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ABSTRACT

Pacific Northwest Laboratory (PNL) is investigating the use of a rock
armoring blanket {riprap) to mitigate wind and water erosion of an earthen
radon suppression cover applied to uranium mill tailings. The mechanics of
wind erosion, as well as of soil deposition, are discussed in this report.
Several wind erosion models are reviewed to determine if they can be used to
estimate the erosion of soil from a mill tailings cover. One model, developed
by W. S. Chepil, contains the most important factors that describe variables
that influence wind erosion. Particular features of other models are also dis-
cussed, as well as the application of Chepil's model to a particular tailings
pile. For this particular tailings pile, the estimated erosion was almost one
inch per year for an unprotected tailings soil surface. Wide variability in
the deposition velocity and lack of adequate deposition models preclude reli-
able estimates of the rate at which airborne particles are deposited.






SUMMARY

Pacific Northwest Laboratory (PNL) is investigating the use of a rock
armoring blanket (riprap) to mitigate wind and water erosion of an earthen
radon suppression cover applied to uranium mil) tailings. The purpose of this
earthen cover is to reduce radon-222 exhalation from the tailings and to pro-
vide long-term stabhility for the tailings impoundments. Because of the Jength
of time the cover must remain intact (up to 1000 years or longer), the soi}
must be protected from natural erosional forces, hence the need for a long-
term mitigation technique such as a riprap bianket., At the same time, this
rock blanket must itself withstand natural weathering processes that promote
deterioration of the rock.

In this document, prepared for the U.S. Nuclear Regulatory Commission
(NRC}, several wind erosion models are reviewed to determine if they can be
used to estimate the erosion of soil from a uranium mill tailings cover. The
model that contains most of the factors needed to describe wind erosion from
this type of structure is the wind erosion equation developed by Chepil.
According to Chepil's model, the unprotected soil surface of a tailings pile
can erode at a rate of almost aone inch per year. The usefulness of particular
features of other models for describing aspects of wind erosion is discussed.
If a tailings cover includes vegetation or riprap, the thickness of the cover
could increase as surrounding soil is deposited. Models describing this phe-
nomencn are briefly discussed and how the models may be applied to particular
tailings piles is introduced.
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1.0 INTRODUCTIDN

Large quantities of radioactive mill tailings are generated by the mill-
ing of uranium ore, and are a source of radon gas and particles that can be
dispersed by the wind. The release of radon gas to the atmosphere can be
decreased by covering the tailings pile. One type of cover that has been
recommended is a layer of soil several meters thick over the tailings pile.
This type of cover, however, is susceptible to wind and water erosion. Sta-
bilizing the surface of inactive mill tailings sites by using rock or vegeta-
tion covers has been investigated by Beedlow, McShane and Cadwell (1982).

The purpose of this literature review is to examine soil erosion caused by
wind stresses on a tailings pile cover. Important parameters that are involved
in the mechanics of wind erosion are presented in Section 3.0, The literature
pertaining to wind erosion mechanics spans almost fifty years, from von Karman
(1934} to the present. Section 4.0 discusses several wind erosion models. The
first model discussed is the wind erosion equation developed by Chepil; it is
the model most applicable to describing soil erosion of a tailings pile cover
{Skidmore 1974). This section also mentions several models that depict soil
erosion in terms of a horizontal or vertical flux of soil particles. The final
model presented involves the stochastic properties of the wind, which makes it
a more physically realistic model for describing the effects of the wind.

Section 5.0 discusses soil deposition because this is another physical
phenomenon that can change the soil cover of a tailings pile. Soil deposition
would be of particular relevance if, in addition to the soil cover over the
tailings pile, a layer of riprap was put on top of the cover,

Application of the various models to a tailings pile is presented in
Section 6.0. In particular, the factors used in the wind erosion equation are
estimated for a tailings pile at Grand Junction, Colorado. Figures illusrating
the results are provided.






2,0 CONCLUSIONS AND RECOMMENDATIONS

The mode} that best describes the wind erosion of a tailings pile is the
wind erosion equation developed by Chepil (Skidmore 1974}, Chepil's equation
contains more factors describing the variables that influence wind erosion from
. a tailings pile than any other model reviewed, Charts and graphs for obtain-
ing the various factors in the equation, and the development of a computerized
program, make the equation fairly easy to use.

