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ABSTRACT

Fluvial erosion, erosion by water, is a complex hydrologic process involving the

interaction of a soil surface with the surrounding environment. A research program was

undertaken at the Molycorp Inc. molybdenum mine in Questa, New Mexico to study the

erosion characteristics of uncovered waste rock. The mine is situated on mountainous

terrain, the waste rock piles were constructed by end-dumping material into the mountain

valleys creating angle of repose waste rock slopes.

The research study consisted of a field based program with laboratory and computer

modeling programs. The field program spanned a period of one year from

May 2000 to June 2001 and included a geomorphological study of the mine site,

monitoring of test plot slope profiles, measurement of eroded material collected III

sediment traps, and simulated rainfall erosion tests.

The purpose of the geomorphological study was to evaluate the present condition of

erosion on the waste rock piles and to investigate the mechanisms creating erosion. The

test plot slope profiles monitored the change in the surface profile of four test plots to

estimate the erosion rate and to observe where, within the slope profile, the material is

lost. The sediment traps directly measured the erosion rate by collecting the runoff and

eroded material emanating from a catchment area for individual natural storm events.

Finally, additional rainfall events were produced with simulated rainfall using irrigation

equipment.

The waste rock piles are constructed of two materials, mixed volcanics and aplite rock.

The surfaces of the mixed volcanics waste rock piles, approximately 60% of the total

waste rock pile surface area, are covered with many gullies of moderate and large size.

The aplite waste rock surfaces have fewer gullies and in many areas show no signs of

erosion. The field research program was established on the mixed volcanics slopes in

order to measure the erosion rate.
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The majority of the eroded material is transported to the base of the piles in debris flows

or mudflows, mixtures ofwater and fine and coarse particles that flow en masse down the

waste rock slope, typical of gully erosion. Sediments fall from the gully sidewalls or

headcut into the gully channel where they are removed when sufficient runoff is present

to liquify and transport the material down the slope.

The measurements of the annual erosion rate in the field study program produced results

of similar magnitude. The average erosion rate measured at the three sediment traps

during the one year field period was 49.4 Mg/ha. Artificial erosion events produced by

the simulated rainfall tests showed a similar erosion rate to the sediment traps. The

erosion rate measured at the test plot slope profiles was higher with three plots averaging

130 Mg/ha while the erosion rate of the fourth test plot was over 13,000 Mg/ha. The

51.9 Mg/ha average annual erosion rate predicted by the RUSLE v1.06 computer code

was slightly greater than the sediment traps, while measurement of the erosion test plots

estimated a long-term erosion rate of 57.9 Mg/ha.

Correlation of precipitation records to the erosion experienced at the sediment traps show

rainstorms with maximum 30 minute intensities of less than 10 mmIhr and rainfall

erosivity indexes (Eho) less than 10 Ml-mm-ha'l-h" produced low erosion «1 Mg/ha).

Storms with 30 minute intensities around 10 to 20 mmlhr generate erosivity indexes

between 10 and 40 MJ.mm·ha-l·h-1 and moderate erosion rates of 1.0 Mg/ha to 4.0 Mglha.

Large events with erosion rates greater than 4 Mg/ha are caused by intense rain events

(Eho > 40 MJ·mm.ha-1·h-l) produced by 30 minute intensities greater than 20 mmIhr.

The erosion rate of the mixed volcanics slope material, measured in this study, will be

used in the design of the present and long-term pile maintenance procedures at the Questa

mine. Knowledge of the relationship between storm intensity and duration and the

erosion rate will allow installment of suitable containment systems to reduce and control

erosion from average and high return period storm events.
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Chapter One

Introduction

1.1 Location

The Questa molybdenum mine, owned and operated by Molycorp Inc., is located in north

central New Mexico six kilometers east of the town of Questa and approximately 400

kilometers north east of Albuquerque as shown in Figure 1.1. The mine is situated in the

Sangre de Cristo mountains within Taos County. The climate is semi-arid with mild

summers and cold winters (Robertson GeoConsultants Inc., 2000). The average monthly

temperature is generally below freezing from November to March. The average annual

precipitation at the mine site is approximately 400 mm. While precipitation occurs

throughout the year, a large portion falls as rain in localized thundershowers in the

summer months.

1.2 Research Subject

Erosion is a hydrologic process involving the interaction between a soil surface and the

environment. This research program was initiated to study the erosion rate and erosion

mechanisms contributing to soil loss on the Questa mine waste rock piles. The program

incorporated several different monitoring tests and methods to characterize the erosion

process. The present state of erosion of the waste rock piles and its possible causes were

examined during a visual survey of the mine site. Field experiments were conducted to

collect and measure the erosion emanating from test plots and to monitor the changes in

the profile of the test plot slopes. Simulated rainfall tests using irrigation equipment were

1
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completed to investigate the effect of rainfall intensity and duration on the waste rock

erosion rate. The research program was largely field-based with small application of

laboratory testing and computer modeling.

Mine Site

Figure 1.1 Location of the Questa Molybdenum Mine Site

(adapted from New Mexico Tourism web page).
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1.3 Need for the Research Program

Erosion processes are continually reshaping the land on which humans live. Some of the

notable effects of erosion are:

1) the reduction in arable land productivity;

2) sedimentation of surface water sources affecting drinking water quality,

fisheries, aesthetics, and reservoir storage; and

3) the long-term stability of landforms.

Mining operations are increasingly aware of the effects of erosion. Research is

increasing as mines attempt to better understand the interaction between mining features

such as waste rock piles, open mining pits, or tailings impoundments, and the

environment. The long-term stability of waste rock piles and tailings impoundments and

possible sedimentation of surface water sources are mining operations main concerns.

Erosion can change the geometry of a waste rock pile; the removal of material can

undercut the waste rock slopes leading to instability and possible slope failure. As part of

a mine closure process, the mining operation must demonstrate that reclamation will

produce a stable landform thatwill not adversely affect the surrounding environment.

Mine closure research should include a study of the "background" or natural erosion

occurring adjacent to the mine site. Additionally, the economic and technical feasibility

of decreasing the waste rock pile slope angle and establishing vegetation on the slopes

should be investigated. Decreasing the slope angle and increasing vegetative cover

reduces the erosion rate from soil surfaces (Sidle et al. (1993); Hom et al. (1998)). The

determination of the erosion rate from the existing waste rock piles is one of the first

steps in the investigation process and is the subject of this research study at the Questa

mine site.

At the Questa mine site, knowledge of the erosion mechanism and approximate erosion

rate allows the mine to design maintenance programs to minimize the amount of erosion

occurring and process the eroded sediments. An understanding of the erosion
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mechanisms and the erosion rate of the waste rock material will be required for analysis

of the mine closure alternatives.

1.4 Research Objectives

The study of the erosion characteristics of the waste rock piles at the Questa mine

involved a field-based program that included some laboratory analysis and computer

modeling. A comprehensive field program was undertaken to collect data over a

one-year period including both the summer rainy season and the spring runoff.

The overall objective of this study was to examine the erosion process on the waste rock

piles at the Questa mine site including the determination of the erosion rate and the

dominant mechanism producing erosion. The specific objectives of this thesis are:

1) to examine and evaluate the waste rock piles and define the factors

contributing to erosion on the mine site;

2) to monitor changes in the surface morphology of slopes within test plots from

a full year ofprecipitation events;

3) to collect and measure the erosion originating from undisturbed test catchment

areas from a full year of precipitation events for the purpose of calculating an

annual erosion rate;

4) to use simulated rainfall tests to further investigate the relationship between

precipitation event characteristics and the erosion rate; and

5) to model the erosion rate using the computer code RUSLE vl.06 and to

quantify the effect of changing factors such as slope angle or length on the

erosion rate.

1.5 Research Procedure

Field, laboratory, and computer modeling programs were developed to achieve the

objectives of the research study. An outline of the research program completed at the

Questa molybdenum mine is shown in Figure 1.2.
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1.6 Thesis Outline

The literature study and theoretical background is presented in Chapter Two. Chapter

Three contains the background of the mine site and documents the methods and

procedures used in the field and laboratory programs. The computer modeling program

using the RUSLE vl.06 code is detailed in Chapter Four. Chapter Five presents the data

collected from the field, laboratory, and computer modeling programs completed in this

study while analysis and discussion of the data is provided in Chapter Six. Finally, the

conclusions and recommendations of the research study are summarized in

Chapter Seven.
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Chapter Two

Literature Study and Theoretical Background

The literature study and theoretical background is presented in this chapter. The first

section introduces the global impact of erosion on the degradation of land. The processes

of erosion including interrill, rill and gully erosion are discussed in the second section.

The third section reviews the factors, such as slope angle and rainfall intensity, that

contribute to the erosion process. The final section of the chapter discusses one of the

empirical models available for predictive modeling and measurement techniques used in

quantifying erosion rates in field and laboratory test plots.

2.1 Global Impact ofErosion

Toy (1977) identified three categories of erosion based on the transporting medium

involved in the process. Glacial erosion refers to the entrainment and transportation of

material in an ice matrix. Wind forces drive aeolian erosion. Fluvial erosion refers to the

transportation ofmaterial due to water flow. Fluvial erosion is the predominant concern

in the populated world (Toy, 1977) and is the focus of this research study.

Erosion is a naturally occurring process where sediment or soil material is detached from

the soil matrix and removed from the area by the kinetic forces of raindrops or overland

water flow. Walling and Webb (1996) estimate the sediment flux delivered from the

global landmass to the oceans is 15 - 20 x 109 Mg per year. Ludwig and Probst (1996)

7
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reported a total sediment flux of 14.7 x 109 Mg of which 40% originated from the wet

tropics, 21% from wet temperate climates, 5% from the boreal climates, and 34% from

dry climates.

Walling and Webb (1996) suggest that up to 50% of the total erosion is anthropogenic or

caused by humans. The greatest source of erosion comes from the cultivation of land for

agriculture. Cultivation of land removes the natural vegetation and replaces it with a

plant cover providing less protection to erosion (Toy, 1977). The resulting erosion

removes the topsoil from the cultivated land causing a reduction of the nutrients required

for agricultural productivity (Owoputi, 1994). Oldeman et al. (1991) estimated that

1.0 x 109 hectares of the earth's land surface are experiencing soil degradation from

erosion. Foth and Turk (1972) estimated that erosion had ruined or seriously damaged

1.14 x 106 hectares of land in the United States or approximately 0.67% of the

1.74 x 108 ha of arable land within the country. Erosion also causes other economic and

environmental problems such as sediment deposition along rural roads, in streams, rivers,

and reservoirs; impaired surface water quality; and loss of reservoir storage (Van

Klaveren and McCool, 1998). An estimate of the economic loss due to erosion is

subjective due to the large fluctuations in the value of land. However, a summary of the

global erosion problem authored by Moldenhauer (1980) placed a loss of $1.38 US for

each metric ton of soil lost in the United States.

Erosion has been extensively studied in North America with research primarily focused

on predicting soil losses from cropland (Gilley et aI., 1977). These investigations have

led to the adoption of practices to reduce sediment production and maintain agricultural

productivity. Zingg (1940) completed one of the first studies on the effect of slope angle

and slope length on soil loss or erosion for agricultural soils in Kansas. A general erosion

equation was developed in the form:
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[2.1]

where: X = soil loss from a land slope of unit width (M);

C a constant of variation (M·L-\
S =

degree of land slope (%); and

L = horizontal length of land slope (L).

Zingg (1940) found that if the slope angle was doubled the erosion experienced increased

by 2.6 times. Similarly, if the slope length was doubled, erosion increased by 3.0 times.

Research has continued to the present day evaluating the effect of other factors such as

material type and rainfall intensity and duration.

Research into the erosion processes occurring on mining operations is relatively recent

with studies dating back to the late 1970' s and 1980' s. The research completed on

agricultural land applies to waste rock erosion research because the geomorphic

processes by which waste rock is eroded are similar to the erosion of agricultural land.

However, the factors contributing to erosion, such as slope angle, material type, and

vegetation cover are different for mining applications. The slope of agricultural land is

rarely greater than 10-15% while the gradients of waste rock piles are maximized to be

cost effective (Kapolka and Dollhopf, 2000). As a result, waste rock piles often have

gradients greater than 50%. Bryan (2000) states the soil profiles of agricultural soils are

often homogenized from the tillage process. Waste rock piles often feature spatial

variability with heterogeneous soil profiles. Finally, the vegetation on waste rock piles is

often scarce compared to agricultural land, as waste rock is generally a poor growing

media.

The physical processes of erosion and the effect of factors such as slope angle and length,

material type, and vegetative cover are the subject of the following sections.
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2.2 Processes of Erosion

2.2.1 Definitions

The definition of some terms is required to facilitate the discussion of the processes

contributing to erosion. A rill is a small channel created by concentrated flow or runoff.

Rills range in size from very small and shallow to large conduits of flow. Foster (1982)

defined a rill as having a maximum depth of 300 mm. InterriU areas are smooth surfaces

that do not have sufficient breaks in their topography to allow the concentration of flow

resulting in continuous, thin flows. Gullies are similar to rills but are larger. Owoputi

(1994) defined a guUy as a channel not easily obliterated under normal tillage practice.

Due to their increased size, additional erosion mechanisms occur in gullies as compared

to rills.

Soil erosion is an interaction of rainfall or runoff and the soil in relation to its properties

(Owoputi, 1994). Rainfall and runoff supply the kinetic energy required to detach soil

particles from the matrix and transport them. There are several different erosion

processes; each involving soil detachment by rainfall or runoff. Interrill erosion consists

of soil particle detachment by raindrop impact and particle transport by splash and

shallow overland sheet flow (Grosh and Jarrett, 1993). Ghebreiyessus et al. (1994)

defined concentrated runoff flow as the catalyst creating the riUs contributing to riU

erosion. Gully erosion is driven the removal of sediment and the undercutting of gully

sidewalls by runoff water (Piest et al., 1975). Pipe and tunnel erosion occurs when

seepage water removes sediment below the soil surface creating large macropores.

2.2.2 InterriU Erosion

Sediment detachment and transport is required for interrill erosion to occur. As stated

previously, both rainfall energy and runoff energy contribute to the detachment and

transport of soil particles. Foster et al. (1977) and Zhang et al. (1998) concluded that
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raindrop energy detaches the soil particles that are subsequently transported by thin

overland flow. Detachment occurs when raindrops strike the soil surface, colliding with

a kinetic energy that may be defined by the raindrop mass and velocity as:

1 2

x «:»:»

2
[2.2]

where: K = kinetic energy of the raindrop (M·L2.T2);
m

=

mass ofdroplet (M); and

v
=

impact velocity of droplet (L·TI).

Some of this energy is transferred into the deformation, wetting, disruption, and

entrainment of the soil particle. The remainder is converted to an upward reactive force

away from the point of impact transporting the entrained soil particles (Bryan, 2000).

The ability of the shallow sheet flow associated with interrill erosion to detach soil

particles is considered negligible. Bryan (2000) states that shallow interrill flow has little

capacity to detach and entrain soil particles.

While Bryan (2000) recognized the role of rainsplash energy in transportation of

entrained sediments, many studies (Foster et al. (1977); Kinnell and Cummings (1993);

Ghidey and Alberts (1994); and Zhang et aI. (1998)) do not associate raindrop energy

with transport. It is likely that the authors have combined the effects of raindrop energy

and sheet flow. Grosh and Jarrett (1994) reported that splash detachment and transport

are major components of interrill erosion, but have not always been separated from

overland flow transport in interrill erosion research. Their study found splash transport to

be a significant contributor to the total soil loss rate. Generally, interrill erosion is limited

by the transport capacity of shallow overland flow (Zhang et al., 1998).

Research studies have produced equations to relate the soil loss from interrill erosion to

factors such as material type, slope angle, and rainfall intensity. Foster et al. (1977)

expressed the erosion rate on interrill areas as:
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[2.3]

where: D,
= interrill erosion rate (M·r2.rl);

K,
= soil erodibility factor (M.T·L-\

I = combined potential of rain impact and interrill flow (L·TI);
S =

slope steepness; and

b, c
=

experimental parameters.

The equation is empirically based with the soil erodibility factor used to define the type

ofmaterial being eroded. The b and c parameters are used to curve fit the equation to a

set of experimental results.

Ghidey and Alberts (1994) presented a similar empirical equation:

D =K .12 ,SfI I [2.4]

where: D,
= interrill erosion rate (M-L-2.T\

K,
= soil erodibility factor (M.TL-3);

I = rainfall intensity (L·TI); and

Sf
=

slope steepness factor.

The slope steepness factor is defined in equation [2.5], the Sf factor ranges from 0.3 for

flat slopes to slightly greater than one for steep slopes.

Sf
= 1.05 - 0.85 exp(-4· sin 8) [2.5]

where: Sf
=

slope steepness factor; and

e =

slope angle.

Bradford and Foster (1996) and Kinnell and Cummings (1993) have also proposed

similar equations.
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2.2.3 Rill Erosion

Rill erosion involves runoff flow concentration, often occurring on natural hillslopes

from microtopography or vegetation (Bryan, 2000). The development of rills on a land

area can greatly increase the soil erosion rate. Increased flow velocity and turbulence

produce more energy in rill flows to detach and transport material (Gatto, 2000).

Ghebreiyessus et al. (1994) reported sediment loss from rills was 40 times that from

interrill areas on a sandy soil slope at a 19% gradient. Meyer et al. (1975) showed a

threefold increase in soil loss following the development of rills on a hillslope.

As with interrill erosion, soil particles must be detached and transported for rill erosion to

occur. Rill erosion is created from the energy of runoff water in the rill channels; the

effect of rainfall energy striking the rill walls is considered negligible. Surface runoff

erodes the soil by the rolling and lifting action of the shear forces present and vertical

currents set up by the flowing water (Foster and Martin, 1969). Van Klaveren and

McCool (1998) add that flow in rills, generally narrow and irregular, causes shear stress

concentrations where the rill surface and flow contact, with the concentration being

greatest on the rill bottom. Figure 2.1, reproduced from Moss et al. (1982), shows the

creation and evolution of a rill channel.

If the shear stress exerted by the flow on the rill bottom is greater than the shear strength

of the soil, it will be detached and entrained into the runoff flow. The rill erosion

equation is presented by Morrison et al. (1994):

[2.6]

where: Dr == rill detachment rate (F·T·L-3);
Kr::= rill erodibility (T·L-1);
r = hydraulic shear stress (F·L-2); and

'tc = critical shear stress (F·L-2).



Chapter Two: Literature Study and Theoretical Background Page 14

The critical shear stress ('tc) is the stress level above which erosion becomes apparent

(Van Klaveren and McCool, 1998). 'tc is often below the average shear strength of the

soil at the rill bottom. In this case, small amounts of erosion will occur; as the shear

stress of the flow increases to a level above the shear strength of the soil erosion will

become excessive.
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Shear stress generated on the rill bottom is calculated from the equation (Morrison et al.

(1994); Van Klaveren and McCool (1998); Ghebreiyessus et al. (1994»:

T=r·R·S [2.7]

where: 't = flow shear stress (M·L-1·r\
y

=

specific weight of the fluid (M·L-2.r2);
R =

hydraulic radius (L); and

S =

slope of the channel (L.L-1).

Morrison (1994) stated the energy for transport of detached soil particles and aggregates

increases with water velocity and with flow depth. This is reflected in equation [2.7] as

velocity will increase with increased slope and a greater flow depth will increase the

hydraulic radius (R).

2.2.3.1 Detachment and Transport in Rill Flow

There is a finite value of energy introduced to the rill erosion process by the runoff flow.

Because the processes of detachment and transport both require energy, there is an

interaction between the processes as rill flow occurs. A literature study completed by

Owoputi (1994) showed a negative or inverse relationship between the rate of detachment

that can be accomplished by overland (rill) flow and the rate of sediment it is

transporting. Moore and Burch (1986) explained as the rill flow progressed, more energy

was spent by the flow to transport the increasing concentration of sediment leaving less

energy available for the detachment of further soil particles.

Owoputi (1994) defined this inverse relationship with an equation from Foster and Meyer

(1972):

[2.8]
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where: DR= actual detachment rate (M.L-2·T\
Dz= detachment capacity (M·L-2.T1);
TR

= actual transport rate in the rill flow (M·L-l·Tl); and

Te= transport capacity (M·L-l.TI).

This equation shows that if the detachment rate increases a proportional drop will occur

in the transport rate. When the sediment transport rate reaches its maximum value the

sediment detachment rate goes to zero and vice versa. Ultimately, the relationship shows

the amount of erosion occurring is governed by the amount of energy provided by the rill

flow. Owoputi (1994) notes that not every author agrees with equation [2.8]. Kemper et

al. (1985) stated that the detachment rate might increase as the transport rate increased in

cohesive soils due to the abrasion of the entrained soil particles on the flow channel.

2.2.4 Gully Erosion

While similar in shape to rills, gullies are much larger erosion features often created by

extreme erosion events involving large mass movements of soil. Gullies frequently occur

in unconsolidated materials such as desert sands (Archibold et al., 1996) and range in size

from shallow, approximately 0.3 meters deep, to deep and wide channels. Haigh (1990)

published the results of a long-term study of Greene's Canal in Arizona, USA. Between

the years of 1908 and 1976, Greene's Canal expanded from a 1.5 m deep, 6.1 m wide

excavated trench to a 6.0 m deep, 80 m wide gully.

Gully erosion processes act on the sidewalls and headcut of gullies. Piest et al. (1975)

defined gully erosion as a combination of processes including overland (shear) flow or

rill flow, slope stability and mass wasting, and channel c1eanout. As documented in

interrill and rill erosion, the movement of soil from the gully is a function of the sediment

transport capacity of runoff and the rate of soil detachment. Overland flow and mass

wasting serve to detach material from the gully channel boundary while transport is

achieved from energy supplied by gully flow.
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2.2.4.1 Overland Flow

Overland flow scours and deepens the gully channel in the same manner as rill flow.

Loose (low shear resistance) debris created by freeze/thaw and wetting/dessication cycles

is the primary source oferodible material in the gullies (Piest et aI., 1975).

2.2.4.2 Slope Stability and Mass Wasting

Mass wasting is the failure of the gully banks or headcut by gravity. Piest et al. (1975)

identifies the oversteepening of gully walls by channel flow and increases in soil water

content as reasons for mass wasting. In each case, examination of the Mohr-Coloumb

equation (Fredlund and Rahardjo, 1993), aids in the explanation of the failure.

t: = (a-u)·tan¢/ +c' [2.9]

where: 't shear strength (F.L-2);
(j

= total stress (F.L-2);
u

=

pore water pressure (F.L-2);

�' = effective soil friction angle; and

c' = effective cohesion (F·L-2).

