for the two dry years in Figures 5a and 5b.

These plots illustrate the short-term variation in moisture storage due to

rainfall events and seasonal variations. The moisture storage during the two

wet years is nearly identical, although for the first five months of the second

year, the soil profile is slightly drier. The soil profile for-thTt-wo--dry

years is noticeably drier than during the two wet years. During the summer

and early fall, however, the moisture storage for the wet years and for the

dry years is identical.

The water balance for the wet years is summarized in Table 4; the dry

years' water balance is summarized in Table 5. The initial storage values

represent the amount of water stored in all four layers on day one for each

year. The rainfall value is the amount of water from precipitation that is

available for infiltration. The runoff values indicate the amount of precipi-

tation that did not infiltrate but that flowed over the soil surface and even-

tually provided input to a stream or lake. The total amount of water lost by

evaporation from the soil surface and the amount lost by transpiration are

also given. The water that drains through the soil profile and out the bottom

is listed. The final storage values indicate the amount of moisture stored in

all four layers on the last day of each year. The mass balance error, a mea-

sure of the accuracy of the model results; is computed by comparing the dif-

ference in the change in water storage computed as the difference in initial

and final water storage or by summing the rainfall, runoff, evaporation,

transpiration, and drainage values (values must be added or subtracted as

appropriate).

It is apparent from Table 4 that storage during the wet years has changed

negligibly. Table 5 indicates that the two dry years result in a slight drying

of the soil profile (approximately 2 cm of water). Note that no runoff or

drainage occurred for either the wet or the dry years.

ROCK COVER SIMULATION

This phase of research examines the effect of rock on moisture storage in

a covered uranium mill tailings. This analysis is essentially identical to

14
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TABLE 4. Water .Balance for Two Wet Years,
Vegetated Cover System

Water (cm)

Initial Storage

Rainfall

Runoff

Evaporation

Transpiration

Drainage

Final Storage

Mass Balance Error

Simulation Year
2 3

139.3 139.2

22.6 22.6

0.0 0.0

5.8 5.8

16.2 16.3

0.0 0.0

139.2 139.1

0.6 0.6

TABLE 5. Water Balance for Two Dry Years,
Vegetated Cover System

Water (cm)

Initial Storage

Rainfall

Runoff

Evaporation

Transpiration

Drainage

Final Storage

Mass Balance Error

Simulation Year
2 3

139.3 137.1

13.4 13.4

0.0 0.0

6.0 5.1

8.8 7.5

0.0 0.0

137.1 137.1

0.8 0.9

the analysis for the vegetated cover except the

50 cm of rock (the same material used for layer

to the top of the tailings pile.

plants have been removed, and

3, see Table 2) has been added

Moisture will move through the rock primarily by a vapor diffusion pro-

cess. UNSATV solves the unsaturated flow equation for liquid water movement

and can simulate vapor diffusion through a thin mulch layer. To model the

movement of water vapor through the relatively thick rock layer considered

17



here, it is necessary to slightly modify UNSATV. This modification requires

either the inclusion of a vapor diffusion model, or the liquid hydraulic con-

ductivity for the rock layer can be increased to account for the additional

moisture movement due to water vapor diffusion. The second method essentially

models the vapor movement as liquid movement via the enhanced hydraulic con-

ductivity. (This method is discussed in more detail by Simmons and Gee 1981).

Numerical difficulties may be experienced with the enhanced hydraulic

conductivity approach when modeling vapor movement in rock covers. Since rock

covers are typically very porous, wetting fronts due to precipitation will

move through the rock relatively fast. This means that very small time steps

will be required if large mass balance errors are to be avoided. In addition,

soil water characteristics for the rock cover extending into the very dry

region were not available. Therefore, evaporation through the rock cover has

been modeled as a vapor diffusion process using the following equation:

E = a (P-e) a (Pair - Psoil)/AZ

where,

2Da = water vapor diffusivity in air (typical value: 0.24 cm /sec)

P = material porosity on a volume basis

e = moisture content on a volume basis

a = tortuosity (often assumed to be 0.5 for gravels)

Pair = water-vapor density in the air (typical units: g/cm )

Psoil = water-vapor density in the soil immediately below the rock

(typical units: g/cm )

AZ = thickness of the rock layer (typical units: cm).