The amount of so0il lost from a tailings pile as a result of wind erosion
over many years is provided by the wind erosion equation. For a tailings pile
in western Colorado, an unprotected soil surface can erode at a rate of almost
one inch per year. However, for any particular year, the amount of soil lost
can vary, depending on the wind and precipitation for any particular location.
If considered on a seasonal basis, the variations from average values would be
even greater. One way to improve the accuracy of the equation and to estimate
the variability of the annual values predicted would be to incorporate proba-
bility functions for some of the dynamic variables (Skidmore 1974}.

Many methods for decreasing the soil erosion from a tailings pile will
increase soil deposition. The use of wind breaks or riprap are two such
methods. Increasing the surface roughness of a tailings pile with riprap will
cause wind-blown soil to fill in the spaces between the riprap. The increase
in surface cover resulting from deposition over Tong time periods will have
both positive and negative implications. Changes in the distribution of soil
moisture could enhance revegetation. However, some chemical effects on the
riprap could be detrimental. Some experiments should be designed for differ-
ent sizes of riprap to determine the amount of deposition that would occur.
The experiments could be scaled for wind tunnel testing. Whether deposition
is helpful or harmful for different methods of decreasing wind erosion should
be investigated.






3.0 WIND EROSION MECHANICS

A comprehensive description of wind erosion mechanics is given by Bagnold
{1943) and Chepil and Woodruff {1963). Although these are not recent articles,
the same principles are used by Travis (1975), Nelson and Shepard (1978), and
Utah Water Research Laboratory (1978). . The literature shows that wind erosion
depends on many factors, but the most important are: the surface wind veloc-
ity, the soil particle size distribution, and the surface conditions. The
factors are all interreiated: when one factor changes, the effects of the
other factors change.

3.1 SURFACE WIND VELOCITY

The wind structure near the ground directly influences the drag on the
soil, and consequently the soil movement. Brunt (1944), using calculations
involving the Reynold number, showed that an atmospheric wind speed greater
than 1 m sec-l causes turbulent flow. According to the wind erosion tests
reviewed (Zingg 1949, 1953; Chepil 1958a), erosion only occurs at wind veloc-
ities well above 1 m sec~*. Therefore, the turbulent wind velocity struc-
ture must be considered when determining the effect of wind on erosion, The
turbulent wind velocity above a rigid surface has been modeled by von Karman
(1934) and the validity of the model has been verified by others (Bagnold 1943;
Zingg 1949, 1953).

The Prandt! (Brunt 1944) and von Karman (1934) egquation is:

Uy = 2.5 u, Tn 7 (3.1)
0
where
u; = wind speed at height Z_{m sec~1)
ux = shear velocity {(m sec-1)
7 = height above the surface (m)
7o = height of the zero velocity level above ground {m).

The wind velocity above an eroding surface depends on the erodibility of
the soil. Bagnold has experimentally determined a modified version of Equa-
tion {3.1) that models the wind velocity over eroding soil. Bagnold's equation
was verified by other experiments (Chepi) and Woodruff 1963}, but Zingg {1953}
recommends a slightly different constant. Bagnold's equation is:

i
u, = 2.5 uy In 7 *ug (3.2)

The zero velocity height (Zo) in Equation (3.1) is changed to the focal point
height (Z';) and the velocity at the focal point (uy) is added to Bagnold's



equation. The focal point is a position near the surface where all wind
velocity profiles converge to a single non-zero value. The focal point height
varies for different types of soil.