Generally, failure by oversteepening occurs when degradation of the gully channel

creates gully banks standing at greater angle than the combined strength of friction and

cohesion of the bank material can support, and increased pore water pressure decreases

the shear strength of the soil that can also lead to failure.

Equation [2.9] is most often used in the examination of the slope stability of saturated

soils. Gully erosion in an unsaturated soil is heavily influenced by the negative pore

water pressure or suction pressure. A modification of equation [2.9] incorporates the role

of suction in the shear strength equation (Rahardjo and Fredlund, 1991):
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[2.10]

where: r = shear strength (F·L-2);
cl = cohesion strength (F'L-2);
O'n

= total stress (F·L-2);

Ua
=

pore air pressure (F·L-2);
UW

=

pore water pressure (F.L-2);

�I = angle of internal friction;

�b = angle indicating rate of increase in shear

relative to the matric suction

(c, - ua)
= net normal stress

(u, - uw)
= matric suction

Note that a suction value of zero returns equation [2.10] to the same form as equation

[2.9]. Equation [2.10] states that the shear strength of a soil is a combination of cohesion,

the internal friction angle, and the magnitude of suction within the material.

To ensure stability, the shear strength of the material must be greater than the shear

stresses acting on the material. Figure 2.2 is a schematic showing the forces acting on a

block of soil material, to simplify the diagram the interslice forces are not shown. Shear

stress on the slope is generated by the downslope component of the gravity force acting

on the soil block. The shear stress increases with an increase in the slope angle. The

shear strength of the soil must resist this force to keep the soil block at equilibrium.
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Figure 2.2 Shear Stress Generated by the SelfWeight of the Soil Material

Slope failures generally occur following periods of high levels of precipitation (Fredlund

and Rahardjo, 1993b). Precipitation infiltrates into the soil surface, increasing the water

content of the material. The increase in soil water content decreases the suction pressure

of the soil resulting in a loss of the soil strength equal to the product of the change in

suction and the tangent of the �b angle. In materials standing at or greater than the

internal friction angle, �/, the loss of suction pressure within the pores can cause failure.

The reduction of cohesion and the length over which shear strength can be mobilized will

also decrease the stability ofa soil material (Fredlund and Rahardjo, 1993b). Chowdhury

and Zhang (1991) stated that tension cracks reduce the slope length over which shear

strength can be mobilized. The cracks also provide a conduit for flow to the subsurface

increasing infiltration and may fill with water during precipitation events adding an

additional load to the shearing forces being generated (Chowdhury and Zhang, 1991).

Vaughn (1991) and Kuo et al. (1985) discussed progressive failures on the stability of

soil materials, describing the chain reaction of multiple failures as a result of the first

failure. The flow of the failed material in the gully channel produces a surcharge load on
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the existing material. If the material is in a saturated condition, the additional surcharge

load is transferred to the water phase causing the liquefaction of the material and failure.

The difference between landslides and gully erosion by mass wasting is a matter of scale,

gully erosion is a small, local landslide. The angle of the slope surface dictates the flow

regime. Steeper slopes divert infiltrating water from percolating deep into the soil profile

(Stormont, 1995). The result is shallow subsurface flow and overland runoff flow. The

high levels of soil water content are restricted to the near surface creating soil instabilities

at the surface and the small gully erosion slope failures.

Mass wasting of the gully will widen the gully banks and decrease the depth of the gully

as materials slump to the bottom of the channel. This reflects a more stable gully

channel. Gatto (2000) recognized that mass wasting processes on gully side walls

substantially increased the width to depth ratio of a laboratory simulated small gully.

2.2.4.3 Channel Clearout

For continued erosion and increase in gully size, runoffmust be adequate to remove the

failed debris from the channel bottom. Sediments are removed by overland flow in the

channel and liquefaction flow. Liquefaction occurs when the buildup ofwater and debris

combine and flow en masse down the gully. Pierson (1986) defined debris flows as an

extremely mobile, highly concentrated dispersion of very poorly sorted sediment (up to

boulder-sized particles) in water. The consistency of the mixtures is similar to wet

concrete.

Gully channels migrate up the slope in the same way as they increase laterally in size.

Mass failures increase the size of the gully headcut and the debris is often removed down

the gully in debris flow. Archibold et al. (1996) commented headcut migration in

unconsolidated sediments occurs through the failure of blocks or slabs of sediment. The

size of the slabs is variable, but typically much less than the headcut area. Burkard and
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Kostachuk (1997) studied gullies on the shoreline of Lake Huron over a period of 60

years. The individual gullies in the gully network increased in length by an average of

140 meters during the study period.

2.2.5 Pipe and Tunnel Erosion

Pipe and tunnel erosion occur below the ground surface. Pipe erosion occurs when

groundwater moving under high hydraulic gradient ejects soil particles from the soil

matrix creating macropores. Tunnel erosion happens within existing macropores in the

soil subsurface created by animal burrows, root channels, and dessication cracks (Bryan,

2000). The creation and subsequent collapse of the large pipe or tunnel macropores can

create a rill or gully at the soil surface or increase the size of an existing rill. Figure 2.3,

reproduced from Haigh (1990), shows the evolution of a gully influenced by pipe

erosion.

2.3 Factors Affecting Erosion

This section describes the factors that influence the rate and magnitude of erosion. Large

amounts of data have been collected in research studies, especially in the agricultural

field. This work has helped to establish the relative impact of each of these variables on

the erosion process. The variables have been grouped into topographical factors such as

slope angle and length, climatic factors such as rainfall intensity and duration and

seasonal effects, and material characteristics like rock cover, initial water content, and

shear strength.

2.3.1 Topographical Factors

Topographical factors are based on the physical characteristics of the waste rock pile

where the erosion occurs.



Chapter Two: Literature Study and Theoretical Background Page 22

Gully

........ Retrut of GuUy Walts

Aggredation of Gully Floor

En........,t of Soil Pipe
bv Collapse

•

•

,

Surface ch8Mel brPChellcoIl_
into loil pipe

___ IIIa.

....

, ,-
� ... _.-.

I

,
\

1

\
\

\

,-�----- .... .""

,...... mreat of wall of

tarn. soil.pipe Ind

......-uon of chMneI floor

Figure 2.3 Piping Erosion on an Existing Gully (Haigh, 1990).



Chapter Two: Literature Study and Theoretical Background Page 23

2.3.1.1 Slope Angle

The effect of slope angle (9) or slope gradient (%) on the erosion rate is possibly the most

widely researched factor contributing to erosion. Research has been completed both in

laboratory experiments and field tests. The studies have tried to establish an empirical

relationship between erosion rate and slope angle by fitting curve equations to

experimental data. Generally, erosion rates have been found to increase with increased

slope angle for all types of erosion.

Bradford and Foster (1996) examined five different agricultural soils in laboratory

experiments using simulated rainfall. Measurement of soil loss was completed after each

sample was subjected to 90 minute, 72 mmIhr rainfall at both 9% (5.1°) and 20% (11.3°)

gradients. Soil loss was higher at the increased slope angle. Singer and Blackard (1982)

ran laboratory tests on two soils at seven different soil angles ranging from 3 to 40%

grade. A second degree polynomial sinusoidal function, with increased erosion at

increased slope angle was found to best fit the derived data.

Grosh and Jarrett (1994) extended the laboratory tests to very steep slopes up to 85%

gradient. Their study used 0.5 m square boxes filled with a silty clay loam subjected to

20 minute, 92 mmIhr simulated rainfall. The study concluded that soil loss increased

linearly with slope steepness:

D = 3.24+0.291·S [2.11 ]

where: D = soil loss (M·L-2.ri); and
S =

slope gradient.

Hahn et al. (1985) completed field tests of reclaimed overburden soils from Indiana. 22

test plots were established on two sites ranging from 5 to 16% in slope gradient. The

study found a linear relationship between increased soil loss with increased slope

gradient.



Chapter Two: Literature Study and Theoretical Background Page 24

Studies have also been completed on the soil loss -

slope gradient relationship for waste

rock material. Schroeder (1986) undertook field tests using simulated rainfall on

eighteen 4.4 m long by 1.8 m wide plots at 3%, 6%, and 9% slope gradient. A linear

relationship was found in the analysis:

L =3.50·S+16.37 [2.12]

where: L = total soil loss (M·L-2); and
S =

slope gradient.

Sidle et al. (1993) reported on a 4.7 year erosion study on waste rock in Nevada. Fifteen

test plots constructed to 33% and 50% grades were allowed to erode by natural rainfall

events. Eroded sediment was collected and weighed to determine the amount of erosion

occurring on an annual basis. The erosion rate on the 50% gradient plots was

approximately 20% higher than the 33% gradient plots (0.51 to 0.42 Mg/ha/yr). Kapolka

and Dollhopf (2000) completed similar natural rainfall field plot tests at the Treasure

mine in Montana. The two year study utilized test plots at 25%, 33%, 40%, and 50%

gradients. However, the study did not find the highest erosion rate on the steepest plot.

The erosion rate increased from the 25% gradient plot to the 40% gradient plot and then

decreased to a lesser rate on the 50% gradient plot during both years. A possible

explanation stated for this behavior was that the steep 50% gradient incurs less direct

rainsplash energy and therefore less soil detachment and loss. Hom et al. (1998)

describes a study of 12 waste rock test plots with a soil cover at the Kidston gold mine in

Australia at slopes of 20° (36%) and 37° (75%) which showed less erosion on the steeper

slope. In the first season after grading and placing of the cover, the 20° slopes

experienced 372 Mg/ha of erosion while the 37° slopes had erosion of

68.1 Mglha. Erosion was significantly reduced in the second year of the study; erosion

rates were 146 Mglha and l.8 Mg/ha for the 20° and 37° slopes respectively. However,

Hom et al. (1998) state that oxide was applied to the 37° slopes as an erosion prevention

treatment, possibly explaining the lower erosion rates experienced on the steeper slopes.
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Two of the test plots in the study were established in 1991. The erosion rate measured in

the 1997 field season also found that erosion was greater on a 17° slope (31.3 Mg/ha)

than the 37° slope (22.9 Mglha).

Research reported by Foster and Martin (1969) also showed that erosion did not

necessarily increase with increased slope angle. Simulated rainfall laboratory tests at

three slope gradients with soils at four different densities showed mixed results. The two

lower density samples showed decreased erosion with increased slope gradient, while the

two higher density samples had increased erosion with increased slope gradient.

2.3.1.2 Slope Length

The effect of slope length has been largely ignored when compared to the number of

studies on the effect of slope angle on the erosion rate. Longer slope lengths allow runoff

water flows to concentrate and increase the rate of erosion experienced by the slope.

Zingg (1940) completed one of the first investigations of the effect of slope length. The

study of several field test plots in Kansas concluded that if the slope length was doubled,

erosion increased by 3.03 times. Work by Evett and Dutt (1985) found little effect on

erosion per unit area under conditions for which interrill erosion dominates and rill

erosion is small. Interrill erosion is often limited by the transport capacity of its thin

sheet flow (Bradford and Foster, 1996). In this situation, there is insufficient energy to

remove detached particles; concentration of the water into deeper, higher velocity flows,

characteristic of rill flow, is required to transport the detached sediments. Laboratory

tests on four soils by Meyer and Harmon (1989) evaluated the effect of slope length on

total erosion. The study found erosion to increase as soon as the slope length was great

enough to allow formation of rills. The critical slope length after which rilling will occur

was found to vary with soil type, slope steepness, and rainfall intensity.
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2.3.2 Climatic Effects

2.3.2.1 Rainfall Intensity and Duration

Rainfall plays a large role in the erosion process as it provides the energy to power the

erosion cycle. Erosion will almost invariably occur during rainfall events. Wischmeier

(1959) concluded that both the total rainfall energy and the intensity in which it fell

determined the amount of erosion taking place. Data from 60 test locations was

synthesized to create a relationship between rainfall and erosion for use in the empirical

prediction equation, the Universal Soil Loss Equation (USLE). Rainfall erosivity was

defined as the product of the rainfall energy and the maximum 30 minute intensity of the

storm. Hom et al. (1998) used the rainfall erosivity parameter to estimate a threshold

rainfall intensity that resulted in significant erosion from the study test plots. The

analysis concluded that moderate storms with rainfall intensities greater than 70 mmlhr

had the potential to cause serious erosion at the Kidston mine site.

Meyer (1981) studied the effect of rainfall on interrill erosion on agricultural field plots

under simulated rainfall. The research showed that storm intensity had a large influence

on the amount of erosion occurring:

[2.l3]

where: E = soil loss rate (M.L-2·r\
a

= best fit soil coefficient (M·L-3);
I = rainfall intensity (L·rI); and
b best fit soil exponent.

Meyer (1981) found the b parameter to be approximately two for soils with low clay

content, decreasing to 1.6 for soils with increased clay contents. The study showed that

erosion varied with the square of the rainfall intensity, meaning a storm with a 30 mmlhr

intensity would produce four times the erosion experienced by a storm of 15 mmIhr

intensity.
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As part of a study of the effect of slope angle on the erosion rate, Meyer and Harmon

(1989) re-evaluated the power equation published in the 1981 paper. Four agricultural

soils were tested in the laboratory at four different slope angles. The b parameter was

found to vary between 2.32 and 1.73 for all the completed tests. Additionally, the b

parameter decreased as slope angle increased for all the materials tested, suggesting the

influence rainfall intensity decreases as the slope angle increases. Goff et al. (1994) ran

similar laboratory tests on rangeland soils. The data correlated with the general power

equation as the native soil and the lakebed sediment had b parameters of 1.83 and 2.34

respectively.

Other studies have examined the effect of large storms on the total erosion experienced in

natural watersheds. Soil erosion losses are often dominated by a few severe storms of

high intensity and high precipitation levels (Larson et aI., 1997). Edwards and Owens

(1991) observed nine watersheds (0.3 to 0.8 ha in size) over a 28 year study period. It

was determined that large single storm events caused the majority of the total erosion.

The plots experienced four thousand rainfall events over the study period, however, the

five biggest erosion producing events on each watershed accounted for 66% of the total

erosion. Larson et aI. (1997) reported that in a small agricultural watershed in

Watkinsville, GA, 11 storm events (1.2% of the total storm events) created 25% of the

rainfall, 56% of the runoff, and 86% of the soil loss experienced in a 20 year study.

2.3.2.2 Freeze/Thaw Cycles

Unconsolidated soils are created due freeze/thaw cycling. These soils are highly

susceptible to rilling from rainfall and runoff (Van Klaveren and McCool, 1998). The

material is easily detached by runoff flow because the soil is saturated and loose (low

surface shear resistance) after thaw. The addition of any volume of rainfall due to spring

storms further aggravates the problem. Van Klaveren and McCool (1998) attributed 50%
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of erosion taking place in the Northwestern Wheat and Range region in the United States

to runoff from thawing soils.

Gatto (2000) conducted laboratory tests to examine the effect of freeze/thaw cycling on

the erosion rate. The freeze/thaw cycles caused slumping or mass wasting of material

from the rill sidewalls into the rill channel. The freezing action was found to draw

additional water to the freezing front and separate the interlocking frictional bonds of the

soil. When thawing conditions ensued, increased water content and decreased soil shear

strength occurred.

2.3.2.3 Vegetation

The effect of vegetation on the erosion rate is discussed in this section although the

growth of vegetation also depends on topographical factors and the growing media. The

effect of crop type and crop rotation on erosion has been extensively studied (Edwards

and Owens (1991); Ghidey and Alberts (1994); and Larson et al. (1997». Vegetation can

create a canopy cover intercepting the falling rain, reducing its impact energy on the soil

surface (Kapolka and Dollhopf, 2000). The effect of this canopy surface was

investigated by Appelmans et al. (1980) in a study featuring wheat and sugar beet crops.

Sugar beet crops were found to intercept a higher percentage of rainfall, approximately

12%, than wheat crops reducing the energy available for erosion. Plants develop a root

mass within the soil increasing its cohesion and strength due to consolidation. Vegetation

also causes a surface roughness that can break the flow pattern of the slope and diminish

the erosive energy of runoff flow.

The effect of vegetation on the erosion rate was studied by Hom et al. (1998) at the

Kidston gold mine on test plots both with and without vegetation. Soil loss was 7%

greater on the waste rock test plots without vegetation compared to the vegetated plots in

the first year of the study. Establishment of the vegetation in the second year of the study
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led to 40% less soil loss for the vegetated plots as compared to the plots without

vegetation.

Loch (2000) quantified the role of vegetative cover In reducing erosion from a

rehabilitated mine soil in Tarong, Queensland in Australia. Duplicate plots, 1.5 m wide

by 12 m long, were established on a 15% slope. Varying degrees of vegetative cover

were established to create test plots with 0%, 23%, 37%, 47%, and 100% vegetative

cover. The plots were subjected to a simulated 1: 100 year storm event. The erosion rate

experienced from the storm declined with increasing vegetative cover. The plots with no

vegetation had soil losses ranging from 30 - 40 Mg/ha while the soil loss from the 47%

vegetative cover plots averaged only 0.5 Mg/ha,

Owoputi et al. (1995) concluded that vegetation was the most important factor in

preventing erosion from an extreme rainfall event with a return period over 100 years.

The majority of erosion observed from the till waste rock cover system occurred at

locations with inadequate vegetation. Areas with established vegetation of fescue, clover,

and grasses experienced negligible erosion due to the large storm.

2.3.3 Material Characteristics

The properties of the soil being eroded influence the erosion rate experienced. Generally,

fine sands and silts are the most erodible materials, while coarse soils or materials with

high clay contents are less susceptible to erosion. Soils with high clay contents are

cohesive providing resistance to shearing forces that detach soil particles at the surface.

The self-weight of coarse particles restrict their entrainment into runoff flow.

Wischmeier and Smith (1978) developed an empirical expression to quantify the

erodibility of agricultural soil considering its grain-size distribution, organic matter

content, soil structure, and permeability. This equation is used in the Universal Soil Loss
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Equation (USLE) and is often the benchmark for comparison in research studies. Rubio

Montoya and Brown (1984) adjusted the equation to include strip mine spoils.

An evaluation of the USLE erodibility equation by Bryan et al. (1989) reported that three

assumptions are implicit in the equation:

1) soil erodibility is constant for all erosional processes

2) soil erodibility can be defined by a few, usually physical, soil properties

3) erodibility is constant over time for each soil material

Each of these assumptions was proved invalid in the Bryan et al. (1989) report. Different

properties determine the erodibility of a soil for each erosional process so a separate soil

erodibility value is required for interrill, rill, and gully erosion. Soil properties change

almost constantly mostly due to fluctuations in soil moisture content. Therefore, an

erodibility value based on physical properties is only valid for a material at the same

moisture condition. The evaluation concluded that soil erodibility is not constant over

time. It is a function of factors such as antecedent moisture condition, soil shear state,

and surface sealing.

2.3.3.1 Antecedent Moisture Condition

The soil moisture content affects the hydraulic and structural properties of the soil. For

example, a wet soil has a higher pore water pressure and a higher coefficient of

permeability than a dry soil. Soil water is the most important control on erosional

response during rainfall events (Bryan, 2000). Whether the antecedent moisture

condition of the soil is wet or dry will determine the amount of erosion when rainfall

events take place.

Laboratory experiments conducted by Bryan et al. (1989) found the runoff concentrations

from 2 meter long flumes were 15 - 20 times larger on average from 13% gravimetric

water content samples than from 20% water content samples. Results obtained by

Govers and Loch (1993) from field experiments in Queensland, Australia found similar,
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but smaller discrepancies between runoff concentrations. Sediment concentrations from

rill flow runoff for dry test plots were four and six times greater than from the same plots

in a wet condition.

Ghidey and Alberts (1994) investigated the effect of antecedent moisture condition by

simultaneously subjecting two identical laboratory samples at different water contents to

simulated rainfall. The first sample was at an air-dry gravimetric moisture content (4%)

while the other had a water content of 14%. The first test was applied for 60 minutes at

64 mmlhr followed by a 30 minute event at the same intensity the next day. The soil loss

was not significantly different between the soil samples for the first test. However, the

next day, the field moist samples (originally 14% water content) experienced 20% less

soil loss with the subsequent test. Luk and Hamilton (1986) used simulated rainfall on a

field test plot to test soil loss at the full range of initial water contents. The study found

that soil loss from the plot in a dry condition was approximately 800 times the soil loss

from a very wet condition.

The different response generated from the dry and wet moisture condition can be

attributed to the condition of the soil. Periods of drying can produce small cracks in the

soil at the surface. Dessication cracking is most often associated with soils of high clay

content but some cracking occurs on all cohesive soils (Bryan, 2000). These channels

allow water to access the soil extremely quickly upon wetting allowing erosion to occur.

Govers and Loch (1993) state "the likely mechanisms for the decrease of erosion

resistance upon rapid wetting are slaking and differential expansion of clay, resulting in

planes of weakness described as 'incipient failure' or 'microfissuration'." Le Bissonnais

et al. (1989) details hydrocompaction of the soil by rainfall known as surface sealing.

This process increases the density of the soil at the surface increasing its shear resistance.

Soil that was recently exposed to rainfall will be in this compacted state and more likely

to resist erosion.
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2.3.3.2 Surface Sealing and Crusting

Surface sealing has a large impact on the hydrological response of the soil. When a

sealed layer develops on the slope, the permeability of the soil decreases. This will

produce increased runoff rates beginning earlier in the rainfall event. At the same time,

greater shear strength is developed within the soil from compaction at the surface. The

effect of surface sealing can produce both greater and lesser erosion on a soil. If the

erosion rate is limited by the transport capacity, surface sealing will increase the erosion

rate as increased runoff provides greater flow capacity. Inversely, the erosion rate will

decrease if the process is limited by detachment capacity due to the increased shear

resistance of the soil.

Owoputi et al. (1995) commented on the effects of surface sealing or self-armouring on

an engineered till cover. It was found that self-armouring was most effective in reducing

erosion from interrill areas. In rilled or channeled areas, the benefits of surface sealing or

armouring is negligible as the high erosive force of concentrated flow is sufficient to

overcome the armouring effect.