Note that this equation does not account for the influence of wind, which

tends to increase the evaporation rate. The water-vapor densities in air and

soil depend on the temperatures of the air and soil and are related to the

18



respective vapor pressures by the ideal gas law. The vapor pressure at the

soil surface (which is nearly saturated until the soil becomes very dry) is

calculated from the water-vapor-adsorption-isotherm equation proposed by Fink

and Jackson (1973):

ln 0 = A + B ln [(RH)-C - 1]

where,

A, B and C are empirically determined coefficients and

RH is the relative humidity.

Values of the coefficients for Grand Junction clay soil are A -2.916, B =

-0.185 and C = 1.49 (Simmons and Gee 1981).

Since the moisture movement in the rock layer is not directly modeled, it

is necessary to assume-a value for the moisture content, 0. For this study,

it was assumed that the moisture from precipitation would move instantaneously

to the soil surface; therefore, 0 was taken to be zero. The material used for

the surface rock layer was the same as the vapor barrier rock layer, so the

porosity was fixed at 0.320.

The resulting moisture content profiles are shown in Figures 6a and 6b

for the two wet years and in Figures 7a and 7b for the two dry years. Note

that the rock cover is not shown on these plots, because the liquid water

movement was not modeled for the rock cover. It is apparent from these plots

that the rock cover has had a significant effect on the moisture content in

the tailings pile in comparison to vegetation cover treatments. The moisture

content in the soil layer is much higher, and the seasonal variation in mois-

ture content is not as great (compare with Figures 2 and 3). The major dif-

ference, however, is that the tailings layer is becoming wetter, meaning that

water is now draining from the upper layers. Note also that the moisture con-

tent throughout the tailings pile is now being affected by the climatic condi-

tions (i.e., the moisture content is also changing in the vapor barrier rock,

clay/gravel and tailings layers).
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The moisture storage in the tailings pile is shown in Figures 8a and 8b

and in Figures 9a and 9b. These results indicate a significant increase in

the moisture storage. For the wet year case, the moisture storage increases

until the middle of the third year, at which point a decrease and subsequent

leveling out occurs. This probably occurs because the drainage from the soil

profile is starting to balance the moisture input. A similar trend is observed

for the dry year case, although the moisture storage is not as great.

Tables 6 and 7 summarize the water balance for the wet and dry years,

respectively. It is apparent that the rock cover has caused a significant

increase in the moisture storage relative to vegetation. This increase arises

because the evaporation from the rock cover is significantly lower than for

the vegetated cover. The moisture loss from the combined runoff and evapora-

tion for the rock cover is on the order of 1 cm of water per year. The mois-

ture loss due to evapotranspiration from the vegetated cover is between 10 and

20 cm of water per year. This means that the moisture input to a tailings pile

with a rock cover in a setting similar to that at Grand Junction, Colorado

exceeds the moisture input with a vegetated cover by more than 10 cm of water.

Significantly, the moisture input for the rock cover case exceeds the ability

of the soil profile to store water; hence, drainage from the system occurs.

The evaporation model that has been used for the rock cover is simplistic,

but even a two- or three-fold increase in surface evaporation would not change

these qualitative results.
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TABLE 6. Water Balance for Two Wet Years,
Rock Cover System

Water (cm)

Initial Storage

Rainfall

Runoff

Evaporation

Transpiration

Drainage

Final Storage

Mass Balance Error

Simulation Year
2 3

167.5 185.8

22.6 22.6

0.8 0.8

0.2 0.2

0.0 0.0

0.4 15.1

185.8

2.8

189.4

2.8

TABLE 7. Water Balance for Two
Rock Cover System

Dry Years,

Water (cm)