The wind exerts pressure on the soil particles in three ways, two of which
can be combined into a drag force (Chepil 1965}. The drag acts in the general
direction of the wind. The other pressure results from the aerodynamic shape
of the particle and results in a lift, which is smaller than the drag and
decreases rapidly with particle height above the surface (Chepil 1958b, 1961).
When the combined forces of the 1ift and drag overcome the forces holding the
particles to the surface, the particles jump almost vertically into the air
(Bagnold 1943; Zingg 1953}. The vertical jump is caused not only by the 1ift
on the particle but also by the reactive forces of the neighboring particles.
Once in the air, the particle's horizontal velocity increases because of the
drag caused by the wind. The additional energy received by the particle is
transmitted to other ground particles when it lands, which gives a few more
particles enough energy to leave the ground. When the deposition of one par-
ticle causes more than one particle to rise, an avalanching effect occurs. On
a uniform surface, the avalanching stops when the surface velocity of the wind
is lTowered. As more particles are suspended, the surface velocity is lowered
because the particles use the wind energy for movement. An equilibrium is
reached between the number of particles suspended and the surface velocity
required for suspension.

3.2 PARTICLE SIZE

The particle size determines if and how the particle can be moved by the
wind. Various researchers (Bagnold 1943; Chepil 1958a) have observed three
types of particle motion: saltation, suspension, and surface creep. The size
of the particles that move by each type of motion overlap and vary with wind-
speed; thus, no absolute size ranges can be given. General limits for the
soil-particle diameter for the three types of transport are {Travis 1975):

e saltation 50 to 1000 um
& suspension <50 um
e surface creep >1000 um

A brief description of each type of movement is given below. For a more
complete description, refer to Chepil and Woodruff (1963}, Bagnold (1943),
Woodruff (1966), Zingg (1953}, and Chepil (1958a).

Saltating particles are large enough to protrude above the layer of
laminar flow close to the surface and their weight is small enough so that wind
forces can overcome the force of gravity. The initial motion of a saltating
particle is essentially vertical because of the position of the adjacent par-
ticles and the 1ift. The height a saltating particle reaches is seldom greater
than 1 foot and it travels less than 10 feet. Upon depositing, the particles
can rebound or they can transfer their energy to the particles they contact.
The contacted particles may jump away from the surface, creep along the sur-
face, or remain stationary. The saltating particles are the cnes that cause



the avalanching effect mentioned earlier. Also, the saltating particles make
up 50 to 75% of the eroding mass and are believed to cause the other types of
motion.

The particies that move in suspension are commonly called dust; wind
forces alone cannot cause them to leave the ground. A smooth surface of dust
particies has been shown to be very stable under high winds if there are no
saltating particles present (Bagnold 1943). This happens because the dust
particles do not extend above the layer of laminar flow; thus, they do not
cause turbulence, and are more cohesive than larger particles. The wind veloc-
ity that the dust particles experience is very small and thus cannot entrain
the dust. The dust particles get suspended when a saltating particle hits
some dust particles, giving them engugh energy to leave the ground. Once in
the air, the dust particles travel for great distances and climb to great
heights because their settling velocities are small compared to the upward
eddy currents of the air. A dust cloud is the most noticeable phenaomenon of
wind erosion, but the dust only contributes 3 to 4% of the eroding mass.

Surface creep consists of the intermittent rolling or sliding motion of
particles on the surface caused by the impact of saltating particles. The
external forces acting on the particles are not sufficient to exceed the gravi-
tational and adhesive forces acting on the particles. Therefore, they do not
leave the surface at any time. If saltating particles are available, they can
maintain a surface creep of particles that are too large to be moved by the
direct action of the wind.

3.3 SOIL CONDITIONS

One factor that is difficult to quantify is the soil condition, which
includes soil moisture, organic residue, and soil cloddiness. Soil condi-
tions also vary with the time of the year; thus, applying annual values is not
realistic.

Increasing the soil moisture reduces erosion because the moisture
increases the attractive forces between the particles (Chepil 1958a). Rainfall
not only provides moisture to the soil, but also forms a surface crust result-
ing from the impacts of raindrops on the surface. If the soil contained only
finely dispersed, water-soluble material, this crusting of the surface would
be very stable, Usually, however, coarser particles remain on the top of the
soil, abrade the surface when moved by the wind, and thus destroy the surface
crust.