Schroeder (1987) examined two types of test plots composed of coal overburden. The

control test plot was an undisturbed naturally sealing soil while the other was hand tilled

to a depth of 50 mm. The first rainfall test (dry) was run at the ambient soil moisture

condition while the second test (wet) was completed the next day. Erosion was 30%

greater on the control test plot during the dry test due to higher runoff values. The

subsequent wet test resulted in 30% more erosion on the hand tilled plot. Runoff values

were comparable during this test; it was believed that the hand tilled plot formed a

preliminary surface seal that produced runoff but did not have the shear strength to resist

erosion of the control plot.
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Zhang et al. (1998) described seal formation as involving two complementary

mechanisms:

1) physical disintegration of soil aggregates by raindrop impact followed by
consolidation at the surface

2) chemical dispersion of surface clay particles and subsequent movement of

these particles into the area immediately below where they clog the surface

pores.

Field experiments completed by Zhang et al. (1998) found less erosion occurred on a

tilled test plot (4.3 Mglha) than the control, natural test plot (5.3 Mg/ha) during a five

month test period. Measurement of the runoff showed lesser flows from the tilled test

plot indicating that less runoff escaped from the tilled plots before the surface seal

developed.

The establishment of a surface seal was visually observed by Le Bissonnais et al. (1989)

and Bryan (2000). Raindrop impact caused the soil surface aggregates to break down and

create smaller soil fragments. The fragments are deposited into the microdepressions

within the surface, blocking the pores, and decreasing the soil porosity. Bryan (2000)

notes that the rate of aggregate breakdown is influenced by the soil condition with dry

soils generally having a higher rate. Le Bissonnais et al. (1989) reports that aggregate

breakdown peaks with the sudden wetting of dry soils.

2.3.3.3 Rock Cover

An inverse relationship exists between soil loss and the percentage of rock cover at the

soil surface (Kapolka and Dollhopf, 2000). Rock cover is defined in the USLE as

particles at the soil surface greater than 2 nun in diameter. The self-weight of these

coarse particles is too great to be removed by runoff flow. Additionally, they dissipate

the energy of the rainfall striking the soil surface. Due to the high coefficient of

permeability, infiltration rates are high reducing the effects of runoff. The surface

roughness provided by the rock cover reduces the energy of the overland flow. As the
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fine material is winnowed out by erosion, the remaining coarse rock armors the slope

decreasing the susceptibility of erosion.

2.3.3.4 Bulk Density

Foster and Martin (1969) studied the effect of soil bulk density and slope on the erosion

rate. Increased bulk density did not always result in a lower erosion rate as is generally

accepted. The study found that erosion did decrease with increased bulk density on flat

slopes (33% gradient). There was no definite trend established on tests of a 50% gradient

slope. However, the erosion rate on a 100% slope increased as the bulk density of the

test material was increased from 1300 kg/nr' to 1500 kg/nr'. Ghebreiyessus et al. (1994)

tested a silt loam soil at densities of 1200 kg/rrr' and 1400 kg/nr'. That study found the

soil was four times more erodible at 1200 kg/nr' than at the higher density.

2.4 Predictive Modeling and Erosion Measurement Methods

2.4.1 Introduction

Prediction models and equations are widely used to model hydrological processes. The

need for a basic equation to relate erosion processes to erosion control has been

recognized as early as the 1930's (Zingg, 1940). Even today, most studies of soil erosion

are empirically based in which little consideration is given to the physical process

occurring. These studies require large amounts of experimental data over a long period

of time to obtain reasonable accuracy.

The most widely recognized prediction model is the Universal Soil Loss Equation

(USLE) and its successor the Revised Universal Soil Loss Equation (RUSLE) developed

by the United States Department of Agriculture (USDA). The USLE is used to as a

conservation tool in maintaining the productivity of farmland. The program predicts the

average annual soil loss from a land area from inputted averaged data. USLE is a

lumped model, predicting the soil loss from both interrill and rill erosion. The
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mathematical relationships used in the program were determined from statistical analysis

of over 1 O�OOO plot-years of data (Foster et al., 1977). The program was developed as a

long-term planning tool.

2.4.2 USLE Equation

While the USLE equation is simple, a computer model is utilized as a database to store

large amounts of information used in calculating each of the working equation variables.

The predictive USLE model equation taken from Rubio-Montoya and Brown (1984) is:

A =R·K ·L·S·C·P [2.14]

where: A =

R=

K=

L =

S

C

P

Average Annual Soil Loss (M.L-2.rl);
Rainfall-RunoffErosivity Factor (M·L·T-4);
Soil Erodibility Factor (T3·L-3);

Slope Length Factor (L·L-I);
Slope Steepness Factor;

Cover-Management Factor; and

Support Practice Factor.

The average annual soil loss, outputted in Mg/ha per annum, is the average soil loss

calculated for the slope area. Areas near the crest of the slope will have lower erosion

rates than average while the erosion rate will be higher than average near the toe of the

slope.

The R factor (R) or rainfall erosivity index is defined as the summation of the product of

the total energy of a storm rainfall and its maximum 30 minute intensity (EI) on an

annual basis (Wischmeier, 1959). The factor is calculated from an average of the EI

values over a minimum period of 10 years. Precipitation introduced as snowfall is not

included in the R factor calculation. The factors affecting the R parameter include total

rainstorm precipitation and maximum rainstorm precipitation intensity. Increased

quantities of each will increase the R factor.
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The K factor (K) is a measure of the susceptibility of a soil particle to be detached from

the soil matrix by rainfall or runoff. The factors affecting the K parameter include soil

texture, organic matter content, soil permeability, and coarse rock fraction. Coarse

grained soils generally have a low K factor because their high permeability produces low

runoff rates and little soil detachment. Soils with high clay content also have low

erodibility factors because their cohesive strength makes them resistant to soil

detachment. A well graded material has moderate K values due to mixture of moderate

permeability and moderate strength and resistance to soil detachment. Increased organic

matter will decrease the K factor while increased soil permeability will also decrease the

K factor. As with all of the USLE factors, the K factor is based on many years of

agricultural test plot data. Both Rubio-Montoya and Brown (1984) and Schroeder (1987)

have proposed adjusted K factors for calculations involving mining overburden.

The slope length factor (L) increases as the length of the modeled slope increases. The

length used in the L factor calculation is the horizontal distance between the origin of

overland flow to the point at which soil deposition begins. Factors affecting the value of

the L parameter are slope length and slope angle. The slope angle is considered because

steeper gradients will produce a greater portion of rill erosion.

The slope steepness factor (S) increases as the steepness of the modeled slope increases.

As a slope steepens, the potential energy available to flowing water due to gravity

increases, this increases flow velocity and the erosive potential of the water. The only

factor affecting the value of the S parameter is slope steepness or slope angle. The slope

factor is well researched, McIsaac et al. (1987) and Liu et al. (1994) have suggested slope

factors to account for the steeper slopes often present in mining operations.

The cover-management factor represents the effect of plants, root mass, soil cover, and

other disturbances on erosion. Factors affecting the calculation of the C factor include
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effective root mass, total vegetation and rock cover, surface roughness, and prior land

use. The effective root mass consolidates the soil and increases soil strength, leading to a

reduction in erosion. Vegetation and rock cover at surface reduce the area of soil

susceptible to erosion. Vegetation also has the ability to create a canopy above the soil

surface, intercepting rainfall and reducing its erosive energy. Surface roughness provides

micro-barriers to flow, creating pools of water and diminishing the erosive energy of

runoff flow.

The support practice factor (P) is a reduction factor used to describe the effect of

conservation techniques. It accounts for the reduction of runoff and increase of surface

roughness provided by these techniques. Soil terracing and diversion channels are

examples of conservation practices.

2.4.3 Water Erosion Prediction Project (WEPP) Model

The water erosion prediction project (WEPP) computer erosion model was developed by

the United States Department ofAgriculture (USDA) as a successor to the Universal Soil

Loss Equation. In cooperation with the Agricultural Research Service (ARS), the project

is headquartered in the National Soil Erosion Research Laboratory (NSERL) at Perdue

University, West Lafayette, Indiana (Flanagan et al., 1995). The WEPP computer code is

both a DOS and Windows based program used as a land conservation planning tool.

The WEPP model is a process-based program involving soil erosion from hilltop profiles

and small watersheds. The program models erosion from interrill areas, and detachment

and transport from overland flow and channel flow in rill areas. WEPP estimates the

spatial and temporal soil loss from storm events on a daily, monthly, or average annual

basis. The NSERL maintains a database to assist users with program inputs, however,

the program is not as widely used in North America as the USLE model (Flanagan et al.

1995).
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2.4.4 The SIBERIA Erosion Model

The SIBERIA erosion model is a Windows-based program developed from a research

program at the University of Newcastle in Callaghan, Australia. The computer model

simulates the evolution of a rill/gully system over time, including the location,

morphology, and magnitude of rills and gullies (Hancock et al., 2000). Inputs to the

computer model include a digital terrain model (DTM) of the research area, weather data

exported from a rainfall/runoffmodel, and soil material data. The model outputs a time-

stepped evolution of the erosion features resulting from the inputted storm event.

The SIBERIA model has been used in two field programs within Australia. Hancock et

aI. (2000) studied the abandoned Scinto 6 waste rock dump in Coronation Hill, Australia.

The slopes of the waste rock pile experienced erosion for six years between abandonment

and commencement of the research study. The post mining digital terrain model, climate

data, and material characteristics were inputted to the SIBERIA program. The generated

predicted present day terrain model closely matched the surveyed digital terrain model.

A similar exercise was completed at the nearby ERA Ranger Mine as described by

Willgoose and Riley (1998).

2.4.5 The EUROSEM Erosion Model

The European Soil Erosion Model (EUROSEM) is a single-event, process-based model

for predicting soil erosion by water from fields and small catchments (Morgan et al.,

1998). It is a Windows based program maintained by the Cranfield University in Silsoe,

Bedford UK. The model is based on a physical description of the erosion process and

operates for short time steps. The objectives of the EUROSEM model are (Morgan et al.,

1998):

1) enable the risk of erosion to be assessed

2) be applicable to fields and small catchments

3) operate on an event basis

4) be useful as a tool for selecting soil protection measures
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The EUROSEM model is used in the European erosion research community but its use is

not widely reported in North American research literature.

2.4.6 Erosion Measurement Methods

All of the laboratory and field testing require collection of the eroded sediment and runoff

to determine the dry weight and erosion rate. Collection is easily done in the laboratory

where the samples are small and the experiment is heavily controlled. Field experiments

on larger test plots, in particular test plots subjected to natural rainfall events, present a

larger challenge. Metal troughs, similar to easetroughing, are placed perpendicular to the

slope at the bottom of each test plot to collect sediment (Kapolka and Dollhopf (2000);

Luk and Hamilton (1986)). The troughs are slightly graded (2-3%) to one end to allow

drainage of the sediment laden to a collection system. The troughs must be properly

anchored into the slope and periodically serviced to ensure they are not overfilled.

Other techniques have been used to measure the growth of rill and gully systems. Quine

et al. (1997) described a method for measuring the change in slope morphology on a

small agricultural watershed. At two meter intervals down the slope a measuring tape

was extended across the slope to record the location, depth, and width of the existing rill

network. The measurement process can be repeated after specified intervals or after large

erosion events to define the change in rill geometry and estimate the amount of soil lost

to erosion.

A similar measurement method involves the installation of erosion pins to form a grid

across the area being monitored. Measurement of the depth of scour or deposition at the

pin allows the generation of erosion contours for the area. This technique was utilized at

to measure erosion at the Kidston gold mine (Horn et al., 1998).

Methods have been develop to utilize Caesium-137 (137Cs) as an indicator of soil

redistribution. 137Cs in the environment was derived from the testing of atomic weapons
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between 1950 and 1975. The fallout adsorbs to the fine particle fraction of surface soils.

Measurement of the current distribution of
137

Cs allows the reconstruction of soil

movement due to erosion. A detailed explanation of the technique is given in Quine et al.

(1997) and Loughran and Elliott (1996). A similar measurement technique using copper

as a tracer was completed in Germany (Schwertmann and Schmidt, 1980). The copper is

a constituent of a fungicide applied annually to hop fields in the area. Measurements of

the concentration of copper in the soils allowed an estimation of the erosion rate over the

last 13-46 years. Erosion rates ranged between 28-63 Mglha, which agreed with results

modeled using the USLE equation.

Aerial photography is an excellent resource in monitoring the growth of gully systems.

Bennent (1939) stated there were more than 200 million active gullies in the United

States in 1939, it is likely that this figure would be larger today. Beer and Johnson

(1963) mapped the development of a gully system in Iowa. The study involved aerial

photographs taken in 1938, 1949, and 1961. Regression analysis produced equations to

model the change in gully surface area due to various factors such as annual precipitation,

initial gully area, and study period. Seginer (1966) completed a similar study in Israel.

The research produced equations predicting the gully advancement rate and sediment

yield. Burkard and Kostaschuk (1997) used a series of aerial photographs from between

1930 and 1992 to study the development of a gully system on Lake Huron. The study

also allowed estimation of the growth of the gully system both in gully length and width.

Pihan (1980) used oblique aerial photography to measure the extent of existing erosion

both in width and depth of rills and gullies. The study concluded that the cataloguing and

classification of the rill and gullies would allow monitoring of the amount of soil lost to

erosion through analysis of subsequent aerial photographs.
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2.4.7 The Use ofRainfall Simulators

Rainfall simulators have been used in research studies to provide control to erosion

experiments. Simulators such as the one described by Dunne et al. (1980) allow

scientists to control the rainfall intensity and duration delivered to the tested area.

Rainfall simulators have been widely used in field experiments (Singer and Blackard

(1982) and Hartley and Schumann (1984)) and laboratory experiments (Goff et al.

(1994); Grosh and Jarrett (1994); and Ghidey and Alberts (1994)) to simulate the effect

of factors such as slope gradient, material type, and vegetative cover on soil loss.



Chapter Three

Field and Laboratory Program

Field research and laboratory test programs were completed to characterize the erosion

processes and the erosion rate occurring on the waste rock piles at the Questa mine. The

field research program spanned a period of one year from May 2000 to June 2001. Field

work was conducted for four months in 2000 (May to September) and for an additional

two months in 2001 (March to June). The installation of the field program

instrumentation was completed in May and June of 2000. The field equipment was

installed to monitor a full year of erosion created by the interaction between the

environment and the waste rock piles.

The field research program included tests to monitor and evaluate the erosion rate on the

waste rock piles. An intensive site investigation was completed to investigate the present

erosion condition of the waste rock piles. The change in waste rock slope profile from

rainfall and runoff events was monitored by periodical measurement of test plots. An

erosion rate was quantified by collecting eroded material during rainfall events.

Precipitation data was collected from existing weather stations to correlate the rainfall

characteristics to the measured erosion. Finally, simulated rainfall tests were completed

on two test plots to allow further study of the erosion process.

42
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The small laboratory test program included measurement of the dry weight of eroded

material, grain size distribution, and sediment concentration of representative samples for

each erosion event caused by natural storm events, snow melt runoff, and simulated

rainfall.

The Questa mine site covers a large area in mountainous terrain and features high, thin

waste rock piles. To aid in the explanation of the field and laboratory research program,

the mining history, local geology, and layout of the waste rock piles is presented in the

following section. The methods and procedures used in the field and laboratory programs

follow the introduction to the mine site.

3.1 General Mine Background

3.1.1 Mining History

Mining for molybdenum began in the early 1900's with the discovery of a large tonnage,

low grade molybdenite (MoS2) ore body (Schilling, 1990). Little mining work was

completed until the incorporation of the Molybdenum Corporation of America in 1919.

In the same year, production began with underground, selective vein mining supplying a

36 tonne per day mill. The underground operation continued until 1958 with a short

closure during the depression. Large scale open pit mining on the Sulphur Gulch scar

began in 1965 with two 13 m3 shovels removing overburden and two 8.0 m3 shovels

mining the ore (Schilling, 1990). A modern 9000 tonne per day mill, as well as a tailings

area, administration offices, and warehouses were constructed in conjunction with the

open pit operation. Peak production occurred in 1976 when 5.2 million kilograms of

molybdenite ore were delivered to the milling process. The open pit operated until 1981

and during the 16 year production period the ore body averaged 0.17% MoS2• Since

1983, the Questa mine has once again become an underground mine. Presently, low
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production, developmental mining is being conducted due to the low commodity price of

molybdenum.

The layout of the Questa mine is shown in Figure 3.1. The open pit is located in Sulphur

Gulch and is surrounded by eight waste rock piles, below the pit are the old underground

workings. The new underground mining area is situated in Goathill Gulch along with

machine shops, the main warehouse, and the administration buildings. The mill is six

kilometers east of the underground workings and is connected by a long tunnel.

Approximately 328 million tonnes of waste rock were produced during the open pit

production (Robertson GeoConsultants Inc., 2000). The waste rock was end dumped

along the steep valley slopes resulting in waste rock piles with long angle-of-repose

slopes. Waste rock pile construction was greatest in the early stages of the open pit mine

when 120000 - 180000 tonnes of rock was stripped per day (Robertson GeoConsultants

Inc.,2000b). Waste rock was initially dumped on the slopes of the north side of the Red

River valley known as the Sugar Shack South, Sugar Shack Middle, and Old Sulphur

piles. When the piles reached capacity, dumping was extended north to create the

Goathill and Capulin waste rock piles. The Sugar Shack West, Spring Gulch and Blind

Gulch waste rock piles were constructed last. Benches were built by end dumping from

bench crests formed by wrap-around, 30 meter wide haul roads. Bench intervals range

from slope lengths of 60 to 200 meters on the waste rock piles.

3.1.2 Geology

Roberts et al. (1990) discuss the geology of the Red River district that includes the

Questa mine. The area is part of the Latir volcanic field, the southernmost of the Rocky

Mountain volcanic fields. The field is the youngest and shortest lived of the major

magmatic systems of the southern Rockies. Roberts et al. (1990) reports that the

stratigraphy can be divided into three groups:
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1) pre caldera lavas, ash-flow tuffs and intrusions

2) caldera related lavas and regional ash flow tuff

3) post caldera plutons and associated dikes and sills

Pre caldera deposits began with the emergence of the Latir volcanic field (29 Ma).

Formation and collapse of the Questa caldera (26 Ma) produced the Amalia rhyolite tuff

unit. Post caldera plutons are characteristically rich in molybdenum and precious metals

such as silver and gold. Faulting and fractures with associated intrusive dikes and sills

are prevalent throughout the area. The general orientations of these features are east to

northeast and north to south.

The geology of the waste rock piles is of greater concern for this study. The four primary

rock units of the open pit from which the waste rock piles were constructed are: andesite

porphyry, aplite porphyry, andesite to quartz latite pophyry flows, and rhyolite tuff

(Robertson GeoConsultants Inc., 2000b). The andesite porphyry and aplite porphyry

represent the bulk ofmaterial removed. Field classification of units is difficult due to the

extensive atmospheric weathering and hydrothermal alterations of the waste rock

material. Therefore, the term 'mixed volcanics" primarily composed of andesite

porphyry rock with minor amounts of other units such as rhyolite dikes or rhyolite tuff, is

used to describe the bulk ofwaste rock material.

The three waste rock materials present on the Questa mine site are mixed volcanics,

aplite, and black andesite. Grain size analysis of surface grab samples collected by

Robertson GeoConsultants Inc. (2000b) was used to characterize the three materials.

Table 3.1 summarizes the percentage of material size using the Unified Soil

Classification System from the grain size data while the grain size curves are contained in

Appendix A.
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Table 3.1 Summary ofGrain Size Analysis with USCS Soil Classes

Particle Size
Mixed

Aplite Black Andesite
Volcanics

Clay or Silt 18% 10% 6%

Fine Sand 11% 10% 5%

Coarse Sand 30% 26% 13%

Gravel or Cobbles 41% 54% 76%

The mixed volcanics material is finer than the other two waste rock materials. It has

approximately twice the percentage of fines by weight and a higher percentage of sand.

The aplite and black andesite are similar materials with the black andesite being generally

coarser than the aplite.

3.1.3 Layout of the Waste Rock Piles

The eight waste rock piles at the Questa mine ring the open pit as shown in Figure 3.1,

each being end-dumped into a mountain valley. The Capulin and Goathill piles are

located to the north and west of the open pit. These piles do not have benches and

therefore possess a single unbroken slope. The slope length of the Capulin pile is 250 m

while the Goathill slope is 340 m. The footprint or projected surface areas of these slopes

are 19.3 hectares (ha) and 23.9 ha for Capulin and Goathill respectively. The Goathill

South waste rock pile has a slope length of 270 m and a footprint area of 4.0 ha. Sugar

Shack West lies to the west of the open pit. Its slope is broken by two benches creating

three slopes. The length of the bottom slope is 210m, while the second and third slopes

extending upward are 230 m and 110 m respectively. The surface area of the Sugar

Shack West slopes is 20.5 ha. The surface of the Capulin, Goathill, and Sugar Shack

West waste rock piles are composed entirely ofmixed volcanics material.
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Collectively, Sugar Shack South, Sugar Shack Middle, and Old Sulphur constitute the

south facing waste rock piles and are located to the south of the open pit. The upper

areas of these waste rock piles are connected as a single entity, but they are split by

natural ridges at the lower end. The waste rock piles are similar, each has three benches

splitting the pile into four slopes. The bottom slope on each is covered by grey aplite

material while the remainder is composed of mixed volcanics. Table 3.2 shows the slope

lengths and slope surface area for each of the south facing piles.

Spring Gulch and Blind Gulch lie to the east of the open pit. The two lower slopes of

Spring Gulch are composed of aplite and black andesite material possessing lengths of

200 m and 85 m. The 100 m upper slope is composed ofmixed volcanics material. The

slope surface area of Spring Gulch is 63.8 ha. The 54.2 ha Blind Gulch pile is a mixture

of four aplite and mixed volcanics slopes broken by three benches. Beginning at the toe

of the pile, the slopes are 170 m, 70 m, 85 m, and 130 m long.

Overall, the mixed volcanics material covers approximately 60% of the waste rock pile

while aplite and black andesite cover the remaining 40%. Black andesite is the surface

material of a small portion of this 40%.