Initial Storage

Rainfall

Runoff

Evaporation

Transpiration

Drainage

Final Storage

Mass Balance Error

Simulation Year
2 3

167.5 179.9

13.4 13.4

0.4 0.4

0.2 0.2

0.0 0.0

0.1 5.4

179.9

0.4

186.8

0.4
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APPENDIX

ROOT DENSITY FUNCTIONS

The root density function, r(z), is a probability curve that predicts the

fraction of the total plant root existing at a given depth. For this study, a

step function has been used instead of a smooth curve. Tables A.1 through A.4

tabulate the density function used for each of the plant species. Tables A.1

and A.2 are based on data reported by Branson et al. 1976. Tables A.3 and A.4

are based on data reported by Cline and Rickard 1974. The composite density

function used to simulate the composite plant community was calculated by sum-

ming the root density function for each plant using appropriate weighting fac-

tors. The composite root density is then used to determine the rate at which

moisture is extracted by the plants at various depths.

TABLE A.I. Root Density Function for Artemisia tridentata

Depth Interval,
cm

0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
90-100

100-110
110-120
120-130
130-140
140-150
150-160
160-170
170-180

Normalized
Depth Interval,

Z/Zmax

0 - 0.0556
0.0556 - 0.1111
0.1111 - 0.1667
0.1667 - 0.2222
0.2222 - 0.2778
0.2778 - 0.3333
0.3333 - 0.3889
0.3889 - 0.4444
0.4444 - 0.5000
0.5000 - 0.5556
0.5556 - 0.6111
0.6111 - 0.6667
0.6667 - 0.7222
0.7222 - 0.7778
0.7778 - 0.8333
0.8333 - 0.8889
0.8889 - 0.9444
0.9444 - 1.0000

Root Weights,
9/dm3

287.2
243.1
251.3
143.6
105.6

92.3
95.4
25.6
20.5
30.8
33.8
25.6
20.5
44.1
44.1
30.8
30.8
23.6

1548.7

r(z)
1/cm

0.01854
0.01570
0.01623
0.00927
0.00682
0.00596
0.00616
0.00165
0.00132
0.00199
0.00218
0.00165
0.00132
0.00285
0.00285
0.00199
0.00199
0.00152

Total
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TABLE A.2. Root Density Function for Atriplex confertifolia

Depth Interval,
cm

0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
90-100
100-110

Normalized
Depth Interval,

Z/Zmax•

0
0.0909
0.1818
0.2727
0.3636
0.4545
0.5455
0.6364
0.7273
0.8182
0.9091

0.0909
0.1818
0.2727
0.3636
0.4545
0.5455
0.6364
0.7273
0.8182
0.9091
1.0000

Total

Root Weights,
g/m

70.5
57.9
52.6
42.1
47.4
31.6
45.3
28.4
26.3
24.2
17.9

444.2

r(z)
1/cm

0.01587
0.01303
0.01184
0.00948
0.01067
0.00711
0.01020
0.00639
0.00592
0.00545
0.00403

TABLE A.3. Root Density Function for Agropyron

Depth Interval,
cm

0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80

Normalized
Depth Interval,

ZLlmax______

0
0.125
0.25
0.375
0.5
0.625
0.75
0.875

0.125
0.25
0.375
0.5
0.625
0.75
0.875
1.0

Total

Root Weights,
g/m2

348
196
144
120
118
108

98
58

1190

r(z)
1/cm

0.02924
0.01647
0.01210
0.01008
0.00992
0.00908
0.00824
0.00487
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TABLE A.4. Root Density Function for Bromus tectorum

Depth Interval,
cm

0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80

Normalized
Depth Interval,

Z/Zmax_

0
0.125
0.250
0.375
0.500
0.625
0.750
0.875

0.125
0.250
0.375
0.500
0.625
0.750
0.875
1.000

Total

Root Weights,
g/m

499.4
145.5

51.1
31.5*
25.6
15.7
11.8
11.8

792.4

r(z)
1/cm

0.06302
0.01836
0.00645
0.00398
0.00323
0.00198
0.00149
0.00149

* Interpolated from published data.
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