Soil aggregates (collections of individual soil particles bound together
by soil cement} form clods that are too large to be entrained by the wind. The
strength of the soil cement depends on the soil moisture and the soil composi-
tion (Chepil 1958a). Tests have shown that aggregates on the surface decrease
wind erosion. However, the aggregates are broken into erodible fractions by
frost, suniight, and the abrasion of saltating particles, so the decrease in
erosion is not permanent. Soil aggregates that have formed under the surface



are continually brought to the surface by wind erosion. Thus, the rate of
destruction and replacement of surface aggregates, as well as the wind veloc-
ity and the number of erodible particles in the soil, influences the rate of
erosion,

3.4 SURFACE ROUGHNESS

Surface roughness can decrease or increase erosion, depending on the size
and type of roughness elements. A rough surface Towers the surface wind veloc-
ity more than does a flat surface; however, the roughness increases the turbu-
lence, causing rough surfaces to be exposed to higher wind speeds than are
smooth surfaces (Bagnold 1943; Armbrust, Chepil and Siddoway 1964). The
Titerature indicates that an increase in surface roughness causes an overall
decrease in erosion, except where the roughness elements are highly erodible
(e.g., ridges of sand). The roughness elements considered in most of the
literature pertain to soil aggregates, furrows, and large windbreaks.

Plowing produces furrows that increase the surface roughness. The furrow
stability depends on the strength of the aggregates that form the peaks. Tests
show that the most effective height of a plowed ridge for controlling erosion
is between 5 and 10 cm (Armbrust, Chepil and Siddoway 1964)}. Soil ridges above
10 ¢m cause the wind erosion to increase because of the added turbulence caused
by the ridge and the added drag on top of the ridge. Nonerodible ridges or
walls, called windbreaks, continually decrease erosion with height (Woodruff
and Zingg 1958; Hagen and Skidmore 1971; Woodruff 1955). Besides height, the
shape and porosity of a windbreak affect its ability to decrease erosion. Some
windbreaks trap saltating particles; this stops avalanching and assists the
decrease in erosion caused by the wind velocity reduction.

Surface roughness depends on the height, length, density, orientation, and
quality of the vegetative cover (if present). To determine surface roughness
by measuring these surface obstructions is extremely difficult., A ridge rough-
ness factor (Travis 1975) has been devised using standard photographs as a
guide for visual estimation of the factor., Visual estimates of the vegetative
residue can also be made from these standard photographs.

3.5 TAILINGS CONFIGURATIONS

The length of a tailings pile, especially along the prevailing wind
erosion direction, influences the erosion, The rate of soil movement is zero
on the windward side of a field and increases with distance downwind. If the
field is Targe enough, the maximum soil flow that wind can carry will be
attained. The distance regquired for soil flow to reach the maximum varies
inversely with erodibility. Thus, reducing the erodibility of the tailings
pile with windbreaks or vegetative cover helps prevent wind erosion,



If the tailings pile is elevated above the existing terrain, the slope at
the edges influences the erosion. The steeper the slopes, the more erodible
the surface becomes. Also, any gradual slope over the entire pile, especially
along the prevailing wind ergsion direction, must be accounted for when calcu-
lating the erosion.

The prevailing wind erosion direction is not necessarily the same as the
prevailing wind direction. The speed of the wind is an important factor when
determining erosion; therefore, that direction from which higher-speed winds
flow must be considered when calculating wind erosion. If the tailings pile
is rectangular in shape the shorter side should be oriented in the direction
of the prevailing wind erosion direction.






4,0 WIND EROSION MODELS

The rate of soil flow (i.e., the mass of soil moving through a plane,
either vertical or horizontal) has been modeled in several ways. The amount
of soil moved is estimated in terms of a horizontal or vertical flux of soil
particles. Most of the factors important in wind erosion are considered by
the wind erosion equation developed by Chepil (Skidmore 1974). This model is
discussed below. Also, a more recent model which describes wind erosion in
terms of stochastic aerodynamics is described.

4.1 WIND EROSION EQUATION

The wind erosion equation was developed by W. C. Chepil and is based on
wind tunnel and agricultural field measurements. It is the result of nearly
30 years of research to determine the primary variables or factors that infiju-
ence the erosion of soil by wind. The equation has the following form:

E = f{I,K,C,L,V) {4.1)

where

soil loss by wind in tons/acre/year
soil erodibility factor

soil surface roughness factor

local climatic factor

equivalent field length

vegetative cover factor.