Table 3.2 Slope Lengths of the South Facing Waste Rock Piles

Surface

Slope 1 Slope 2 Slope 3 Slope 4 Area

(m) (m) (m) (m) (ha)

Sugar Shack South 390 115 200 200 61.3

Sugar ShackMiddle 320 100 195 70 30.3

Old Sulphur 180 180 80 140 63.0
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3.1.4 Erosion in Areas Surrounding the Mine Site

When investigating the impact of the eroded waste rock material on the area surrounding

the mine site, the amount of erosion occurring on the natural rock slopes should also be

examined. Robertson GeoConsultants Inc. (2000b) found that significant erosion occurs

on the natural slopes within and surrounding the mine site.

The natural slopes have formed into variably mineralized, hydrothermally altered rock

material. Scars (areas of highly eroded acidic rock material) have formed in areas where

the mineralized rock, steep slopes, and low vegetation cover are present. Large debris

fans are visible within the mountain valleys in the area, Robertson GeoConsultants Inc.

(2000b) report debris flows over the state highway located close to the mine site in the

early 1990's. An erosion rate for the natural slopes is not estimated in the report, but it

concludes that significant erosion is present adjacent to the mine site, especially in the

scar areas.

3.2 Field Research Program

This section discusses the design and installation of the field program employed to

measure the erosion rate of the mixed volcanics material. Erosion is not an easy

parameter to measure. Measurement of the erosion rate requires the collection and

processing of large amounts of runoffwater and eroded material. If this erosion rate is to

be correlated to rainfall intensity and duration, then the collection and measurement

process must be completed after each and every rainfall event. This requires constant

supervision and necessitated the permanent devotion of an individual to the study.

Satellite supervision of events is not possible as it is with other hydrological processes

such as infiltration and evapotranspiration. This had a significant influence on the

methods used and the number of test areas established to measure the erosion

characteristics of the waste rock. The cost and availability of materials from which to
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construct the monitoring equipment also had a large influence on the field program. The

main components of the field research program are:

1) Geomorphological Study

2) Test Plot Slope Profiles

3) Sediment Traps

4) Simulated Rainfall Tests

5) Erosion Test Plots

3.2.1 Geomorphological Study

3.2.1.1 Background

The waste rock piles at the Questa site were constructed from the overburden removed

during the open pit operation. As the majority of the stripping was completed by 1976,

with the production decreasing until cessation of open pit mining in 1981 (Robertson

GeoConsultants Inc., 2000b), the waste rock piles are approximately 25 years old.

During this time they have been subjected to rainstorm events and spring thaws. This has

resulted in erosion, creating a network of rills and gullies on most of the waste rock pile

slopes.

3.2.1.2 Theory and Objective

The energy of rainfall and runoff combine to erode sediment from the soil matrix and

transport it downslope where it is deposited. Visual examination can determine which

erosion process is most dominant in creating erosion in the study area whether it is

interrill, rill, gully, or pipe and tunnel erosion. The geomorphological study examined

the present erosion condition of the waste rock piles. An understanding of the historical

erosion of the waste rock piles was necessary to create a proper field investigation

program. The study utilized a gully classification system and investigated possible runoff

water sources contributing to erosion.
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3.2.1.3 Investigation Procedure

During the geomorphologic study the crest and toe of each waste dump slope were

examined on foot. The piles were sub-divided into areas where the slopes had similar

sized rills and gullies. The extent of erosion in each area was characterized into three

categories using descriptors such as width, depth, and number of rills or gullies. The

slopes were examined for evidence of water channels migrating down the slope. The

debris fans left at the bottom of the slope from the creation of the gully were investigated

to estimate texture and soil type.

Rills were considered to be channels less than 0.3 m deep. The gullies were placed into

small, moderate, and large categories determined by the gully width and depth. Small

gullies were 0.3 - 1.0 m deep and 0.3 - 1.3 m wide. Moderate gullies were 1.0 - 3.0 m

deep and approximately 1.3 - 3.0 m wide. Large gullies were classified as being larger

than 3.0 m in depth and width. The majority of the large gullies were 6.0 - 7.0 m deep

and 6.0 - 9.0 m wide.

3.2.1.4 Monitoring Schedule

The geomorphological study was completed over a six week period running from the

middle ofMay to the end of June 2000.

3.2.2 Test Plot Slope Profiles

3.2.2.1 Background

The practice of using slope profiles to monitor the change in slope morphology is not

widely used due to problems with establishing the test plots on moderate or steep slopes.

Quine et aI. (1997) monitored the change in slope morphology by cataloguing the number

and width and depth of rills on transects located down the slope at two meter intervals.

Reproducibility of the process is a large concern; proper measurement would require that

measuring apparatus be placed in the same spot during each monitoring event. The waste
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rock piles at the Questa mine provide additional challenges. The piles stand at their

angle-of-repose, approximately 33 - 36° or a 1.6: 1 to 1.4: 1 horizontal to vertical slope.

This requires the use of mountain climbing equipment to establish and monitor the test

plots.

3.2.2.2 Theory and Objective

Monitoring of the slope profiles provides visual examination of the rill or gully evolution

allowing determination of the dominant erosion mechanism occurring in the test plot

area. Additionally, the monitoring of the profile of a slope surface will allow an indirect

measurement of the erosion rate from the test plot. After the initial surface profile of the

slope is established, the change in slope morphology can be calculated after each

monitoring period. The change can be quantified in terms of an area ofmaterial lost for

the profile during the monitoring period. If several transects or profiles are measured at

intervals down the slope within the test plot, a volume of material eroded from the plot

can be interpolated. An estimate of the density of the soil removed gives an estimation of

the mass ofmaterial eroded over the test plot area.

3.2.2.3 Installation Procedure

The slope profile was measured by establishing a horizontal reference line perpendicular

to the down slope length as shown in Figure 3.2. The vertical distance from the reference

line to the slope is measured at sufficiently small intervals to create an accurate slope

profile.
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Figure 3.2 Diagram of Test Plot Profiles Established at the Questa Mine Site.

The horizontal reference lines were constructed by pounding three to four sets of notched

surveyor stakes into the slope surface. A 50 kg test line graduated into 0.30 m lengths

was stretched between the sets of notched wooden stakes. The vertical distance from the

horizontal string to the slope surface was measured using a calibrated stake at each

0.30 m interval. The profile plots were established on four different areas of the waste

rock piles as shown in Figure 3.1. All test plot areas were established in the mixed

volcanics material in an area of the slope possessing representative slope conditions.

3.2.2.4 Monitoring Schedule

The initial profile of the plots was measured in late June before the commencement of the

summer rainy season. Subsequently, the profile plots were measured twice in 2000, in

late July during the middle of the rainy season and in early September after the end of the

rainy season. The effects of the spring snow melt were examined by surveying the test

plots in April of 2001.
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3.2.3 Sediment Traps

3.2.3.1 Background

The sediment traps provide a direct measurement of the erosion experienced on the waste

rock piles. This method of direct measurement is widely used in erosion studies. Foster

and Martin (1969), Le Bissonnais et al. (1989), and Van Klaveren and McCool (1998)

collected eroded sediment in laboratory experiments using pans while Luk and Hamilton

(1986) and Kapolka and Dollhopf (2000) used metal troughing to collect runoff water

and eroded sediment. The waste rock piles at the Questa mine necessitate a different

design to collect sediment. Because rills and gullies already exist on the slope, troughing

perpendicular to the slope will not adequately collect sediment. Therefore the traps were

placed within the existing rills and gullies, parallel to the slope, to collect sediment from

the gully and contributing area as shown in Figure 3.3.

3.2.3.2 Theory and Objective

The erosion is measured over a full year including both the summer rainy season and the

spring snow melt. This calculated annual erosion rate is heavily dependent on the

amount of rainfall and snow that fell during the year. Measurement of the erosion during

a very dry year would deliver an erosion rate less than average. Therefore, it is important

to correlate the amount of erosion occurring to the storm event from which it occurred.

Creating an index between rainfall characteristics such as intensity and duration will

allow better estimates of the actual long-term average erosion rate. This study used the

rainfall erosivity index proposed by Wischmeier (1959). It defines the energy available

for erosion as the product of the energy of cumulative rainfall and the maximum 30

minute rainfall intensity.
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After each storm event, the traps were emptied and refitted to the slope in preparation for

the next rain event. A water sample was taken to find the sediment concentration of the

water in the trap before it was decanted. The remaining sediment was placed in 20 liter

pails and transported to the mill laboratory for processing. A representative soil sample

was obtained at the same time for grain size analysis. The collection process varied

slightly for large erosion events. Instead of collecting and drying all the contents, the

volume ofmaterial in the trap was measured. The lab investigation was completed on the

representative soil sample and its results were scaled up to represent the entire volume of

collected sediment.

3.2.3.4 Monitoring Schedule

The sediment traps were installed on the waste rock piles in the first week of July at the

commencement of the summer rainy season. They were continuously monitored until

winter freeze-up in late October. Continuous maintenance was re-established at the start

of the spring snow melt and carried out until the end of June collecting a full year of field

data. During this time, the sediment traps were processed and replaced after every storm

event contributing measurable erosion.

3.2.4 Climate Data

As part of a concurrent study at the Questa mine site, atmospheric weather data is being

collected by one permanent weather station, three mobile weather stations, and three

additional rainfall gauges. The weather stations monitor air temperature, relative

humidity, wind speed and direction, net radiation, and precipitation including rainfall

snow water equivalent. The permanent weather station is located at the mine mill and has

been operating for six years, the remaining equipment, installed in 2000, is spread

throughout the waste rock pile area.
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3.2.5 Simulated Rainfall Tests

3.2.5.1 Background

Extensive testing utilizing simulated rainfall over two test plots was conducted to

generate more data about the erosion process occurring on the waste rock piles. Due to

the semi-arid environment in New Mexico, few rainfall events take place, thus

necessitating a need for additional simulated rainfall experiments. Owoputi (1994) stated

that rainfall is the most dominant factor in erosion because it is the source of energy to

drive the erosion cycle. By using simulated rainfall, the study is able to control and vary

the rainfall experienced by the test plots. The test plots used in the field program are

larger than the field plots reported by Luk and Hamilton (1986) and Kapolka and

Dollhopf (2000). One set of simulated rainfall tests was completed in early September of

2000, a second set of tests was finished in May 2001. The setup and procedure of the

tests were nearly identical and are described in the following sections.

3.2.5.2 Theory and Objective

The simulated rainfall tests were conducted to best reproduce the conditions of natural

storm events. However, due to reduced fall height and raindrop size, the energy

delivered by simulated rainfall is less than natural events of the same intensity. Dunne et

al. (1980) described a portable rainfall simulator and reported its kinetic energy to be 60-

70% of similar natural rainfall. Goff et al. (1994) noted that the simulated rainfall was

slightly higher at 76% while Luk and Hamilton (1986) found that the energy was only

50% of the energy delivered by natural events.

The simulated rainfall tests combined the techniques discussed in the previous sections.

The tests produced erosion that was captured and directly measured to obtain the erosion

rate. An estimation of the volume, and therefore mass, lost to erosion by the same tests

was completed by monitoring the change in slope profile using five transects intervals on
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the slope. Comparison of slope profile results to the directly measured erosion tested the

accuracy of the method. Additionally, the response of the soil to the simulated rainfall

events was monitored. Clusters of jet-fill tensiometers installed in the slope recorded the

change in pore water pressure with each rainfall event. The change in volumetric water

content with depth was also chronicled.

The main objective of the tests was to provide more data to quantify the erosion rate of

the waste rock pile material. Additional objectives were to observe the mechanisms

contributing to erosion, record the changes in pore water pressure and volumetric water

content, and examine the effect of antecedent moisture conditions on the erosion rate.

3.2.5.3 Installation and Testing Procedure

The effects of simulated rainfall were examined on two erosion test plots lying adjacent

to each other on the mixed volcanics Sugar Shack Middle waste rock pile at the Questa

mine site. The test plots measured 4.0 m wide by 10m long on the slope. A 10m slope

length was selected as it was thought to be a suitable length to induce measurable erosion

and still be manageable to monitor. The 4.0 m width was demanded by the sprinkler

heads used to create the rainfall. Sprinkler heads evenly distributed rainfall to a

maximum diameter of 4.5 m. The raindrop size and resulting kinetic energy of the

raindrop impact with the soil surface was not quantified at the simulated rainfall test

plots. Figure 3.6 shows a test plot under operating conditions.
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The sprinkler shafts were constructed from 19 rom PVC tubing. Eighteen sprinklers were

used in a pattern of six clusters of three sprinklers. The sprinkler shafts were cut to three

different lengths (1.70,1.85, and 2.00 m) and connected using 19 mm T-joints and 19

nun plastic hosing. Each sprinkler has a 207 kPa regulator attached to the base to

regulate flow to the sprinkler head to achieve the proper water distribution. The

sprinklers were duct-taped to 2.4 m long, 9.5 rom diameter rebar stakes driven vertically

into the slope to a minimum depth of one meter. This ensured the sprinklers were aligned

both vertically and horizontally to create an even distribution of rainfall.

The change in slope profile was monitored using the same method as described in section

3.1.2. However, 25 rom diameter rebar stakes instead of wooden stakes were anchored

into the slopes. Five transects were established at 2.5 m intervals along the 10m test plot

length. To complete the setup of the test plots, three clusters of jet-fill tensiometers were

installed to measure pore water pressure at varied depths, and a 50 mm PVC tube was

seated into the slope profile at the center of the test plot.

Jet-fill tensiometers, shown in Figure 3.9, obtained from Soilmoisture Inc. of Berkeley,

California were used in the field test program. Tensiometers provide a direct

measurement of the negative pore water pressure (or matric suction) in soil (Fredlund and

Rahardjo, 1993). The pore water pressure that can be measured with the tensiometer is

limited to approximately negative 90 kPa. Below this 90 kPa pressure, water within the

tensiometer will cavitate and cause inaccurate results.
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Reservoir cover

"0" ring seals

Angle molded port

on the side wall

Heavy walled plastic tube

High flow 1 bar

high air entry ceramic cup

Water reservoir

Zero point adjuster

Vacuum gauge

(0 to -100 kPa)

A flexible temperature

adjusting outer jacket

Figure 3.9 Jet-fill Tensiometers from Soilmoisture Inc. (Fredlund and Rahardjo, 1993).

Tensiometers consist of a sealed tube filled with water with a ceramic cup attached to the

end. The tube and ceramic cup are placed into the soil profile. If the soil adjacent to the

ceramic cup is unsaturated, the soil will attempt to pull water out of the tensiometer

through the ceramic cup. If the soil is saturated, zero or positive pore water pressures

will exist in the soil and water will not be extracted through the cup. A Bourdon gauge

is attached to the sealed tube to measure the negative pressure. The jet fill tensiometer

has a reservoir cap attached above the sealed tube for quick refilling. As water is

removed from the tube through the ceramic cup, it can be refilled by the reservoir above.

Adding additional water to the tube temporarily brings the water back to a zero or
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atmospheric pressure. However, it takes only minutes for the tensiometer to equilibrate

back to the in-situ pore water pressure of the soil.

The tensiometers were assembled from pieces as described by the manufacturer

instructions. To install the tensiometers in a rocky soil profile, it is recommended that the

tensiometer be placed in a previously augured hole and then backfilled. The tensiometer

access holes were drilled to the required depth using a 47 mm diameter hand auger. The

tensiometers were placed and held vertically while backfilled with material screened over

a 9.5 mm sieve. Figure 3.10 shows the distribution of the tensiometers within each test

plot area.

The Diviner 2000 system, manufactured by Sentek Environmental Technologies of

Australia was used to measure the volumetric water content of the soil profile in the

testing process. The Diviner provided the measurement of the volumetric water content

at 0.1 m intervals to a depth of 1.0 m.

91 em 46 em

0 41 em

T
0 28 em

30 em

TP-l 4.0m TP-2
to.Om

+
69 em

C:I 46 em CI 43 em

0 46 em 0
28 em

VWC
30 em

VWC

2.5 m

69 em

ij
43 em

0 38 em 0 38 em

I� 4.0m �\ 1.5 m

Figure 3.10 Distribution and Depths of Jet-Fill Tensiometers.
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The volumetric water content of a soil is the ratio of the volume of water within a soil to

the total volume of the soil. Volumetric water content is measured by the response to

changes in the capacitance of the soil. The capacitance of a soil increases considerably

with an increase in the number of soil water molecules, which are free to relax as their

electric dipoles respond to the capacitor sensors field reversal (Sentek Environmental

Inc., 2000). This measurement is proportional to capacitance and is also call specific

polarization or electric dipole moment per unit volume. The Diviner probe is a

capacitance sensor that responds to changes in the amount ofwater in the soil. The probe

reads a raw count that is highest in air and lowest in water. This raw count can be

correlated to a volumetric water content using a calibration equation obtained for each

type of soil being monitored. The soil profile encountered by the Diviner was calibrated

in a different project being completed at the Questa mine site.

The volumetric water content profile was measured just below the center point for each

of the test plots; the location is shown in Figure 3.10. The PVC access tube was installed

by driving the tube into the soil profile with a sledgehammer. A cutting edge was placed

on the bottom of the pipe to aid in the installation process. The inside of the PVC pipe

was then reamed out using a hand auger and grouted at the base to seal off the hole. The

Diviner probe was inserted into the PVC access tube and slowly lowered and raised back

up as it read the volumetric water content at 0.1 meter intervals.

Before each simulated rainfall test was conducted the pore water pressures were

recorded. The volumetric water content was measured once each day before the

commencement of the first test. After these preparations were complete, the test plot was

subjected to the proper rainfall intensity and duration. During the test, the elapsed time to

the start of runoff was recorded as well as the time of the first discemable mudflow.

Flow rate measurements and water samples were taken at two minute intervals to

determine the total volume of runoffwater. Once the water was shut off, a representative
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soil sample was collected from the sediment deposited on the catchment berm liner. The

remaining sediment was hand shoveled off the liner into 20 L buckets for measurement of

the total volume. The slope profiles and pore water pressures are remeasured to

investigate their change due to the rainfall test. The representative soil sample and water

samples are transported to the field laboratory for testing.

3.2.5.4 Monitoring Schedule

The test program at the Questa site examined two variables. The intensity and the

duration of the simulated rainfall events were varied with a constant material type and

slope angle. Rainfall intensities of approximately 48 mmIhr, 80 mm/hr and 108 mm/hr

were used in the first set of tests in September of 2000. The tests were run for 10

minutes, 20 minutes, and 30 minutes. Nine tests were run on each test plot, the first test

featured the lowest rainfall rate over the shortest duration, the final experiment run saw

the highest rainfall intensity continued for 30 minutes. The testing schedule of the first

set of simulated rainfall tests is shown in Table 3.3.

The testing schedule of the second set of tests is shown in Table 3.4. There were minor

changes made in the set of tests conducted in May 2001. The main objective of the tests

was to generate additional data on the relationship between the rainfall characteristics of

the storm and the erosion rate. The rainfall intensities were reduced by increasing the

distance between the sprinklers to produce events characteristic of natural storms. The

changes in the slope profile and the soils response to the tests were not monitored. Only

a few tensiometers were established at the base of each test plot. To minimize the effect

of antecedent moisture condition on the results of the tests, only a single test was

completed each day and the plots were allowed to dry for 48 hours between tests.
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Table 3.3 Summary of Testing Schedule for Test Plots in the Sept. 2000 Testing Period

Testing on TP #1 Testing on TP #2

Rainfall Storm Rainfall Storm

Test Date Intensity Duration Test Date Intensity Duration

# Time (mm/hr) (min) # Time (mm/hr) (min)

1
09/04/00

44.9 10 1
09/09/00

55.3 10
08:30 08:30

2
09/04/00

51.6 20 2
09/10/00

48.0 20
09:45 06:30

3
09/05/00

40.7 30 3
09/10/00

50.4 30
06:30 07:30

4
09/06/00

76.5 10 4
09110/00

83.0 10
06:30 22:30

5
09/06/00

87.9 20 5
09/11100

78.9 20
07:45 06:45

6
09/06/00

84.1 30 6
09/11100

68.9 30
19:30 08:00

7
09/07/00

105.8 10 7
09111/00

117.2 10
08:30 21:30

8
09/08/00

106.7 20 8
09/12/00

108.2 20
06:45 06:30

9
09/08/00

104.2 30 9
09112/00

105.8 30
07:45 07:30

Table 3.4 Summary of Testing Schedule for Test Plots in the May 2001Testing Period

Testing on TP #1 Testing on TP #2

Rainfall Storm Rainfall Storm

Test Date Intensity Duration Test Date Intensity Duration

# Time (mm/hr) (min) # Time (mmlhr) (min)

10
05/01/01

37.2 10 10
05/06/01

33.8 10
20:45 23:30

11
05/03/01

38.2 20 11
05/08/01

37.2 20
21 :30 23:30

12
05/07/01

37.7 30 12
05110/01

35.5 30
23:00 23:00

13
04/23/01

57.8 10 13 04/26/01 55.4 10
23:00

14
04/25/01

53.3 20 14
04/28/01

56.8 20
23:00 22:00

15
04/27/01

54.6 30 15
04/30/01

55.8 30
22:00 21 :15

16
04/29/01

55.1 10 16
05/02/01

55.1 10
22:30 20:00
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3.2.6 Erosion Test Plots

An estimation of the long-term change in topography on the waste rock piles was

completed during the study to calculate the long-term erosion rate. Four erosion test

plots were established on different slopes containing mixed volcanics material in order to

measure the historical (placement to present) erosion rate. The test plots established on

Sugar Shack West, Sugar Shack South, Old Sulphur, and Spring Gulch were similar to

the test plot slope profiles described in section 3.2.2. The test plots spanned an area

15.2 m wide by 61.0 m long measured on the slope. They were established at the center

of the slopes showing representative erosion conditions for the waste rock pile. Large

test plots were used to increase the accuracy of the erosion rate measurement.

Horizontal reference lines or transects were established at the top of the test plot (0.0 m),

at 30.5 m, and at the base of the test plots (61.0 m). They were constructed by pounding

sets of notched 12.5 rom diameter rebar into the slope surface. A 55 kg test line, marked

off in 0.3 m graduations, was stretched across the rebar posts and leveled to the

horizontal. The vertical distance from the string to the slope surface was measured at the

0.3 m intervals across the width of the transect to establish the present slope profile for

each of the four test plots.

To obtain the historical erosion rate the change in the slope profiles over the last 25 years

must be defined. There were no direct measurements of the topography of the waste piles

after the end of construction in the 1970's. The original surface profile of the test plots

was assumed to be smooth with gentle undulations created by the uneven dumping of

material from haul trucks.

The material lost to erosion from a transect was calculated from the area between the

measured and original slope profiles. The volume of material lost was calculated by

interpolation between the three transects of the area of the test plot. The product of
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volume lost to erosion and the average density of the mixed volcanics material provides

the mass of eroded material. The historical erosion rate was calculated by dividing the

total mass of eroded material by the plot area and the number of years since placement of

the material. This produces a historical erosion rate in mass per area per time, with the

units ofMg/halyr.

3.2.7 Additional Erosion Rate Measurement Methods

The last large scale construction of the waste rock piles occurred approximately in 1976,

meaning the waste piles have been subjected to erosion for the last 25 years. Additional

options identified to measure the long-term erosion rate of the mixed volcanics material

include measurement of the change in topography of the waste rock slopes over time and

measurement of the volume of the debris fans created at the bottom of the slopes by

erosion.

Measurement of the debris fans at the base of the waste rock slopes would estimate the

volume of material eroded over time. Undisturbed debris fans would be required to

measure the long-term erosion rate. Estimation of the annual erosion rate is possible if

the volume of the debris fan is recorded before and after the annual waste rock pile

maintenance is completed. Measurement of the debris fan would be ideal in areas where

the waste rock slope funnels down into a small toe area such as the condition seen at the

toe of Sugar Shack West.

Another estimation of the historical erosion rate can be made from the use of aerial

photographs and digital photogrammetry. The analysis of the erosion rate is conducted in

the same manner as the slope profile test plots. Aerial photographs from the late 1970's

can be compared to present day photos to analyze the amount of erosion occurring over

the time period. With proper topographic control, elevations of points on the photos can

be defined to an accuracy of +1- 25 em (Brooker, 2001). A detailed ground control
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survey must be completed to establish reference points which are visible on both sets of

aerial photographs. Detailed contour maps of each set of photographs can be prepared

and compared using computer software to calculate the volume ofmaterial lost to erosion

over the time period.

3.3 Laboratory Program

Laboratory testing was conducted on the eroded sediment collected in the sediment traps

and the simulated rainfall tests. Most of the tests were completed on site at the mill

laboratory. Hydrometer tests were completed in the Geotechnical and Environmental

Laboratory facilities of the Department of Civil Engineering, University of

Saskatchewan. The laboratory program involved tests to determine:

I) Grain size

2) Dry mass

3) Runoff sediment concentration

A soil sample was obtained after each natural rainfall event that contributed erosion to the

sediment traps and after each rainfall simulation test. A summary of the geotechnical

laboratory tests conducted on the soil and water samples is presented in Table 3.5.

3.3.1 Grain Size Distribution

The procedure for determining the grain sizes in soils is specified in ASTM D422-63

(ASTM, 1990). The distribution of grain sizes larger than 75 urn is determined by

sieving, while the distribution of grain sizes smaller than 75 urn is determined by a

sedimentation process using a hydrometer. The standard sieve test involves passing

approximately 1000 g of oven-dried (110° C) soil through a series of sieves and recording

the amount ofmaterial retained on each.
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Table 3.5 Summary ofTests Completed in Laboratory Analysis

Coarse Fine Particle

Field Test Particle Size Size Analysis Dry Mass Runoff Sediment

Analysis (Hydrometer) Concentration

Sediment
27 6 45 45

Traps

Simulated
18 4 32 32

Rainfall Tests

The hydrometer test involves the use of a hydrometer to measure the density of a soil in

suspension in water at various time intervals. Approximately 50 g ofmaterial passing the

2.0 mm sieve is prepared overnight before commencement of the test. The material is

soaked in a dispersing agent solution to eliminate coagulation of particles that would

adversely effect the accuracy of the hydrometer experiment. After soaking for a

minimum of 16 hours, the sample is mechanically dispersed using a blender and poured

into a glass sedimentation cylinder. Distilled water is added to the cylinder to bring the

volume to 1000 mL. The test begins after the entire volume of soil and water is agitated

for a minimum of one minute. The hydrometer and temperature readings are measured at

variable time intervals for 24 hours. ASTM (1990) provides the relationship for

computing the grain size and corresponding percentage of soil remaining in suspension,

based on the above measurements. After the final reading, the contents of the cylinder

are washed over the 75 urn sieve; the retained material is dried in the oven and

mechanically sieved in the same manner as a sieve test.

Sieve tests were performed for all representative soil samples collected from the field

program. Hydrometer tests were completed on a selected number of samples to establish

the full grain size curve.
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3.2.2 Dry Mass

There is no standard procedure documenting the drying ofmaterial to obtain its dry mass.

The standard method for the determination of moisture content, D2216-92, was followed

in the laboratory analysis (ASTM, 1992). The soil samples were laid out in large pans

and dried overnight in an industrial oven at 110° C. The dried samples and pan tare

weights were measured on a triple beam balance to obtain the dry mass.

The dry mass was measured for all representative soil samples collected from the field

program. In cases where a large amount of eroded material was collected, a relationship

between the dry weight and wet volume of the material was defined. This relationship

was used to measure the dry weight of large volumes of eroded material.

3.2.3 Runoff Sediment Concentration

The runoff water samples were captured in plastic containers of known volume. In the

laboratory, the water samples were emptied and flushed into containers to ensure all the

soil particles were washed out. The sample was dried overnight in a similar fashion to

the wet soil samples. Measurement of the dry and tare weight of the container produced

a total mass of soil particles in the water sample. By dividing by the known volume of

the water sample container the sediment concentration can be calculated.
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RUSLE Modeling Program

4.1 Introduction

The RUSLE vl.06 code is a DOS-based program, developed by the United States

Department of Agriculture (USDA), which predicts the amount of material lost to the

combination of interrill and rill erosion (Renard et al., 1997). Using inputted climate and

soil data, RUSLE estimates the erosion rate in tonnes per hectare per year (Mglha/yr)

over the study area. The model is intended to be used as a long-term predictor of erosion

and therefore the climate and soil inputs are averaged values taken over a period of years.

4.2 Limitations of the RUSLE

The largest detriment of the USLE is that it is an empirical model rather than a physically

based model. The program was developed as a long-term planning tool to predict erosion

losses from semi-arid and arid agricultural land. Extensive research and widespread use

have shown it to be reliable in the prediction of soil losses due to erosion on farmland but

is still unproven in use for other applications such as construction sites and mining

operations.

74
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The use of the RUSLE model to predict erosion losses from mining waste rock piles

assumes that the program developed for agricultural soils can be applied to the steep

slopes present in mining applications. This assumption is possibly invalid, especially in

areas with steep angle-of-repose slopes that are dominated by gully erosion.

Williams (1975) found that the USLE cannot effectively estimate the soil loss from gully

or channel erosion. If gully erosion is the dominant erosion mechanism on the site then

the use of a program that predicts interrill and rill erosion is unsuitable. The RUSLE

program was developed to estimate erosion from almost flat slopes up to approximately

10% slope gradient. The mechanics of soil detachment and transport change greatly as

the slope gradient is increased. Angle-of-repose slopes, which can range between

60 - 85% slope gradient, are quite different than the flatter slopes that RUSLE is based

upon. Large soil particles, including cobbles and boulders, can detach and erode from

steep angle-of-repose slopes due to the forces of gravity and their own self-weight. This

conflicts with an assumption made in the RUSLE program that soil particles greater than

2 mm are stable and can actually act as a rock cover and decrease the erosion rate.

Other concerns with the RUSLE model include the determination of the erodibility of the

heterogeneous waste rock and the inability of the model to predict erosion from

individual storm events (Renard et aI., 1997).

The limitations to RUSLE are recognized; however, RUSLE is still the most used erosion

prediction model in North America. Government agencies that regulate mining

operations often require a RUSLE analysis to predict soil erosion rates. The RUSLE

model was used in this research study to predict the annual erosion rate of the mixed

volcanics and aplite materials and to examine the effect of several key factors on the

erosion rate.
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4.3 RUSLE Model Parameters

The RUSLE equation and an explanation of each of its variables were presented in

Chapter Two. This section of the thesis details the data compiled and the assumptions

made to model the erosion rate for the mixed volcanics and aplite materials at the Questa

molybdenum mine. The RUSLE equation is:

A=R·K·L·S·C·P [4.1]

where: A =

Average Annual Soil Loss (M.L-2.r\
R =: Rainfall-RunoffErosivity Factor (M.L.r4);
K =: Soil Erodibility Factor (T3.L-3);

Slope Length Factor (L.r\
Slope Steepness Factor;

Cover-Management Factor; and

Support Practice Factor.

L =:

S =

C =

P =

4.2.1 Rainfall-RunoffErosivity Factor

The rainfall-runoff erosivity factor (R) is a measurement of the energy supplied by

rainfall and runoff to the erosion process. The R factor, as defined by Wischmeier

(1959), is a product of the total storm energy and the maximum 30 minute storm

intensity. The R factor is calculated from:

[4.2]

where: R =

E =

ho=

j
k =

average annual rainfall erosivity (M.L.T-4);
total storm kinetic energy (M·r2);
maximum 30 minute rainfall intensity (L·rI);
index of number of years used to produce average;

index of number of storms in each year;

number of years used to obtain average R (T); and

number of storms in each year.

n
=

m=

E = 0.29· [1- 0.72· exp(-0.05· i)] [4.3]

where: E = total storm kinetic energy (M·r2); and
= rainfall intensity (L.TI).
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The 130 parameter is calculated by isolating the greatest amount of rainfall falling during a

30 minute interval of the storm. The average rainfall intensity during that 30 minute

interval is the ho value.

The R factor was computed from data compiled from the mine mill site weather station

incorporated at the mine in late 1995. The R factor is an average of five years of data

whereas Renard et al. (1997) suggest a minimum of 10 years of precipitation data to

calculate the factor. The mill site data was used because it the most accurate record of

precipitation for the waste rock piles due to the high variability of rainfall in the Questa

area. The rainfall gauges located adjacent to the study areas on the waste rock piles have

only been operating for one year and were not utilized in the determination of the R

factor.

A study of the water balance in the Questa area found that precipitation increased with

elevation as shown in Figure 4.1 adapted from Robertson GeoConsultants Inc. (2000c).

The waste rock study areas are located 200 - 300 m above the mill weather station.

4.2.2 Soil Erodibility Factor

The soil erodibility factor (K) is a measure of the susceptibility of a soil particle to be

detached from the soil matrix by rainfall or runoff. The factor is defined by the physical

properties of the soil. The K factor equation, derived by Wischmeier and Smith (1978),

is heavily influenced by the grain size distribution of the soil and its permeability.

K =
[2.l·1O-4 .(l2-0)·Ml.J4 +3.25·(s-2)+2.5·(p-3)]

[4.4]
759

where: K = soil erodibility factor (T3.L-\
o =

organic matter %;

M =

primary particle size fractions;

s
=

structure class; and

p
=

permeability class.
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M = (Si +Sa) ·(lOO-C) [4.5]

where: M =

primary particle size fractions;

S,
= material % of silt;

Sa
= material % of sand; and

C = material % of clay.

The grain size distribution of the mixed volcanics material was analyzed by grain size

analysis tests (ASTM D422-63) on grab samples taken from the slopes. The organic

matter was assumed to be zero, as no vegetation exists on the waste rock piles. The soil

structure was classified as three, a medium to coarse granular soil. The permeability

class was assumed to be three, corresponding to a saturated coefficient of permeability of

approximately 1 x 10-6 mls (Renard et al., 1987).

3500
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4.2.3 Slope Length Factor

The slope length factor (L) is used to relate the length of the area being modeled to the

22 meter long test plots that the RUSLE equation is based on. Slope length in the

RUSLE equation is defined as the horizontal projection of the slope being modeled. The

slope length factor is calculated from a series of equations.

[4.6]

where: L =

slope length factor (L·L-1);
A = horizontal slope length; and

m
=

slope length exponent.

m = (___f!_)
1 + /3

[4.7]

where: m =

slope length exponent; and

�
= ratio of rill erosion to interrill erosion.

/3=(
(sin 0/0.0896)

)
(3.0· (sinO)o8 + 0.56)

[4.8]

where: �
= ratio of rill erosion to interrill erosion; and

e =

slope angle.

The horizontal slope length varied according to the test plot being modeled in the

program. All of the waste rock piles at the Questa mine stand at their angle-of-repose,

between angles of 33° and 36° or a 62% to 71% slope gradient.

4.2.4 Slope Steepness Factor

The slope steepness factor (S) quantifies the effect of changing slopes on the erosion rate.

It is generally accepted that steeper slopes will generate higher erosion due to the

increased energy of flow on the steeper slopes. This relationship has been heavily

researched; many authors have published empirical equations that best fit their
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experimental data. RUSLE uses the equation from McCool et al. (1987) proposed for

slopes steeper than 9% gradient (5.1°).

S =16.8·sinB-0.5 [4.9]

where: S =

slope steepness factor; and

e =

slope angle.

4.2.5 Cover Management Factor

The cover management factor (C) reflects the effect ofmanagement practices on erosion.

Both rock cover and vegetation reduce erosion by decreasing the area of soil surface

susceptible to erosion. Rock cover, defined as rock greater than 2 mm in size, is resistant

to the erosion forces of flowing water. Vegetation has the ability to create a canopy

above the soil surface, intercepting rainfall and reducing its erosive energy. Renard et al.

(1997) described the equations used to calculate the C factor.

e = PL· ce . se . SR [4.10]

where: C ==
cover management factor;

PL =

prior land use subfactor;

CC =

canopy cover subfactor;

SC == surface cover subfactor; and

SR
== surface roughness subfactor.

[4.11 ]

where: PL
==

Cf
=

Cb
=

Cor
::::::

Bor
::::::

prior land use subfactor;

surface soil consolidation factor;

effectiveness of subsurface residue in consolidation;

calibration coefficient;

mass density of live and dead roots;

Cos
:::::: calibration coefficient;

Bus
:::::: mass density of surface residue; and

Ctlf
::::::

impact of consolidation on the effectiveness of residue.

ee == 1- Fe . exp(-O.l
.

H) [4.12]

where: cC
::::::

canopy cover subfactor;

F0

:::: fraction of land surface covered by canopy; and

H
:::::: distance raindrops fall after striking canopy.
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SC ( b S (6.10)0.08)=exp
-. .--

P
R

u

[4.13]

where: SC

b

surface cover subfactor;

empirical coefficient;

Sp
= % cover on soil surface; and

R,
= surface roughness of soil.

SR = exp(-0.0260· (R;
-

6.10)) [4.14]

where: SR = surface roughness subfactor; and

R,
= surface roughness of soil.

These equations are simplified by the conditions at the Questa mine site. Presently, there

is no significant vegetation on the waste rock piles meaning only rock cover can

influence the calculation of the C factor. Due to the lack of vegetation, the exponential

part of the prior land use equation [4.11] goes to one. A value of 0.45 is used for Cr

because the land is undisturbed (no tillage practices); Cb is a constant value of 0.951. The

canopy cover subfactor also reduces to one as Fe is zero due to the lack of vegetative

canopy. In equation [4.13], rock is assumed to provide 15% surface cover for mixed

volcanics and 25% cover for aplite material, the empirical coefficient is 0.045, and the

surface roughness is 17.8 mm. The rock cover at surface assumption is based on the

visual observation of all the waste rock piles. An empirical coefficient of 0.045

represents a coarse soil while the surface roughness value is indicative of a cleared (no

vegetation) soil surface.



Chapter Four: RUSLE Modeling Program Page 82

4.2.6 Support Practice Factor

The effect of contour tillage on soil erosion is described by the support practice factor

(P). Tillage practices can affect erosion by changing the flow pattern, grade, or direction

of runoff and by reducing the runoff rate (Renard et aI., 1997). These practices include

contouring, stripcropping, terracing, and subsurface drainage. None of these techniques

apply to waste rock material placed in dumps, therefore the support practice factor is

assumed to be one in all modeling applications.

4.3 The RUSLE Modeling Program

The RUSLE vl.06 computer code was used to predict an average erosion rate from the

two materials most common on the waste rock piles, mixed volcanics and aplite material.

Mixed volcanics cover the slopes on every waste rock pile; it completely covers the

Capulin, Goathill, and Sugar Shack West piles and is present in the upper slopes of Sugar

Shack South, Sugar Shack Middle, Old Sulphur, and Spring and Blind Gulch. The aplite

material covers the lowest slopes of the south facing Sugar Shack piles and Old Sulphur,

makes up the majority of the Spring Gulch pile and is present in the Blind Gulch waste

rock pile.

The average value of the previously discussed RUSLE parameters was defined for each

material type. These values were used to generate the average predicted erosion rate at

the Questa mine site. The erosion variables were then held constant while a single

parameter was varied to evaluate its effect on the erosion rate. Only the erosion factors

that can be altered through mine maintenance and reclamation techniques were included

in the sensitivity analysis during the program. These factors included slope angle, slope

length, percentage of vegetative cover at surface, and percentage of rock cover at surface.
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Chapter Five

Presentation ofData

The data collected from the field monitoring program, the laboratory testing program, and

the RUSLE modeling program described in Chapters 3 and 4 are presented in this

chapter. The results of the field monitoring and laboratory program are presented first.

The programs, carried out from May 2000 to June 2001, include data from the

geomorphological study, the test plot profiles, the sediment traps, and simulated rainfall

test plots. The data collected and generated from the RUSLE modeling program is

presented next with the results of the verification erosion test plots reported last.

5.1 Field and Laboratory Program

This section describes the data collected from the field and laboratory programs outlined

in Chapter 3. The data from both programs is presented simultaneously as the laboratory

program was comprised of a small number of tests used to complement and further

investigate the results of the field monitoring program. A large amount of information

was collected over the course of the research study. This data is presented within the

body of the thesis in pictorial, graphical, and tabular form. Further supporting data is

supplied in separate appendices for each aspect of the field testing program and the

RUSLE modeling program.

83
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Table 5.1 Components and Locations ofField Research Program

Site Investigation Measurement of the Erosion Rate

Test Plot Slope Profiles

Test Plot #1 -

Sugar Shack West (upper)

Geomorphological Study Test Plot #2 -

Sugar Shack West (middle)
Test Plot #3 -

Sugar Shack West (lower)

Test Plot #4 - Old Sulphur

Sediment Traps

Sediment Trap #1 -

Sugar Shack West

Sediment Trap #2 - Old Sulphur
Sediment Trap #3 -

Sugar Shack Middle

Simulated Rainfall Tests

Test Plot # 1 (TP1)
-

Sugar Shack Middle

Test Plot #2 (TP2)
-

Sugar Shack Middle

Erosion Test Plots

Test Plot #1 -

Sugar Shack West

Test Plot #2 -

Sugar Shack South

Test Plot #3 - Old Sulphur
Test Plot #4 -

Spring Gulch

The field research program at the Questa mine included four sets of test plots used to

monitor change in the slope profile, to collect eroded sediments, and to conduct simulated

rainfall erosion tests. Each component of the research program is listed in Table 5.1.

5.1.1 Geomorphological Study

The geomorphological study examined the present state of erosion on the waste rock

piles. The study was comprised of visual examination and observation of each of the

waste rock piles documented by digital photographs. The observations collected from the

visual examination can be grouped into four categories:

1) Condition ofwaste rock piles;

2) Processes of erosion;

3) Factors affecting magnitude of erosion; and

4) Influence of rainfall and runoff.
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5.1.1.1 Condition ofWaste Rock Piles

The condition of the waste rock piles is variable across the mine site. The Sugar Shack

West waste rock pile has the highest degree of erosion as evidenced by a large number of

gullies while the Spring Gulch pile appears to have the least erosion. In relative terms,

the degree of erosion is greatest on Sugar Shack West, Sugar Shack South, Sugar Shack

Middle, and Old Sulfur. Capulin and Goathill piles show less erosion, while Spring and

Blind Gulch piles appear to have the least erosion. This variability in erosion can be

attributed to factors including slope length, slope angle, and material type as discussed in

the following subsections.

The mixed volcanics surface material is more eroded than the aplite material. This

observation led to the installation of the field instrumentation on the mixed volcanics

slopes during the field study. Additional photographs of the condition of the each of the

waste rock piles are included in Appendix A.

5.1.1.2 Processes ofErosion

Examination of the waste rock piles suggests that all of the processes of erosion (interrill,

rill, and gully) are taking place. Rill and gully erosion constitute the majority of the mass

ofmaterial lost to erosion. Interrill erosion seems to occur laterally across the slope face.

Rainfall striking the interrill areas of the slope detaches sediment that drains into the

adjacent gully area as shown in Figure 5.1. The amount of erosion due to interrill flow is

small when compared to rill and gully erosion.

Rill erosion occurs in the developed rills and gullies on the waste rock piles. Evidence of

rill erosion includes flow channels cutting down into the slope at the bottom of rills and

gullies. The energy of the flowing water removes the waste rock from the soil matrix and

transports it down the slope.
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Rill

Interrill Flow

Rill 1\
Interrill Flow

Figure 5.1 Interrill and Rill Flow on the Waste Rock Slope.

Gully erosion has created a few extremely large gullies on the waste rock piles. The

three Sugar Shack piles and the Old Sulfur waste rock pile each have 3-4 large gullies

measuring greater than 6.0 m in width and depth. The creation of these gullies involves

the erosion of a large amount of material. The large gullies appear to propagate in stages.

Figure 5.2 depicts a typical debris fan found below a large gully. The debris fans at the

base of the waste rock slopes are hummocky and uneven suggesting subsequent debris

flowed over parts of all of the previous debris fan.
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Table 5.2 Summary of Erosion Factors at the Questa Mine Site

Factor Capulin Goathill Sugar Sugar Sugar Old Blind Spring
Shack Shack Shack Sulphur Gulch Gulch

West South Middle

Slope Angle e) 34 34 34 35 35 34 34 32

250 340 210 390 320 180 170 200

Slope Length 270 230 115 100 180 70 85

(m) 110 200 195 80 85 100

200 70 140 130

Vegetation? No No No No No No No No

Material Type
MV MV MV MV MV MV MV MV

AP AP AP AP AP

BA BA

MV - Mixed Volcanics AP -Aplite BA - Black Andesite

5.1.1.4 Influence ofRainfall and Runoff and Rock Cover

Both rainfall and runoff have a large effect on the amount of erosion present on the waste

rock piles. This influence is best observed during the intense thunderstorms of the

summer rainy season or during the spring snow melt off. It seems likely that runoffwater

has a heavy influence on the large erosion gullies. Investigations at the headcut of these

gullies often show a runoff channel entering the crest of the slope. This runoff would

provide the large amount of water required to quickly saturate the slope and cause a

failure. On the south facing waste rock piles, there was a higher incidence of large

gullies on the lower benches than on the higher ones. It is possible that water collects and

runoff flows increase as water migrates down the slope into the valley.