L=l i R B |
JL I | N | 1 S | S

The soil erodibility factor, or index (I) was developed from wind tunnel
and field measurements of erodibility. Clods larger than D.84 mm in diameter
were nonerodible in the tests. Thus, the nonerodible soil fractions greater
than 0.84 mm, as determined by dry sieving, have been used to indicate
eraodibility of soil by wind.

The soil surface roughness factor (K) is a function of soil ridge rough-
ness, which is the natural or artificial roughness of the soil surface in the
form of ridges or small undulations. The roughness factor for a smooth sur-
face has a value of 1.0. The value decreases to a minimum value of approxi-
mately 0.5 for soil roughness heights of 3 to 4 inches and then slowly
increases with increasing soil roughness height.

The local climatic factor (C) was developed from the relationship stating
that the rate of soil flow varies directly as the cube of the windspeed and
inversely as the square of the effective moisture. Effective moisture of the
surface soil particles was assumed to vary as indicated by the Thornthwaite
P-£ index (Thornthwaite 1931), developed to evaluate precipitation
effectiveness.
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The equivalent field length (L) is the unsheltered distance across the
field along the prevailing wind erosion direction. The rate of soil movement
is zero on the windward side of a field and increases with distance downwind.
If the field is large enough, the maximum soil flow that a wind can carry will
be attained. The equivalent field length adjusts for this variation in soil
flow over the length of the field. The preponderance of wind erosion forces
in the prevailing wind erosion direction is incorporated into the equivalent
field Tength term. For example, a preponderance value of 2.0 indicates a
prevailing wind erosion direction with wind erosion forces that are twice as
great paraliel as perpendicular to the prevailing wind erosion direction.

The vegetative cover factor (V) is determined from the quantity of vege-
tative cover, the kind of vegetative cover, and the orientation of vegetative
cover. Graphs (Woodruff and Siddoway 1965) have been developed for various
types of crops, at different stages of their development. Also, Chepil and
Woodruff (1959) have developed a set of standard photographs for estimating the
surface roughness factor together with the vegetative residue for farm fields.
A brief review of the literature pertaining to the vegetative factor is given
by Skidmore (1974). Much work has been done in quantifying the specific pro-
perties of vegetative covers. 1In general: 1) on a weight basis, fine-
textured residues are more effective than coarse-textured residues; 2) any
orientation of residue, except flattened, decreases wind erosion; and 3) fine-
teafed crops, like grasses and cereals, provide a high degree of erosion
control per unit weight.

The charts and graphs for obtaining values of the various factors have
appeared in several reports (Woodruff and Siddoway 1965; Nelson and Shepard
1978; Israelsen et al. 1980). Relationships among variables are complex, and
a single eguation that expresses E as a function of the dependent variables has
not been devised. The equation can be solved in a stepwise procedure involving
graphical solutions. To facilitate the use of the wind erosion eguation to
predict soil loss more effectively, the equation has been computerized in the
program WEROS (Fisher and Skidmore 1970). Besides solving the equation quickly
and accurately, the computer program allows the user to visualize the problem
in reverse; that is, the user can specify the tolerable Timits of so0il erosion,
and the program then can determine conditions for controlling soil loss within
theose limits.

4.2 HORIZONTAL AND VERTICAL FLUX OF SOIL PARTICLES

The wind erosion equation presented in Section 4.1 gives the soil loss
in terms of a flux of soil (i.e., mass per unit surface area per unit time).
Gillette (1973} conducted field experiments of soil wind erosion and measured
the vertical flux of particulate matter. He stated his results through the
parameter of a threshold erosion wind speed, which is the wind speed at which
the extrapolated vertical flux is the same for all the soils tested. This
relation can be written as:

12



where
Fy = vertical flux gm m? sec -1)
ux = shear velocity (m sec—1)
uxt = threshold shear velocity (m sec~1)

vy = axponent.
Gillette obtained values of y ranging from 5.1 to 9.7, depending on the type
of soil.

Vertical fluxes can also be calculated using the concept of a resuspen-
sion rate. The resuspension rate cannot bf predicted accirate]y. Experimen-
tal studies report values ranging from 10~ 2 to 1074 sec~l for wind-induced
resuspension (Sehmel 1980a).

Gillete (1973) also obtained measurements of the horizontal flux of soil
particles. Gillette based his models on the work of Bagnold {1943), who found
that the horizontal flux varied directly as the cube of the surface shear
velocity:

3
Fro = € Ug (4.3)
where
Fi, = horizontal flux (gm m1 sec-1)
Cp, = empirical constant (gm sec? m-4)
ux = Shear velocity (m sec—1),

A modified relationship, as proposed by Lettau, was used by Gillette
(1973):

Fro= Cpua (U = Uy ) (4.4)

This relationship incorporates the fact that erosion occurs above a certain
threshold wind velocity.

An analytical solution of the equations describing the saltation process
was derived by Qwen (1964). The same relationship was also obtained by Kind
{1976}. It has the following form:

Fh = a g u(u, + u*t) {u, - u*t) (4.5)
where
a = empirical parameter
o = density of air (gm m3)
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g = gravitational acceleration {m sec‘z)

Fhs Uw, and ux{ as defined previously.
A1l the horizontal flux relations given above vary with the cube of the surface
shear velocity.

To include the effects of moisture in the flux relationships, Belly (1964)
developed the following equation for the threshold shear velocity:

b, —p

ey = A [=— gd (1.8 + 0.6 Tog, W) (4.6)
where:
A = a dimensionless coefficient of Q.1 in value
ps = density of sand particle (gm m3)
d = diameter of sand particle (m)
W = water content expressed in weight by percent

p and uxt as defined previously.
Using a range of particle diameters from 0.015 ¢m to 0.084 c¢m and W from 0.1 to
1.3 results in a range of ux¢ from 0.2 m sec-l to 0.7 m sec-l. The increase
in moisture reflected by uxy = 0.7 m sec™! has a pronounced influence on the
horizontal flux, because no_flux is obtained until the velocity at a height of
10 meters exceeds 12 m sec—1,

Iverson et al. (1976} have reported several other horizontal flux rela-
tions, similar in form to Gillette's and Owen's. The empirical constant,
which appears in all the formulations, can be evaluated for different soil
properties.

Because vertical fluxes are never observed without horizontal fluxes,

Travis {1975) assumed F, is directly proportional to Fp and obtained the
following ratio for the two fluxes:

{3
F C 1 Uy (p/3)
3 o -1 (4.7)
h Uy, *t

<
It

L

<

-n
=

where
Cy = empirical constant {gm m-2 sec-1)

p = particle mass percentage less than 20 ym diameter.
The exponent p/3 was obtained using the data of Gillette (1973). This ratio
goes to zero for the two limiting cases: 1) no flux for the surface shear
velocity equal to the threshold value, and 2) no flux for the suspendible par-
ticle mass percentage, p, equal to zero. The shear velocity, ux, in all the
equations in this section is implied to be greater than or equal to the
threshold shear velocity, Uwg,



4.3 SURFACE RENEWAL

The turbulent wind velocity structure, as modeled by Prandtl, von Karman,
or Zingg, treats the turbulence in an average sense by use of the shear
velocity. A more realistic model, referred to as a "surface-renewal” model,
describes turbulent flow near a solid boundary as a random or stochastic
"renewing" of the fiuid near the surface by a fluid with the properties of
the bulk flow. In other words, this model stipulates that fluid exchange
intermittently occurs between the region immediately adjacent to the surface,
the viscous flow region, and the turbulent flow region.

The particle motion of the saltation process is described as initially
having a vertical displacement. An instantaneous 1ift force great enough to
cause the vertical displacement can bhe associated with the turbulent breakup
of the viscous sublayer, as described by the surface renewal model. Bisal and
Nielsen (1962) and Lyles (1970), observing sand grains on a surface exposed to
wind, found that grains seemed to vibrate and then were ejected away from the
surface. Disrud and Fan (1974) reviewed various "surface renewal" models and
developed a model applicable to transport processes associated with wind
erosion events.

The shear stress at the soil surface is cne of the parameters used to
estimate the flux of particles from the surface. In terms of a statistical
distribution function ¢(t,e), which represents the fraction of fluid elements
having a contact time with the surface between & and e *+ de, the mean shear
stress at time t can be written:

w(t) = [ d(t,8) 1 (e) do (4.8)
o

i

where
Ti(e) = instantaneous shear stress at the surface for contact time o.