Water management and slope protection guard against erosion from rainfall and runoff.

Many of the waste rock slopes have berms protecting the crests and toes of each of their

slopes. The berms stop the migration ofwater, preventing flows from converging as they

proceed down the waste rock slopes. Some of the lower areas of the south facing waste

rock piles have been overlain with coarse black andesite rock to guard against erosion.

This coarse andesite rock is less susceptible to erosion than the mixed volcanics material
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Figure 5.4 Average Monthly Precipitation at the Mill Weather Station and the Monthly

Precipitation in 2000.

Figure 5.4 shows the average monthly precipitation recorded at the mill weather station

between 1995 and 2000 and the monthly rainfall in 2000. The majority of precipitation

fell as rainfall in the summer and autumn months. July and August have the highest five

year average precipitation rate while the months of June, September, and October also

contribute a large accumulation of rainfall. The average annual precipitation measured at

the mill weather station was 373 mm. In comparison, the total precipitation in 2000 was

less than average at 325 mm. There was average precipitation in the winter months

(November
-

March) and below average values for most of the spring, summer, and

autumn months. The exceptions are August and October that experienced greater than

average precipitation.
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Table 5.3 summarizes the precipitation data collected from the rainfall gauges installed

on the waste rock slopes to the end of June 2001. The precipitation arriving as snowfall

in the winter months of November to March is not included in the summary table. Two

of the precipitation gauges were installed in early July while the remainder began

recording data in early August. The table includes the precipitation events contributing

greater than 5.0 mm of rainfall. A complete summary of the data collected by the rain

gauges is located in Appendix B.

Table 5.3 lists the cumulative precipitation and the rainfall erosivity index (EI30)

Wischmeier (1959) for each of the rainfall events in the 2000-2001 study period. The

rainfall erosivity index is measurement of the energy delivered by the storm available to

produce erosion.

Table 5.3 Measured Rain Gauge Precipitation and Calculated Rainfall Erosivity Index

Date
Cumulative Precipitation (mm) EI30 (MJ·mm·ha-1·h-1)

TP-4 TP6&7 WRD-4 WRD-6 TP-4 TP6&7 WRD-4 WRD-6

July 16 117 N/A N/A 16.8 20.4 N/A N/A 41.1 47.3

July 17 N/A N/A 22.9 22.4 N/A N/A 152 128

July 18 N/A N/A 5.08 2.03 N/A N/A 12.3 1.58

July 26 N/A N/A 3.30 6.35 N/A N/A 2.47 14.2

August 3 N/A N/A 4.57 6.10 N/A N/A 3.55 8.50

August 11 4.32 3.04 2.80 7.11 5.26 2.62 1.73 18.1

August 13 23.9 25.9 20.8 19.3 157 183 91.4 95.9

August 18 12.7 13.5 13.5 15.2 8.49 9.16 8.99 12.3

August 18 119 25.6 25.4 24.4 25.4 64.4 40.5 38.1 62.0

September 8 7.87 N/A 7.87 6.09 7.24 N/A 7.58 4.69

October 4 5.59 5.08 5.08 3.56 4.07 3.58 2.26 2.16

October 12 9.14 N/A 8.89 7.62 3.78 N/A 3.59 2.75

October 12 113 5.84 N/A 6.60 4.06 1.49 N/A 2.50 0.96

October 22 5.84 N/A 1.25 0.00 0.00 N/A 0.12 0.00

October 23 I 24 8.64 N/A 11.9 10.4 2.43 N/A 3.59 3.16

October 28 23.4 N/A 26.9 26.9 15.8 N/A 17.2 13.7

May 5 16 3.56 3.05 6.35 2.29 3.04 0.94 1.49 0.50

May 12 10.9 10.4 11.4 12.4 22.9 21.5 26.7 38.1

May 19 I 20 13.7 12.2 13.5 11.7 16.4 5.19 6.45 7.00

May 20 6.86 6.10 8.12 6.10 9.65 7.11 12.0 6.24

June 29 5.84 6.60 10.7 6.35 8.65 12.4 39.2 11.5
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5.1.3 Test Plot Slope Profiles

Test plot slope profiles were established on the Sugar Shack West and Old Sulphur waste

rock piles and measured four times during the field program. The initial slope profile of

the test plot areas was recorded in late June 2000. Further measurements were completed

in the middle of the summer rainy period (late July), at the end of the summer rainy

period (mid September) and after the spring snow melt off in 2001 (mid April).

Calculation of the approximate amount of material scoured from the test plot profile of

known area allows an estimation of the erosion rate. This section presents the estimated

erosion rates of each of the four test plot profiles. Additional data is presented in

graphical form in Appendix C.

Test plot #1 is situated 6.0 m below the crest of the second bench at the top of the second

slope of the Sugar Shack West waste dump. There are four transects across the face of

the slope spaced approximately 1.1 m from each other measured down the slope. The

size of the test plot profile is 22.4 m2•

The estimation of the erosion rate is presented in Table 5.4. The volume ofmaterial was

found by calculating the area of material lost from each transect and interpolating the

value across the transect spacing widths. Robertson GeoConsultants Inc. (2000d)

measured the dry density of undisturbed waste rock slopes to be approximately 1600

kg/nr'. This value was used to calculate the mass of material eroded to find the erosion

rate.

Test plot #2 is situated 4S m above the toe of the 230 m long second slope of the Sugar

Shack West waste dump. There are three transects across the face of the slope spaced

approximately 1.3 m from each other covering an area of 7.69 m2•
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Table 5.4 Summary of the Erosion Rates for Test Plot Slope Profiles

Test Period
Erosion Rate (Mglha)

Test Plot #1 Test Plot #2 Test Plot #3 Test Plot #4

June -

July 54.2 5882 117 90.1

July
-

September 37.9 7090 60.0 94.2

September
-

April 15.1 175 0.60 -61.3

Total 107 13148 178 123

Test plot #3 is 10 m below the crest of the first bench near the top of the first slope of the

Sugar Shack West waste dump. Four transects across the face of the slope, spaced

approximately 1.2 m apart, cover an area of 17.3 m2•

The final test plot, #4, is 6.0 m below the crest of the fourth bench of the Old Sulphur

waste rock pile. The 8.1 m2 profile area has four transects across the face of the slope

spaced approximately 1.0 m from each other.

The data presented in Table 5.4 shows high amounts of erosion occurring during the

summer rainy season from June to September. The erosion rates for test plots #1, #3, and

#4 were similar at greater than 100 Mglha. Test plot #2 reported significantly higher

erosion at 13,148 Mg/ha approximately 100 times greater than the erosion rate of the

other three test plots. A large amount of material was lost from test plot #2 in a mudslide

during an intense rainfall event in July 2000.

5.1.4 Sediment Traps

The sediment traps were established in the mixed volcanics material on the Sugar Shack

West, Sugar Shack Middle, and Old Sulphur waste rock piles as described in Chapter 3.

After an initial problem of insufficient capacity, the sediment traps caught sediment

eroded during rainstorm events and the spring melt. Grain size analysis was completed

on a representative sample collected during maintenance after each storm event. This
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section summarizes the erosion experienced from the sediment traps during the storm

events. The rainfall erosivity index as well as the grain size distributions of each

representative soil sample from sediment trap #2 is also presented. Additional data

related to the sediment traps is contained in Appendix D.

The presentation of the sediment trap results requires a clarification of terminology used

in describing the field program. Precipitation events are defined as any rainfall or

snowfall event contributing measurable precipitation to the tipping bucket gauges. A

comprehensive listing of the precipitation events recorded at the rain gauges is provided

in Appendix B whereas Table 5.3 contains a listing of precipitation events greater than

5.0 mm. Erosion events occurred when measurable erosion was captured in the sediment

traps. There were 15 erosion events recorded during the one year field study, fourteen

events were the direct result of a rain event while one was produced by the spring freshet.

Sediment trap # 1 was initially installed at the toe of the second slope of the Sugar Shack

West pile on July 5th. The trap was moved to the toe of the third slope of the same waste

pile on August 4th. The capacity of the sediment trap was not sufficient at the original

location to completely trap all the sediment lost to erosion. The second location of the

sediment trap collected material from a smaller catchment area. Table 5.5 depicts the

erosion rate and rainfall erosivity index of each erosion event during the field study

period. The measured drainage areas of the original and final positions of sediment

trap #1 were 1550 m2 and 308 m2 respectively. Using these catchment areas, the erosion

rate for the one year field study was 36.8 Mg/ha.

Sediment trap #2 was installed at the toe of the third slope of the Old Sulphur pile on July

5th• The capacity of the first 40 L sediment trap was not sufficient and was increased to

240 L on July 25th. As a result the sediment trap did not capture the entire mass of

material eroded during the first recorded storm event. Table 5.5 summarizes the erosion
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rate and rainfall erosivity index of each erosion event during the field study period. The

erosion rate from sediment trap #2 was 44.9 Mg/ha based on a drainage area of 280 m2•

The grain size distributions of each of the representative grab sample are shown in

Figure 5.5. Erosion event #11, collected after the spring snow melt off shows a fine grain

size curve with close to 80% of the material being silt or clay sized particles, while events

# 1 and #5 have coarser envelopes. These grain size curves can be compared to the

surface grain size curve of a sample from the simulated rainfall test plots. Events # 1, #7,

and #10 have similar curves while event #5 was coarser than the surface sample.

Sediment trap #3 was installed at the toe of the second slope of the Sugar Shack Middle

waste rock pile on July 6th• The capacity of the first 40 L sediment trap was insufficient

and was overwhelmed during the first storm event. The capacity was increased to 140 L

on July 2th. The catchment area of sediment trap #3 was the smallest of the traps at

193 m2• The measured annual erosion rate over the field study period was 31.4 Mglha.
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Table 5.5 Summary of the Erosion Rates for Sediment Traps Correlated to the Rainfall

Erosivity Index for the Erosion Event

Sediment Trap #1 Sediment Trap #2 Sediment Trap #3

Erosion Erosion Erosion Erosion

Date Event # (Mg/ba) EI30 (Mg/ba) EI30 (Mg/ba) EI30

July 16/17 1 0.43 47.3 2.49 41.1 3.78 41.1

July 17 128 152 152

July 26 2 0.39 14.2 0.43 2.47 0.91 2.47

August 3 3 0.44 8.50 0.88 3.55 0.48 3.55

August 11 4 6.17 18.1 0.57 3.49 0.32 2.18

August 13 5 10.2 95.9 14.1 124 11.5 137

August 18 6 0.16 12.3 0.98 8.74 0.06 9.08

August 18/19 7 8.08 62.0 12.6 51.2 8.99 39.3

August 19 8 0.02 5.19 0.00 3.27 0.03 4.00

August 28 9 0.00] 0.05 0.01 0.05 0.01 0.08

September 8/9 10 1.50 4.69 4.09 7.41 0.09 7.58

Spring Melt 11 1.45 N/A 1.48 N/A 0.24 N/A

April 20 12 0.06 0.42 0.10 0.48 0.05 0.98

May 12 13 5.14 38.1 3.21 24.8 2.98 24.1

May 20 14 0.83 6.24 1.09 10.9 0.57 8.56

June 29 15 1.93 11.5 2.85 23.5 1.36 25.8

TOTAL 36.8 44.9 31.4

5.1.5 Simulated Rainfall Tests

Two sets of simulated rainfall tests were completed during the field testing program. The

first set of tests ran from September 4th to September l2th in 2000. The second set

spanned from April 23rd to May io", 2001. The tests were conducted on two test plots

established on the third slope of the Sugar Shack Middle waste rock pile. A discussion of

the simulated rainfall test program is presented in Chapter 3. This section presents the

data collected during the study period including the erosion rates experienced for each

test. In addition, the soil's response to the rainfall events was monitored; the change in

pore water pressure and volumetric water content are presented. The remainder of the

collected data is contained in Appendix E.
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Table 5.6 summarizes the rainfall characteristics and the erosion experienced for each test

on test plot #1 (TP1) during the first test period (Sept. 2000). The first four tests had

rainfall erosivity indexes similar to natural storms experienced on the waste rock piles

causing erosion events of similar magnitude. The EI30 index presented in the table is

65% of the value calculated by the rainfall erosivity index equation to represent the

reduction in energy delivered by rainfall simulator systems. The final tests had a much

greater intensity causing erosion rates greater than that occurred naturally in 2000.

Table 5.7 summarizes the rainfall characteristics and the erosion experienced for each test

on test plot #2 (TP2). As seen in Table 5.7, TP2 experienced less erosion than TPI under

similar rainfall conditions.

Table 5.6 Summary of the Simulated Rainfall Characteristics and Erosion Rate

Experienced on TP 1

Eroded Runoff Erosion

Intensity Duration Sediment Runoff Sediment Rate

Test (mm/hr) (minutes) EI30 (kg) (L) (kg) (Mg/ha)

Test 1 44.9 10 19.5 37.9 15.2 0.46 4.98

Test 2 51.6 20 105 62.8 209 5.11 8.81

Test 3 40.7 30 141 87.6 399 11.5 12.8

Test 4 76.5 10 60.2 135 285 7.38 18.6

Test 5 87.9 20 320 278 703 21.3 38.8

Test 6 84.1 30 659 334 1254 35.6 48.0

Test 7 105 10 117 272 665 17.4 37.6

Test 8 106 20 463 160 1231 33.5 25.2

Test 9 104 30 1020 274 1835 47.8 41.8

Total 2905 1644 6597 180 237
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Table 5.7 Summary of the Simulated Rainfall Characteristics and Erosion Rate

Experienced on TP2

Eroded Runoff Erosion

Intensity Duration Sediment Runoff Sediment Rate

Test (mmlhr) (minutes) EIJO (kg) (L) (kg) (Mg/ha)

Test 1 55.3 10 30.6 26.7 30.4 0.68 3.55

Test 2 48.0 20 90.2 54.9 194 4.89 7.76

Test 3 50.4 30 226 120 612 16.5 17.7

Test 4 83.0 10 71.0 76.0 289 6.89 10.8

Test 5 78.9 20 257 107 1087 17.7 16.1

Test 6 69.0 30 436 131 1493 35.4 21.6

Test 7 117 10 143 201 593 16.0 28.2

Test 8 108 20 490 138 1497 35.2 22.6

Test 9 106 30 1051 206 2675 72.5 36.2

Total 2794 1061 8470 206 164

Table 5.8 Summary of the Estimated Erosion Rate on TP1 and TP2 for the Low,

Medium, and High Intensity Simulated Rainfall Tests

Test Series

Estimated Erosion Rate (Mglha)

Test Plot #1 Test Plot #2

Low Intensity 229 74.3

Medium Intensity 170 117

High Intensity 297 134

Total 696 325

The change in slope profile for the simulated rainfall test plots was monitored at five

slope transects spaced 2.5 m apart down the slope. Measurement of the slope profiles

after tests 3, 6, and 9, showed that the majority of material lost to erosion came from the

deepening and widening of the existing gullies on the test plot areas. An estimation of

the erosion rate was completed using the same procedure as on the test plot profiles.

Table 5.8 records the estimated erosion rates for both TP1 and TP2. The graphical data

showing the changes in slope profile are contained in Appendix E.
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The estimated erosion rates are higher than the erosion rates measured directly from the

test plots. The erosion rate estimated by measurement of the change in slope profile was

approximately three times greater than the directly measured erosion rate for TP 1 and

twice as great for TP2. Test plot #2 shows an increase in the erosion rate for each

successive test; the erosion rate is lowest during the low intensity tests and greatest for

the high intensity tests. TP 1 does not share this pattern; the low intensity erosion rate is

greater than the medium intensity erosion rate.

Additional information measuring the soils response to rainfall events was collected

during the test procedure. The pore water pressure of the soil was also measured near the

soil surface and at depth across the length of the simulated rainfall test plots. Figure 5.6

chronicles the change in pore water pressure measured with jet-fill tensiometers near the

top of test plot # 1.
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Figure 5.6 Pore Water Pressure Response to Simulated Rainfall Tests on TPI.
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The simulated rainfall tests on TP1 ran from September 4th to the s". Figure 5.6 shows a

decrease in soil suction until the end of the test period and a gradual recovery. The

shallow tensiometers had a quicker response to the rainfall events, both of them

approaching zero suction or saturation by the end of the tests. The suction values

measured at the shallow tensiometers increased quicker than the deep tensiometers after

cessation of the tests.

The Diviner system was used to measure volumetric water content every morning before

the commencement of the simulated rainfall tests. Figure 5.7 shows the volumetric water

content profile measured at the center of TPI. The volumetric water contents increased

approximately 10% in the upper 40 em of the profile with a smaller increase in the

remainder of the profile between the start and end of the simulated rainfall tests. A

measurement conducted six days after the end of the tests showed water contents still

higher than the initial water content in the upper 40 em of the profile while the lower

profile depths approached pre-test levels. The volumetric water content profile for TP2

as well as the remainder of the data recording the change in soil pore water pressure are

included in Appendix E.

The second set of simulated rainfall tests was completed in May 2001. The testing

procedure was identical to the first set of tests. However, only four sprinklers were used

with greater spacing distances to reduce the intensity of the simulated rainstorms. Tables

5.9 and 5.1 0 summarize the results on the second set of simulated rainfall tests completed

on TPI and TP2 on the Sugar Shack Middle waste rock pile.
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Figure 5.7 Volumetric Water Content Profile Measured at the Center of TP 1.

Table 5.9 Summary of the Rainfall Characteristics and Erosion Rate Experienced on

TP1 for the May 2001 Simulated Rainfall Tests

Eroded Runoff Erosion

Intensity Duration Sediment Runoff Sediment Rate

Test (mm/hr) (minutes) EIJO (kg) (L) (kg) (Mg/ha)

Test 10 37.2 10 12.9 3.54 34.2 1.33 0.65

Test 11 38.2 20 54.6 5.78 114 3.07 l.l7

Test 12 37.7 30 119 6.57 217 5.44 1.59

Test 13 57.8 10 33.6 57.0 7.80 0.37 7.60

Test 14 53.3 20 113 109 114 6.48 15.3

Test 15 54.6 30 268 196 285 11.9 27.6

Test 16 55.1 10 30.4 10.2 19.0 1.05 1.49

Total 631 388 791 29.6 55.4

0.20
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Table 5.10 Summary of the Rainfall Characteristics and Erosion Rate Experienced on

TP2 for the May 2001 Simulated Rainfall Tests

Eroded Runoff Erosion

Intensity Duration Sediment Runoff Sediment Rate

Test (mm/hr) (minutes) EIJO (kg) (L) (kg) (Mg/ha)

Test 10 33.8 10 lOA 4.80 34.2 1.22 0.80

Test 11 37.2 20 51.5 5.69 79.8 2.21 1.05

Test 12 35.5 30 104 8.53 194 4.51 1.73

Test 13 56.8 10 32.4 33.8 87.4 1.82 4.72

Test 14 55.8 20 125 172 95.0 6.08 23.6

Test 15 55.1 30 273 346 308 19.8 48.5

Test 16 56.2 10 31.6 11.3 64.6 2.18 1.79

Total 628 582 863 37.8 82.2

The erosion rates experienced in the May 2001 tests were lower than the erosion rates of

the first set of tests, likely due to the lower rainfall intensities used. The low,

approximately 37 mmIhr, rainfall intensities used on TPI and TP2 produced erosion rates

around 1.0 Mglha. No mudflows occurred during any of the six tests run at the low

intensity; all eroded material was transported by rill flow. High erosion rates were

experienced during Tests 14 and 15 on both of the test plots. These tests featured many

mudflows each, transporting large amounts ofmaterial to the catchment berm.



Chapter Five: Presentation ofData Page 104

5.1.6 Erosion Test Plots

The long-term erosion rate of the waste rock piles at the Questa mine site was

investigated through the monitoring of four erosion test plots. The long-term erosion rate

was calculated by estimation of the change in slope profile of the erosion test plots over

the life span of the waste rock piles as described in Chapter 3.

The erosion test plots were established on the mixed volcanics slopes of Sugar Shack

West, Sugar Shack South, Old Sulphur, and Spring Gulch. The existing slope profiles

were established from the measurement of three transects at 15 cm intervals across the

slope. Figure 5.8 shows the existing slope profile measured for the second or middle

transect on the Sugar Shack South erosion test plot. A gently sloping line, intended to

represent the slightly undulating slope of a newly constructed waste rock pile, was added

to the profile to estimate the original slope profile. On some of the erosion test plots, this

assumed original slope line is beneath the existing measured slope (Figure 5.8). Visual

observation of the rills and gullies showed a buildup of soil material at the crests of the

gully walls. During erosion events, mudflow material spilled over the gully or rill

channel and was deposited along the gully crest. This is the reason why the existing

slope profile could be higher than the assumed original slope profile in some areas as it is

on Sugar Shack South shown in Figure 5.8. The small peaks caused by the deposition of

erosion material were not considered in the long-term erosion rate calculation.
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Sugar Shack South Erosion Test Plot.

The long-term erosion rate was estimated from interpolation of the change in slope

profiles from the assumed post construction profile to the present measured profile. The

calculation was completed in the same manner as the erosion rates estimated from the test

plot slope profiles (Section 5.1.3). Figure 5.9 depicts the assumed original and existing

slope profile for each transect measured on the Sugar Shack South erosion test plot. The

remaining profiles are presented in graphical form in Appendix G.
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Table 5.11 Estimated Erosion Rates for the Erosion Test Plots

Waste Rock Pile
Erosion Rate - Erosion Rate - Percent

Assumed Profile #1 Assumed Profile #2 Increase

(Mg/ba/yr) (Mglha/yr) (%)

Sugar Shack West 52.8 54.3 2.84

Sugar Shack South 58.2 62.4 7.22

Old Sulphur 69.1 74.5 7.81

Spring Gulch 51.3 61.0 18.9

Average 57.9 63.0 8.81

Calculation of the long-term erosion rate from the second set of assumed original slope

profiles yielded a slightly higher erosion rate, approximately 8% higher, as shown in

Table 5.11.