A surface renewal model formulated by Thomas (1980}, which was called
surface rejuvenation by him, is based on the simple diffusion equation. He
obtains exact solutions for the velocity and temperature distributions using
random variables in the analysis. Hicks and Slinn (1982) point out that this
anajysis cannot be applied to rough surfaces hecause the pressure gradient has
been assumed to be negligible. The surface renewal model Shows promise in
describing wind erosion; however, more theoretical development and experi-
mental verification are needed.
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5.0 SOIL DBEPQOSITION

The previous sections have been concerned with the removal of soil par-
ticles as a result of wind stresses. The reverse, however, could occur: the
deposition of soil particles. The removal of soil from a uranium mill tailings
cover is obviously detrimental; it allows the mill tailings to be more exposed
to the environment. However, the addition of soil through deposition may or
may not be beneficial. Oeposition could reconfigure the tailings pile to an
undesirable shape, or it could promote the growth of vegetation, which, in
turn, can be helpful or harmful. Only the mechanics of deposition will be
presented here, not the aspect of its desirability.

5.1 OEPOSITION VELOCITY

The removal of particles from the atmosphere can be described by the use
of a deposition velocity. The amount deposited, or downward flux of particles,
is obtained by multiplying the air concentration at some reference height by a
deposition velocity. Because_experimentally determined deposition velocities
vary from 10-6 to 10-1 m sec-! (Sehmel 1980b) and because the air concen-
tration is measured at arbitrary reference heights, a realistic value for depo-
sition is difficult to obtain. As pointed out by Hicks and Stinn {1982), the
mathematical problem is how to specify the boundary conditions at the interface
between the air and surface.

Two models developed to describe deposition from a plume originating from
a point source are the source depletion model and the surface depletion model.
Both incorporate the deposition velocity. The source depletion model (Van der
Hoven 1968) accounts for the loss of airborne material through deposition by
reducing the source strength of a Gaussian plume as a function of downwind dis-
tance. Thus, the effect of the deposition is distributed throughout the entire
vertical extent of the plume. A more physically realistic approach to deposi-
tion is provided by the surface depletion model (Horst 1977). In this model,
particles are deposited from that part of the plume close to the surface, thus
causing the plume to become non-Gaussian in shape close to the surface. The
review hy Sehmel (1980b) lists other models that include deposition velocity.

5.2 DEPOSITION ENHANCEMENT

The use of vegetation or riprap has been suggested as a means of reduc-
ing so0il erosion of a tailings pile cover. Both of these methods would also
promote deposition by increasing the surface roughness. The amount deposited
would reach some equilibrium condition, that is, the amount resuspended would
equal the amount deposited over some time period, for example, in one year, if
a sufficient source of depositing particles is available. In 1963 and 1964,
Smith and Twiss (1965) measured the deposition of “dust" at several sites in
the United States. They reported relatively similar rates of deposition for a

17



number of months when the atmosphere appeared free of dust. Thus, some basal
rate of influx of dust particles appears to exist. Because deposition on a
tailings pile would occur over time spans on the order of hundreds of years,

an equilibrium condition should be reached.

18



6.0 APPLICATION OF MODELS TO TAILINGS PILES

As pointed out in Section 4.0, the wind erosion equation incorporates
many of the factors needed to quantify wind erosion from a tailings pile. 1In
this section, a sample tailings pile, in particular a pile at Grand Junction,
Colorado, is analyzed for the factors that enter into the wind erosion egua-
tion. Because the parameters that are used in calculating deposition vary by
orders of magnitude, only a qualitative description will be given for this
process.