5.2 RUSLE Modeling Program

The RUSLE modeling program was used to predict the average annual erosion rate of the

waste rock piles. Additionally, the effect of slope angle, slope length, vegetative cover,

and rock cover on the erosion rate was modeled as a sensitivity analysis. This section

presents the results of the mixed volcanics and aplite materials examined in the RUSLE

modeling program.

As with all modeling codes, RUSLE requires quality inputs to generate quality outputs.

The program input variables were adjusted to reflect conditions on the waste rock piles at

the mine site. The rainfall-erosivity factor (Eho) was generated from analysis of five

years of precipitation data collected at the mine mill weather station. The erodibility

factors of the mixed volcanics and aplite material were calculated from grain size

distributions completed as part of the mine site characterization study (Robertson

GeoConsultants Inc., 2000e). The slope angles and slope lengths were measured in the

field and the cover-management factor was based on the condition of an average mixed
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volcanic and aplite slope. Table 5.12 summarizes the factors used to predict the average

annual erosion rate from the mixed volcanics and aplite materials. The calculation of

each of the variables is contained in Appendix F.

The predicted erosion rates for the mixed volcanics and aplite materials calculated using

the RUSLE modeling code are 51.9 Mg/ha and 24.3 Mg/ha respectively.

An additional use of the RUSLE program was to predict erosion rates from field

conditions that do not occur on the site. This allows evaluation of possible methods to

reduce erosion under a waste rock maintenance or mine closure program. The RUSLE

code was utilized to predict the erosion rate as a result of varying the slope angle, slope

length, rock cover at surface, and vegetative cover.

Table 5.12 Summary of the Value of the Factors Used in the RUSLE Equation to Model

the Erosion Rate at the QuestaMine Site

RUSLE Factor
Mixed

Aplite Comments
Volcanics

Rainfall-Erosivity
R Factor increased by 15% from five year

(R)
545 545 mill average to reflect higher precipitation

at higher elevations

Soil Erodibility
0.0251 0.0174

Based on grain size distributions

(K)

Slope Length
2.592 2.592

Average slope length
- 100 m

(L)

Slope Steepness
8.821 8.821

Average slope steepness
- 1.5:1 H:V

(S) (33.7°)

Cover-
Rock cover was 15% for mixed volcanics

Management 0.1660 0.1122
and 25% for aplite based on field

inspection, vegetation cover was assumed
(C)

to be 0%

Support-Practice
1.00 1.00

No support-practice techniques used on

(P) site (Agricultural practices)
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Figures 5.12 and 5.13 show the predicted annual erosion rates for slopes up to 300 m in

length with varying slope angle and vegetative cover using the RUSLE program.

Appendix F.

Additional figures for the mixed volcanics and aplite materials are contained in
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5.3 Additional Erosion Rate Measurement Methods

5.3.1 Eroded Debris Fans

Measurement of the debris fans at the base of the waste rock piles was considered as an

option to measure the long-term erosion rate. However, as part of the ongoing

maintenance plan debris fans are removed from the toe of the slope to create berms and

keep the bench roads clear. There are no intact debris fans that would allow a reasonable

estimation of the long-term erosion rate.
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5.3.2 Aerial Photography

An attempt was made to estimate a long-term erosion rate from analysis of aerial

photographs. Atlis Geomatics Inc. of Saskatoon were contacted to complete the analysis.

After review of the available material, Atlis Geomatics Inc. prepared an estimate of the

accuracy of the analysis and its expected cost. The quality of the available aerial

photographs proved to be inadequate for the quantitative analysis, it was predicted that

confidence in the erosion rates estimated from the analysis would be low. The use of

aerial photographs for the estimation of the historical erosion rate was not applied in this

research study. The aerial photographs are included in Appendix G.



Chapter Six

Data Analysis and Discussion

6.1 Introduction

This chapter presents the interpretation and discussion of the results of the research study.

The field research program and the laboratory program were described in Chapter Three

and an outline of the RUSLE modeling program was presented in Chapter Four. The

results of the field, laboratory, and modeling programs are contained in Chapter Five.

6.2 Field and Laboratory Program

The analysis of the field and laboratory programs is divided into six areas:

1) Geomorphological Study;

2) Precipitation Data;

3) Sediment Traps;

4) Test Plot Slope Profiles;

5) Simulated Rainfall Tests; and

6) Erosion Test Plots

To aid in the analysis and discussion of the field and laboratory program clarification of

terms used in this chapter is required. The field investigation program included six areas

of study. Additionally, field work was completed to estimate the long-term erosion rate

of the mixed volcanics material in order to verify the field program results.

The geomorphological study was an observation based investigation of the current

condition of the waste rock slopes on the mine site. Precipitation data was collected to

113
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characterize precipitation events to be correlated to erosion events monitored at the

sediment traps. A precipitation event occurred when measurable precipitation (rainfall or

snowfall) was collected at the tipping bucket rain gauges. An erosion event occurred

when measurable eroded material was collected at the sediment traps. The sediment traps

directly measured the erosion rate produced by the 15 erosion events monitored during

the field study period.

The intent of the test plot slope profiles was to estimate the erosion rate by monitoring the

change in slope profile during the one year field program. The same procedure was used

to estimate the erosion rate of the long-term erosion test plots. The simulated rainfall test

plots utilized simulated precipitation events to produce erosion events that were collected

in a catchment berm.

6.2.1 Geomorphological Study

The geomorphological study was completed on the mine site waste rock piles in May and

June of 2000. The study was qualitative in nature, relying on observations of the waste

rock piles, their present condition, and the erosion processes occurring on them. A large

part of the study was the examination of the rills and gullies generated by erosion on the

waste rock piles over their life span. The waste rock piles were sub-divided into areas

experiencing no erosion and areas containing small, moderate, and large gullies. The

gullies were examined from top to bottom to determine the relative influences of interrill,

rill, and gully erosion. The slope characteristics, such as slope angle, length, and material

type, of each waste rock pile were recorded. The influence of maintenance techniques,

such as water management and slope protection, was investigated during the visual

observation study.
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6.2.1.1 Surface Condition of the Waste Rock Slopes

Mixed volcanics is the most common material covering approximately 60% of the waste

rock slopes. It has also experienced the most erosion. The aplite waste rock shows fewer

signs of erosion; areas covered with black andesite rock show little to no signs of erosion.

The most heavily eroded waste rock pile is Sugar Shack West while the south facing

waste rock piles, Sugar Shack South, Sugar Shack Middle, and Old Sulphur, show

slightly lower levels of erosion. The Goathill South pile has a similar erosion condition

to the south facing Sugar Shack slopes, however the Capulin and Goathill piles show

fewer signs of erosion than Goathill South. The waste rock piles proving the most

resistant to erosion are Spring Gulch and Blind Gulch. The ranking of the erosion

condition of the waste rock piles is of a relative nature only based on visual observation;

Appendix A contains photographs of each pile allowing visual comparison of the

condition of each pile.

Study of the waste rock slopes showed that small gullies, gullies 0.3 to 1.0 m in width

and depth, were not that common. Small gullies were most often found at the top of the

waste rock slopes and throughout the extremely short slopes. The small gullies formed

channels, similar to branches of a tree, which converged as they proceeded down the

slope. These channels widen and deepen as the increased flow erodes the channel

progressing into moderate sized gullies.

Moderate or medium sized gullies (1.0
- 3.0 m in width and depth) are the most common

gully type on the waste rock slopes. Moderate gullies typically run straight down the

slope and do not act as part of a network. The Sugar Shack and Old Sulphur piles have

slopes that are dominated by these moderate gullies, as shown in Figure 5.1, spaced

approximately 5.0 to 10 m center to center. The areas between the gullies slope toward

and drain into the adjacent moderate gully.
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Large gullies, measuring greater than 3.0 m in width and depth, while not common were

singled out in this study due to their extreme size. Large gullies represent areas that have

experienced high erosion rates removing massive quantities of material and depositing it

at the toe of the slope. There were no observed incidences of new large gullies forming

during the field study.

6.2.1.2 Processes ofErosion

The dominant erosion mechanism on the waste rock piles is gully erosion by mass

wasting and channel clearout. Material falls from the sideslopes of the gullies and

collects loosely in the bottom of the channel. When adequate runoff is supplied by a

rainfall event or spring snow melt, the loose material is transported to the toe of the slope

as a debris flow or mudflow. Failure of the material into the channel is caused by

oversteepening of the channel walls by channel scour, increased pore water pressure in

the waste rock due to high infiltration of rainfall or runoff, and by freeze/thaw cycles.

Observations on the waste rock piles after the spring thaw in 2001 showed many gullies

with increased loose debris collected in the channel. This collection of loose debris is

consistent with the results of a study by Van Klaveren and McCool (1998) that found the

erosion of thawed soils in the spring contributed 50% of the annual erosion in areas of the

northwestern grainbelt of the United States. The water flow from the snow melt itself did

not seem great enough to transport the material. Figure 6.1 shows a large block of

material poised to fall into the gully channel on Sugar Shack West.
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the piles possess nearly identical slopes. The same holds true for vegetation as there is no

established vegetation on the slopes. The natural slopes adjacent to the waste rock have

similar slope angles and have established vegetation primarily in the form of pine trees.

The natural slopes possess fewer signs of erosion possibly due to the effect of vegetation.

The length of the waste rock slope appears to have an effect on the amount of erosion

experienced. Sugar Shack West possesses long slope lengths and it is visually evident

that the erosion gullies increase in width and depth as they proceed down the slope.

Some of the slopes on the Spring or Blind Gulch piles contain the same mixed volcanics

material as Sugar Shack West but have experienced less erosion in part due to their

shorter slope lengths.

As previously mentioned, material type can create a large disparity in the erosion rate.

The mixed volcanics material shows the most erosion on the site, the aplite shows few

signs of erosion on its slopes, and there is virtually no erosion in areas of black andesite.

This is mostly a function of the coarseness of the material. The mixed volcanics is fairly

fine and the rock is highly susceptible to physical and chemical weathering (Robertson

GeoConsultants Inc., 2000b). The weathering creates clay sized particles that are easily

eroded. The aplite rock is more stable; the slopes ofBlind Gulch and Spring Gulch have

coarse aplite material at the surface with many boulders up to 300 mm in diameter.

These slopes show signs of little or no erosion, there are few rills or gullies present. The

aplite material located on the lowest slope of the south facing waste rock piles is finer

than the aplite found in Spring and Blind Gulch. Possibly as a result, large and moderate

gullies are present on these slopes although not to the severity of the mixed volcanics

slopes directly above. The effect of coarse material is also shown on areas covered by

black andesite rock. This material is primarily 75 to 100 mm in diameter with little fine

material and does not exhibit any visible signs of erosion.
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6.2.1.4 Effect ofRunoff and Rock Cover

Maintenance practices such as water management and the application of slope protection

have an influence on the erosion rate. It is important to control the runoff created by

rainstorms and snow melt off. Placement of protective berms at the crest and toe of each

slope disrupt water flow allowing only the runoff created by striking the slope to cause

erosion on that slope. The berms channel the runoff water to a catchment area where it

can be stored for evaporation back into the environment or for an engineered release

down the slope. Currently these berms are in place on the multi-sloped piles such as the

Sugar Shack and Old Sulphur piles. However, it is likely that these measures were not in

place for a period immediately following the construction of the piles (Wagner, 2000).

The higher incidence of moderate and large gullies on the lower slopes of the south

facing piles suggest that runoffwas allowed to concentrate as it migrated down the slope.

Placement of coarse rock over the existing slopes can reduce its susceptibility to erosion.

There are a few areas on the Old Sulphur waste rock pile where black andesite was

dumped over the existing slope. Coarse rock covers dissipate the energy of the rainfall

and runoff striking the slope and hold the finer material beneath in its place not allowing

it to be transported away. Additionally, the self-weight of the coarse rock is usually

sufficient to resist its own transport by flow.

6.2.2 Precipitation Data

A large amount of precipitation data was collected during the field study from rain

gauges established on the waste rock slopes and at the mill weather station. Both the

cumulative rainfall and the rainfall intensity are required to characterize the storm event

and the resulting erosion experienced on the waste rock piles. The five year average

monthly precipitation at the mine mill weather station was presented in Figure 5.4. A

large portion of the cumulative precipitation falls in the summer months in intense
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thunderstorms. These thunderstorms produce large amounts of precipitation in a short

period of time.

The precipitation events most likely to produce erosion will alter the long-term or steady

state moisture condition of the waste rock slopes. Low intensity rainfall events do not

produce runoff or subsurface flow as all the precipitation infiltrates into the soil and is

stored for release back to the atmosphere through evaporation. Runoff occurs during

higher intensity precipitation events when the precipitation intensity is greater than the

infiltration rate. Surface flow provides the energy source to transport eroded material.

Subsurface water flow leads to the depletion of the storage capability of the soil and

eventually to increased pore water pressure and decreased strength within the upper

layers of the soil profile.

Analysis of the mill weather station shows that the 325 mm of total precipitation in 2000

was the lowest of the five year monitoring period approximately 50 mm below the

373 mm average. This was the result of a winter with slightly below average snowfall

and a dry spring. Precipitation during the summer months, however, was normal and

even above average for the month of August.

The precipitation measured on the rainfall gauges established on the waste rock piles near

the field instrumentation was presented in Table 5.2. Despite some discrepancies due to

the spatial variability of the rainstorms, the cumulative rainfall measured at the gauge

stations is similar. The cumulative rainfall measured at the rain gauges on the waste rock

piles was approximately equal to the precipitation measured below at the mill weather

station.

The rainfall erosivity index, proposed by Wischrneier (1959), is presented in equations

[4.2] and [4.3] of Chapter Four. The Eho parameter measured at the mill weather station

for 2000 was 424 MJ·mm·ha-1·h-1 approximately 50 units below the five year average. Of
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6.2.1.4 Effect ofRunoff and Rock Cover

Maintenance practices such as water management and the application of slope protection
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slope disrupt water flow allowing only the runoff created by striking the slope to cause
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Sugar Shack and Old Sulphur piles. However, it is likely that these measures were not in

place for a period immediately following the construction of the piles (Wagner, 2000).

The higher incidence of moderate and large gullies on the lower slopes of the south

facing piles suggest that runoffwas allowed to concentrate as it migrated down the slope.

Placement of coarse rock over the existing slopes can reduce its susceptibility to erosion.

There are a few areas on the Old Sulphur waste rock pile where black andesite was

dumped over the existing slope. Coarse rock covers dissipate the energy of the rainfall

and runoff striking the slope and hold the finer material beneath in its place not allowing

it to be transported away. Additionally, the self-weight of the coarse rock is usually

sufficient to resist its own transport by flow.

6.2.2 Precipitation Data

A large amount of precipitation data was collected during the field study from rain

gauges established on the waste rock slopes and at the mill weather station. Both the

cumulative rainfall and the rainfall intensity are required to characterize the storm event

and the resulting erosion experienced on the waste rock piles. The five year average

monthly precipitation at the mine mill weather station was presented in Figure 5.4. A

large portion of the cumulative precipitation falls in the summer months in intense
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thunderstorms. These thunderstorms produce large amounts of precipitation in a short

period of time.

The precipitation events most likely to produce erosion will alter the long-term or steady

state moisture condition of the waste rock slopes. Low intensity rainfall events do not

produce runoff or subsurface flow as all the precipitation infiltrates into the soil and is

stored for release back to the atmosphere through evaporation. Runoff occurs during

higher intensity precipitation events when the precipitation intensity is greater than the

infiltration rate. Surface flow provides the energy source to transport eroded material.

Subsurface water flow leads to the depletion of the storage capability of the soil and

eventually to increased pore water pressure and decreased strength within the upper

layers of the soil profile.

Analysis of the mill weather station shows that the 325 mm of total precipitation in 2000

was the lowest of the five year monitoring period approximately 50 mm below the

373 mm average. This was the result of a winter with slightly below average snowfall

and a dry spring. Precipitation during the summer months, however, was normal and

even above average for the month ofAugust.

The precipitation measured on the rainfall gauges established on the waste rock piles near

the field instrumentation was presented in Table 5.2. Despite some discrepancies due to

the spatial variability of the rainstorms, the cumulative rainfall measured at the gauge

stations is similar. The cumulative rainfall measured at the rain gauges on the waste rock

piles was approximately equal to the precipitation measured below at the mill weather

station.

The rainfall erosivity index, proposed by Wiscluneier (1959), is presented in equations

[4.2] and [4.3] of Chapter Four. The Eho parameter measured at the mill weather station

for 2000 was 424 Ml-mm-hal-h" approximately 50 units below the five year average. Of
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the five years of data, 2000 had the third highest Eho value from the lowest annual

precipitation levels, suggesting that the precipitation of the summer months fell in intense

storm events.

The Eho values, calculated from the precipitation at the waste rock rain gauges, are

presented in comparison to the erosion rates measured at the sediment traps in Table 6.1.

The same small discrepancies in the EI30 values for individual events are visible at the

rain gauges but the cumulative values are similar for the field study period. The average

cumulative rainfall erosivity index measured for the 15 erosion events of the 2000-01

field program was 456 Ml-mm-ha'l-h". The average erosion index measured at the waste

Table 6.1 Summary of the Erosion Rates for Sediment Traps Correlated to the Rainfall

Erosivity Index for the 15 Erosion Events

Sediment Trap #1 Sediment Trap #2 Sediment Trap #3

Date
Erosion Erosion Erosion Erosion

Event # (Mg/ha) EI30 (Mg/ha) EI30 (Mg/ha) EIJO

July 16/17
1 0.43

47.3
2.49

41.1
3.78

41.1

July 17 128 152 152

July 26 2 0.39 14.2 0.43 2.47 0.91 2.47

August 3 3 0.44 8.50 0.88 3.55 0.48 3.55

August 11 4 6.17 18.1 0.57 3.49 0.32 2.18

August 13 5 10.2 95.9 14.1 124 11.5 137

August 18 6 0.16 12.3 0.98 8.74 0.06 9.08

August 18/19 7 8.08 62.0 12.6 51.2 8.99 39.3

August 19 8 0.02 5.19 0.00 3.27 0.03 4.00

August 28 9 0.001 0.05 0.01 0.05 0.01 0.08

September 8/9 10 1.50 4.69 4.09 7.41 0.09 7.58

Spring Melt 11 1.45 N/A 1.48 N/A 0.24 N/A

April 20 12 0.06 0.42 0.10 0.48 0.05 0.98

May 12 13 5.14 38.1 3.21 24.8 2.98 24.1

May 20 14 0.83 6.24 1.09 10.9 0.57 8.56

June 29 15 1.93 11.5 2.85 23.5 1.36 25.8

TOTAL 36.8 453 44.9 457 31.4 458
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rock pile gauges was 10% greater than the value calculated for the mine mill weather

station over the same period.

Studies by Edwards and Owens (1991) and Larson et al. (1997) reported that erosion

losses are often dominated by a few severe storms of high intensity and high precipitation

values. Examination of the rainfall erosivity index calculated from the mill weather

station located in Appendix B found that 2000 had three storms with Eho values greater

than 50 including the July 17th storm with an average value of 118 MJ -mm-ha'l-h". None

of the other four years in the monitoring period had more than two storms with Eho

values greater than 50 Ml-mm-ha'lh" including 1999 when the annual Eho index was

130 units above the five year average. Even though both the annual precipitation and

rainfall erosivity index were below average in 2000, it is reasonable to assume the

slightly above average rainfall in the summer months delivered in intense rainstorms

resulted in average to above average erosion conditions. This is also reflected in the

cumulative Eho values collected during the 15 erosion events. The average Eho value of

456 MJ·mm·ha-l·h-1 is close to the five year rainfall erosivity index average measured at

the mine mill weather station. Therefore the erosion rates generated by the field program

can be considered reasonable indicators of the average mine site erosion rate.

6.2.3 Sediment Traps

The sediment traps were the most important component of the field instrumentation

program because they directly measured the erosion rate. Three sediment traps were

installed on the mixed volcanics waste rock slopes on the Sugar Shack West, Sugar

Shack Middle, and Old Sulphur piles. The traps were installed in the first week of July

2000 and continued to monitor erosion until the winter freeze at the end of October. The

apparatus stayed in place over the winter and collected eroded sediment beginning with

the spring snow melt off until the end of the field study year.
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6.2.3.1 Analysis ofObserved Erosion Events

Table 6.1 presented the erosion collected in each sediment trap for the 15 recorded

erosion events. Using the catchment area measured for each sediment trap the erosion

rates were calculated as 36.8 Mg/ha, 44.9 Mg/ha, and 31.4 Mg/ha for sediment traps #1,

#2, and #3, respectively. The average erosion rate of 37.7 Mg/ha is 14.2 Mg/ha less than

the 51.9 Mglha annual erosion rate predicted by the RUSLE modeling code and

20 Mg/ha less than the 57.9 Mg/ha estimated long-term erosion rate from the erosion test

profiles.

6.2.3.2 Adjustment of the Measured Erosion Rate

The original monitoring position of sediment trap # 1 caused an inaccurate measurement

of the erosion rate. The catchment area of the first monitoring position was over

1500 m2• This large area contributed more erosion than the capacity of the sediment trap

for each storm event before the apparatus was moved to a new location. The catchment

area of the second monitoring position was five times smaller, subsequently the sediment

trap performed well for the remainder of the field study. During the first three erosion

events, sediment trap # 1 collected a similar amount of eroded material as the other two

traps. However, due to the large area from which it was collected the calculated erosion

rate for the first three storms was 1.26 Mg/ha compared to 3.80 Mg/ha for sediment

trap #2 and 5.25 Mg/ha for sediment trap #3.

The measured erosion rates from the sediment traps under represent the actual erosion

rate for the areas. The primary cause for this inaccuracy was the original inadequate

capacity of the sediment traps. The first and fourth largest storms, in terms of the rainfall

erosivity index, experienced during the field study period occurred back to back on July

16th and 17th as the first precipitation events of the season. The average Eho value

recorded at the waste rock rain gauges for the overnight storm on July 16th and 17th was
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44.2 Ml-mm-hal-h". The second precipitation event began in the late afternoon on the

I ih and produced an average Eho value of 145 Ml-mm-ha'l-h". The sediment traps

could not be cleaned and processed in the period between the storms. The sediment traps

were likely filled to capacity even before the start of the second storm event, the largest

of the monitoring period.