6.1 EROSION

Grand Junction is located on the Colorado Plateau in western Colorado.
The soil in this region is a Billings silty clay loam. Soil surveys taken by
the U.S. Government indicate that 95 to 100% of the soil particles in this type
of s0il are less than 0.42 mm in diameter (passing through a 40-mesh screen).
The tables of soil erodibility index {Woodruff and Siddoway 1965} are tabulated
as a function of the percent of dry soil not passing a 20-mesh screen (0.84 mm
particle diameter). The assumption will be made that 2.5% of the soil is
greater than 0.84 mm in diameter. From the tables in Woodruff and Siddoway
(1965), the soil erodibility factor, I, is 235 tons acre~lyr-1,

Another parameter that is part of this factor is the amount of slope
of the pile. A typical slope assumed in some model site studies {Nelson and
Shepard 1978) is a 2% maximum grade. This amount of slope would increase the
erodibility by a factor of 1,5. Thus, the erodibility factor, I, becomes
approximately 350 toans acre-1 yr—4.

The soil surface roughness factor can vary from 0.5 to 1.0. A value of
1.0 is for a smooth surface. This parameter wiil be varied over its range,
providing an upper and lower bound for this parameter.

Using the figures in Skidmore and Woodruff (1968), the wind erosion
climatic factor, C, varies roughly from 40% to 80%, depending on the month of
the year. An annual average of 60% will be assumed.

Because most tailings piles are of substantial size (greater than 1000 m
in any length measure) the maximum soil flow that a wind of a given velocity
can carry is assumed to always occur. This is especially true for this site,
because the s0i1 erodibitity index is large and the distance required for soil
flow to reach its maximum varies inversely with erodibitity. Therefore, the
equivalent field length parameter, L, does not affect the soil loss.

The vegetation currently existing on the Grand Junction tailings pile has
not been quantified; thus, a range of values for the vegetative cover factor
will be assumed. This range will provide a measure of how effective different
types of vegetative covers would be if applied to the Grand Junction pite.

The range of values considered for the equivalent vegetative cover is 0 pound
acre~l to 15,000 pound acre~l,
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Figure 6.1 shows the soil loss in inches per year versus equivalent
vegetative cover. The curves for the two surface roughness factors, K = 0.5
and K = 1.0, show the upper and lower bounds of so0il erosion for this factor.

Bander (1980) compared the soil loss resulting from wind erosion for three
different erosion models. Figure 6.2 compares the soil loss versus wind speed
for the three models. In this comparison, no vegetative cover is assumed and
the local climatic factor and soil roughness for the wind erosion equation
(WEE) are incorporated implicitly in the threshold shear velocity, uxt. The
curve labeled GILLETTE is based on Equation (4.4} and the curve

15,000

10,000

2000 K (SOIL ROUGHNESS) = 1.0

-1
V: EQUIVALENT VEGETATIVE COVER (lb acre ')

2000 p—~

1000

0.05 0.1 0.25 0.5 0.75 1.0

SOIL LOSS (inches yr 1)

FIGURE 6.1. Soil Loss Versus Vegetative Cover as a Function
of Roughness Factor, K
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FIGURE 6.2. Loss of Soil, L, Versus Wind Speed, u, (10 m)

labeled OWEN is based on Equation (4.5). To obtain the annual loss at a speci-
fic site, the annual frequency of occurrence of wind speeds is needed. Thus,
the total loss would be the sum of the losses for each wind speed times the
frequency of occurrence of that wind speed.

6.2 DOEPOSITION

Smith and Twiss (1965) reported dust deposition rates of 20 to 100 pounds
acre~1 month-1. FTr these rates the amount of dust deposited would be 1
to 5 x 10-3 cm yr=1, This would be for time periods when the atmosphere
appeared free of dust. Ouring a_noticeably dusty period they obtained a depo-
sition rate of 3600 pounds acre~! month—! at one collection site. This
ratio gives a deposition of almost 0.02 cm in one month.

For a tailings pile the most 1ikely source of depositing material is the
s0il1 adjacent ta the pile. If a covering of riprap is used on the pile to
reduce erosion, then deposition would be enhanced by the increased surface
roughness from the riprap. To estimate the amount deposited on the pile, the
suspension of the surrounding scil could be determined using the wind erosion
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equation (see Section 4.1). Then, the effect of the roughness elements (rip-
rap) in depositing this suspended material should be determined. Some wind
tunnel experiments would help to gquantify this process. Also, if the riprap
could be modeled in the wind tunnel, the equilibrium condition could be
investigated for different wind speeds.
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