The erosion rates measured at the sediment traps do not include the erosion that

inevitably occurred during the intense July 1 ih storm. A similar storm occurred a month

later on August 13th with an average erosivity index measured on the waste rock gauges

of 131 MJ.mm·ha-1·h-l. This storm produced erosion rates of 10.2 Mg/ha for sediment

trap #1, 14.1 Mg/ha for sediment trap #2, and 11.5 Mg/ha for trap #3 (Table 6.l).

Assuming that the larger storm produced at least a similar level of erosion, the erosion

rate of the mixed volcanics material measured from the sediment traps should be

adjusted. This proposed adjustment attempts to compensate for the amount of erosion

that would have been captured at the sediment trap locations during the precipitation

event. Table 6.2 summarizes the measured and adjusted erosion rates of the sediment

traps for the field study period. The adjusted rate (49.4 Mg/ha) is approximately

2.5 Mg/ha less than the predicted 51.9 Mg/ha average annual erosion rate from the

RUSLE equation.

6.2.3.3 Investigation of the Rainfall Erosivity Factor in the Erosion Rate

The rainfall-erosivity index, proposed by Wischmeier (1959), was used to correlate the

natural precipitation events to the erosion rate measured at the sediment traps. Figure 6.2

presents the erosion rate measured at sediment trap #2 plotted against the rainfall

erosivity index (Eho) and the rainfall intensity.
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Table 6.2 Measured and Estimated Erosion Rates for Sediment Traps #1, #2, and #3

Measured Erosion Estimated Erosion Adjusted
Rate for Field Study Rate - July 17th Event Erosion Rate

(Mglba) (Mglba) (Mglba)

Sediment Trap #1 36.8 10.0 46.8

Sediment Trap #2 44.9 14.0 58.9

Sediment Trap #3 31.4 11.0 42.4

Average 37.7 11.7 49.4

A linear relationship between the rainfall erosivity index and the erosion rate is used in

the RUSLE modeling code (equation [4.1]). A linear regression line was fit to the EI30

versus erosion rate data points. Figure 6.2 shows the regression line equation and the r2

value of 0.79, which displays a linear relationship between the factors. The r2 value is

known as the Pearson product moment correlation coefficient and can be thought of as

the variance in the y variable attributable to the variance in the x variable. The value of

the Pearson r2 variable ranges from -1.0 to 1.0. A r2 value of 1.0 indicates a perfect

linear fit to the plotted data points. A r2 value of 0.79 can be considered a good indicator

of a linear relationship between the storm energy of the natural precipitation events and

the erosion rate. The equation line states that 1 Mg/ha of erosion will occur for each 6.7

units of storm energy as defined by Wischmeier (1959).
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Figure 6.2 Erosion Rate Versus the Rainfall Erosivity Index and Precipitation Intensity
at Sediment Trap #2.

Figure 6.2 also presents the maximum 10 and 30 minute precipitation intensities plotted

against the measured erosion rate. There is no clear relationship displayed by the data,

the Eho parameter is a better indicator of the erosion rate. Linear regression curves were

also fit to each set of precipitation intensity data points. The r2 values for the 10 minute

intensity and the 30 minute intensity were 0.116 and 0.188 respectively showing that a

linear relationship between precipitation intensity and erosion rate does not exist. Using

the precipitation intensity to estimate the erosion rate does not account for the energy of

the accumulated rainfall. The data collected from the sediment traps suggests that

erosion events are caused when both a threshold precipitation accumulation and intensity

are exceeded.
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6.2.3.4 Dominant Erosion Mechanism on Sediment Trap Plots

Analysis of the grain size distributions of the representative samples taken for each

erosion event captured by the sediment traps show that erosion by mudflows, the mass

wasting and channel clearout process, was the dominant mechanism controlling the

erosion rate. A summary of the grain size curves for sediment trap #2 was shown in

Figure 5.5 while Appendix C holds the similar graphical results for sediment traps #1

and #3. Erosion events #5 and #7 had the coarsest grain size curves. These storms also

produced the highest erosion rates measured at the sediment traps accounting for

approximately 60% of the erosion measured during the entire field study period

(Table 6.1). These coarse grain size envelopes are indicative of well graded mudflows.

The grain size curves are similar to the grain size curve of a waste rock sample taken at

the surface at the simulated rainfall test plots meaning that entire blocks of material are

being eroded on the slope. Erosion dominated by rill flow will produce a finer grain size

curve such as Event #11, the spring snow melt erosion event.

6.2.3.5 Prediction ofErosion Events Based on Storm Energy

Through the examination of the sediment trap data, the minimum storm intensity and

cumulative rainfall required to create significant erosion can be determined. Section

6.2.3.3 discussed the relationship between storm energy defined by Wischmeier (1959)

and the erosion rate. A linear regression with a r2 value of 0.79 existed between the

factors. The regression line predicted 1.0 Mg/ha of erosion for each 6.7 units of storm

energy. This equation was not used to predict the erosion rate experienced by the mixed

volcanics waste rock material at the Questa site for the natural storm events incurred.

The equation is considered too specific, instead ranges of expected erosion are predicted

based on the magnitude of storm energy produced by the precipitation event. Analysis of

the data presented in Table 6.1 found that storm events with rainfall erosivity indexes of

less than 10 Ml-mm-ha'l-h" caused levels of erosion usually less than 1.0 Mg/ha.
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Moderate storms with EI30 indexes between 10 and 40 Ml-mm-hai-h" caused erosion

rates between 1.0 Mglha and 4.0 Mglha. These erosion events are significant but still do

not create high levels of erosion. Moderate storms on the waste rock piles are typically

short thundershowers with maximum 30 minute intensities around 10 to 15 mmIhr. The

high erosion events in 2000 produced losses from 4.0 Mglha to 15.0 Mglha. Each of

these events were intense thundershowers producing 30 minute maximum rainfall

intensities from 20 mmIhr to 35 mmIhr and rainfall erosivity indexes greater than

40 Ml-mm-ha'l-h", At the Questa mine site, storms with 30 minute intensities less than

10 mmIhr rarely caused significant erosion. Rainfall intensities ranging from 10 to

20 mmIhr produced moderate erosion rates while large erosion events required 30 minute

storm intensities greater than 20 mmlhr and up to 35 mmIhr to produce high erosion rates.

Figure 6.3 shows the estimated ranges of erosion along with the rainfall erosivity index

versus erosion rate data points collected from the three sediment traps.
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Figure 6.3 Sediment Trap Data and the Estimated Erosion Rate Ranges,

6.2.4 Test Plot Slope Profiles

Test plot slope profiles were established on four areas of the waste rock piles as an

additional measure of the erosion rate. Monitoring the changes in the slope profile over

time allowed an estimation of the erosion rate from the volume lost over the test plot

area. Four areas of mixed volcanics slopes were investigated on the Sugar Shack West

and Old Sulphur waste rock piles.

The estimated erosion rates for each test plot profile are shown in Table 6.3. Test plots

#1, #3, and #4 each have erosion rates greater than 100 Mglha. The estimated erosion

rate for test plot #2 is 13000 Mglha. This test plot area was established on the second

slope of the Sugar Shack West pile. During the heavy storms of July and August, the

gully in which the profile was located experienced a large failure. In the course of the

summer, material was eroded to a depth close to 1.0 m across the surface of the test plot

area.

15
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Table 6.3 Summary of the Erosion Rates for Test Plot Slope Profiles

Test Period

Erosion Rate (Mglha)

Test Plot #1 Test Plot #2 Test Plot #3 Test Plot #4

June -

July 54.2 5882 117 90.1

July
-

September 37.9 7090 60.0 94.2

September
-

April 15.1 175 0.60 -61.3

Total 107 13148 178 123

6.2.4.1 Factors Contributing to Error in Monitoring of Test Plot Slope Profiles

The method of estimating the erosion rate for the mixed volcanics material through the

monitoring of the change in slope profile was a limited success. The estimated erosion

rates are three to four times the rate measured by the sediment traps. Inaccuracies with

the method were caused by problems with reproducibility of measurements and by the

small test plot areas. The test plot areas ranged from 7.69 m2 to 22.4 m2. Considering

1 ha is equal to 10 000 m2, any errors in the measurement of the profiles were magnified

when these small areas were used to calculate the erosion rate.

Reproducibility of the measurements proved difficult as it was hard to make the

measurements in the same spot during each monitoring period. Moving the graduated

stake side to side or up and down on the slope by a few millimeters could significantly

change the reading at the location. The steep slope caused difficulties in keeping the

measuring scale perfectly level and in keeping the measurer's head at the level of the

horizontal reference stringline. During the erosion calculation process, measurements

within plus or minus 6 mm were considered to be equal, but the error is likely greater

than this value. In most cases the erosion of the profile was less than the error in the

method. Estimation of the erosion rate using test plot profiles would be more accurate on

large test plots experiencing greater amounts of erosion. For the method to be useful the

change in the slope profiles must be greater than the error of the method. In the case of

test plot #2, the erosion rate was large and the estimate of the erosion rate for that area
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6.2.5 Simulated Rainfall Tests

The testing program on the simulated rainfall plots was completed to produce additional

data to compare to the findings of the sediment traps. Due to the semi-arid environment

of the mine site, few precipitation events occur throughout the year. The simulated

rainfall tests reproduced the conditions of a rainstorm by inundating the test slope with

water delivered by irrigation sprinklers. In the first testing period, nine tests were

completed on the mixed volcanics slope of Sugar Shack Middle on each of test plot # 1

(TPI) and test plot #2 (TP2) featuring three rainfall intensities and three storm durations.

6.2.5.1 Analysis of Simulated Rainfall Test Plot Results

The results of the first set of simulated rainfall tests on TP 1 and TP2 are summarized in

Table 6.4. The simulated storm intensities were approximately 48 mm/hr, 80 mm/hr, and

108 mmIhr. However, these storm intensities do not produce the same erosive energy as

natural storm events. Dunne et al. (1980) reported the kinetic energy delivered by rainfall

simulators to be 60-70% of the energy produced in natural events. Goff et al. (1994) and

Luk and Hamilton (1986) found similar results suggesting that the simulated storms

supplied 76% and 50% of the natural storm event respectively. In this study, it was

assumed that the irrigation sprinklers delivered 65% of the erosive energy of an identical

intensity normal precipitation event. When calculating the rainfall erosivity index, this

reduces the simulated rainfall intensities to approximately 30 mm/hr, 50 mmIhr, and 70

mmIhr. These intensities are still greater than the average storms occurring on the mine

site. The low intensity tests represent the highest storm intensities measured by the

rainfall gauges during the year while the medium and high intensity tests represent

conditions rarely seen on the mine site.
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Table 6.4 Summary of the Measured Erosion Rates and Calculated Eho Values on TPI

and TP2 in the September 2000 Testing Period

Test Plot #1 Test Plot #2

Test
Erosion Rate Erosion Rate

(Mglha) EIJO (Mglha) EIJO

Test 1 4.98 19.5 3.55 30.6

Test 2 8.81 105 7.76 90.2

Test 3 12.8 141 17.7 226

Test 4 18.6 60.2 10.8 71.0

Test 5 38.8 320 16.1 257

Test 6 48.0 659 21.6 436

Test 7 37.6 117 28.2 143

Test 8 25.2 463 22.6 490

Test 9 41.8 1020 36.2 1051

Total 237 2905 164 2794

Tests on TPI produced four simulated events that had similar conditions to natural storm

events observed on the waste rock piles and monitored by the sediment traps. Test 1 is

similar to a typical moderate storm discussed in Section 6.2.3. It produced 4.98 Mglha of

erosion; the Eho index was 19.5 with a maximum 30 minute intensity of 15 mmIhr. Tests

2 and 3 produced soil losses 8.81 Mglha and 12.8 Mglha respectively. These simulated

rainfall tests had similar storm characteristics as the August 13th and August 18/19th

precipitation events and produced similar erosion to losses recorded on the sediment

traps. Test 4 produced a higher erosion rate than recorded at the sediment traps

(18.6 Mg/ha) but the 30 minute intensity (26 mmIhr) is in the range expected to produce

high erosion rates. The remainder of the simulated rainfall tests produced rainfall

erosivity indexes not experienced during natural events. However, the results show that

storms producing erosivity indexes of greater than 300 MJ·mm·ha-1·h-1 might generate

erosion rates up to 30 - 40 Mglha, in the order of the measured annual erosion rate.
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The simulated rainfall tests on TP2 gave similar, if slightly lower, erosion rates. Test I

was the equivalent of a moderate storm, it produced 3.55 Mg/ha of erosion from a

maximum 30 minute storm intensity of 18 mmIhr. Tests 2 and 4 were similar to the large

storms experienced on the waste rock piles. With intensities of 32 and 28 mmIhr, the

storms produced soil losses of 7.76 Mg/ha and 10.8 Mg/ha, results similar to losses

recorded at the sediment traps. The applicable tests from TP 1 and TP2 agree with

erosion rates recorded at the sediment traps and agree with the analysis of Section 6.2.3

made about the rainfall erosivities required to create moderate and heavy erosion events.

The second set of simulated rainfall tests were completed in May 2001. The tests were

conducted to produce more data to correlate to the sediment traps and the first set of

simulated rainfall tests. The results for TPI and TP2 are presented in Tables 6.5. The

low and moderate intensities used in the second set of tests were reduced from the

September 2000 tests to better simulate the conditions of natural rainstorms. The

intensities were 35 mmIhr and 55 mm/hr, which represent equivalent natural storms of

23 mmlhr and 36 mmIhr.

The simulated tests on TP 1 and TP2 produced rainfall events normally experienced on

the waste rock piles with the exception of Test 15. The simulated rainfall tests conducted

with low intensities produced low erosion rates. Test 10 produced low erosion rates

«1 Mg/ha) for both test plots from rainfall erosivity indexes of slightly greater than ten.

Even though tests 11 and 12 had Eho indexes (>40 Ml-rnm-ha'l-h') that would categorize

them as high erosion events, the tests produced moderate erosion rates (from 1.0 to

4.0 Mg/ha). This is due to the absence of mudflows occurring during the tests. All the

erosion was produced from rill flow that does not have the capacity to remove large

amounts ofmaterial from the test plot slopes.
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Table 6.S Summary of the Measured Erosion Rates and Calculated Eho Values on TP1

and TP2 in the May 2001 Testing Period

Test Plot #1 Test Plot #2

Test
Erosion Rate Erosion Rate

(Mg/ha) Eho (MgIha) EIJO

Test 10 0.65 12.9 0.80 10.4

Test 11 1.17 54.6 1.05 51.5

Test 12 1.59 119 1.73 104

Test 13 7.60 33.6 4.72 32.4

Test 14 15.3 113 23.6 125

Test 15 27.6 268 48.5 273

Test 16 1.49 30.4 1.79 31.6

Total 55.4 631 82.2 628

Tests 13 and 16 were both moderate intensity rainfall tests carried out for 10 minutes.

Tests 13 were the first tests of the year completed to prepare the test plots for the

remaining simulated rainfall tests, These tests experienced high erosion rates,

7.60 Mg/ha and 4.72 Mg/ha for TPI and TP2, respectively. The cleanout of loose

material collected on the test plot from the spring thaw is the likely cause of the increased

erosion rate. The EI30 index and the erosion rate ofTest 16 matched the characteristics of

a moderate erosion event.

Tests 14 were similar to the largest erosion events experienced on the waste rock piles in

2000. The tests featured erosivity indexes greater than 110 MJ·mm·ha-1·h,1 and

experienced erosion rates of 15.3 Mg/ha on TPI and 23.6 Mglha on TP2. These erosion

rates are similar, if slightly higher than the erosion rates measured at the sediment traps

for the natural storm event on August 13th• The energy produced by the 30 minute,

medium intensity tests, Test 15, was greater than any natural storm occurring on the

waste rock piles in 2000. The erosion rates were extremely high (27.6 Mg/ha and

48.5 Mglha) , rates that are almost equivalent to the measured annual erosion rate. A
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similar intensity storm did occur on the waste rock piles in 1999 when the mine mill

weather station recorded a rainfall event on August 26th producing a rainfall erosivity

index of243 MJ·mm·ha-1·h-1.

6.2.5.2 Comparison ofErosion Rates on TPI and TP2

The second simulated rainfall test plot (TP2) had the top 100 nun removed to destroy the

crusted surface that is present on the waste rock surface. This treatment reduced the

erosion rates experienced as a result of the simulated rainfall testing on TP2. The

cemented surface layer that was removed from TP2 was a finer grained material than the

soil beneath. It is likely that the higher erosion rates experienced on TP 1 were the result

of the finer grained soil layer being removed after rainfall was sufficient to break the

cohesion of the cemented layer. Additionally, although the test plots were constructed

adjacent to each other, the inherent variability of waste rock deposits makes it possible

that TP2 had a higher rock content at surface. During the testing process, the rill

channels on TP2 area became rock lined, possibly reducing the amount of erosion.

Increased rock content in the rill channel increases the shear resistance of the channel

material reducing the amount ofmaterial eroded by rill flow.

6.2.5.3 Analysis of Slope Profile Results

The slope profiles were measured on each test plot after the low, medium, and high

intensity set of tests. The monitoring procedure was identical to the method described in

the analysis of the test plot slope profiles (Section 3.2.2). Figure 6.5 compares the

erosion rates directly measured by the processing of the eroded material collected in the

catchment berms to the estimated erosion rate calculated from monitoring the slope

profiles. Graphical summaries of each of the simulated rainfall test plot profiles are

contained in Appendix E.
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Figure 6.5 Comparison of the Measured Erosion Rate and the Estimated Erosion Rates

for the TPI and TP2 Simulated Rainfall Tests.

The estimated erosion rate calculated from monitoring the slope profile for TP 1 was three

times the erosion rate measured directly. The estimated erosion rate for TP2 was also

greater, approximately doubling the directly measured erosion rate. These slope profiles

were subject to the same errors as described in Section 6.2.4. Study of the graphical

results did show that the majority of soil loss occurred from the pre-existing gullies on

the test plots.

6.2.5.4 Dominant Erosion Mechanism on the Simulated Rainfall Test Plots

Erosion occurred by two mechanisms during the simulated rainfall tests, rill flow and

mudflows or mass wasting. Rill flow occurred after runoff was initiated. Runoff water

collected in the pre-existing rills and flowed down the slope carrying sediment.

Mudflows occurred when the walls of the gullies failed into the channel partially

blocking the flow. When these 'dams' are breached mudflows are initiated down the
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gully. The flowing mass is a mixture of coarse and fine materials that flows like a heavy

fluid. Both of these processes contributed to the total sediment yield experienced from

the test plots.

Rill flow was present at all times after runoff was initiated. The amount of rill flow

present depended on the flow characteristics such as flow depth and velocity of the water

in the rills. Material deposited by rill flow was consistent over the span of the tests.

Higher rainfall intensities brought higher runoff values, increased the transport capacity

of the rill flow and increased sediment yield due to rill flow.

Mudflows did not occur in every rainfall simulation test, however, when they did occur,

the mudflows eroded much more material than what was transported by rill flow.

Therefore, mudflows dominated the magnitude of erosion in the tests. The tests with the

highest total sediment yield had a high incidence ofmudflows. Test 7 for both TPI and

TP2 in the September 2000 tests had the highest number ofmudflows and their effect is

reflected in their high erosion rates. Tests 14 and 15 on TP 1 in the May 2001 testing

period provide another example of the influence ofmudflows. The erosion rate incurred

in the 20 minute test (27.1 Mg/ha) was almost twice that of the 30 minute test

(16.0 Mg/ha). Even though the test conditions were identical, six to seven mudflows

occurred in the 20 minute test while only one occurred during the 30 minute test.

6.2.5.5 Effect of AntecedentMoisture Condition

Antecedent moisture condition was an influence on the September 2000 set of simulated

rainfall tests. The compressed testing schedule did not allow a standard time interval

between simulated rainfall tests. The tests were completed in sets of three, running three

tests at the same rainfall intensity for 10, 20, and 30 minute durations. Further

complicating the situation was the fact that the window of still conditions in the morning

allowing proper distribution of the simulated rainfall often allowed only two tests to be
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completed. This required some tests to be completed in the evening. The antecedent

moisture conditions were not equal for each of the tests completed, this had an effect on

the erosion rate incurred by the test.

Table 6.6 is a summary of each of the simulated rainfall tests. The mass of the eroded

sediment was divided by the rainfall erosivity index of the test to allow comparison

between tests. A "dry" test was defined as any test completed after the test plots were

exposed to an afternoon of sunlight and drying conditions. Tests completed in the

morning proceeding a rainfall test completed during the evening were assumed to still be

in a "wet" condition.

Table 6.6 Summary of Antecedent Moisture Conditions in the Sept. 2000 Testing Period

Test Plot #1 Test Plot #2

Mass of Mass of

Test Date Moisture Eroded Indexed Date Moisture Eroded Indexed

# Time Condition Material Erosion Time Condition Material Erosion

(kg) (kg/EIJo) (kg) (kgIEIJo)

1
09/04/00

Dry 38.4 1.97
09/09/00

Dry 27.4 0.89
08:30 08:30

2
09/04/00

Wet 67.9 0.65
09/10/00

Dry 59.8 0.66
09:45 06:30

3
09/05/00

Dry 99.0 0.70
09/10/00

Wet 136 0.60
06:30 07:30

4
09/06/00

Dry 143 2.38
09/10/00

Dry 82.9 1.17
06:30 22:30

5
09/06/00

Wet 299 0.93
09/11100

Wet 124 0.48
07:45 06:45

6
09/06/00

Dry 370 0.56
09/11100

Wet 166 0.38
19:30 08:00

7
09/07/00

Wet 290 2.47
09/11/00

Dry 217 1.52
08:30 21:30

8
09108/00

Wet 194 0.42
09/12/00

Wet 174 0.36
06:45 06:30

9
09/08/00

Wet 322 0.32
09/12/00

Wet 279 0.26
07:45 07:30
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The average mass ofmaterial eroded per unit ofEho for the "dry" tests for TP1 was 1.40

compared to 0.96 for the "wet" tests. The same relationship for TP2 showed a value of

1.06 for the "dry" tests and 0.42 for the "wet" tests. The results indicate that the tests

starting from a dry condition had a higher erosion rate than the tests with a wet

antecedent moisture condition. The drying of the surface of the waste rock can create

cracks allowing the water to quickly access the soil upon wetting and cause erosion.

Le Bissonnais et al. (1989) described the action of hydrocompaction of the soil by

rainfall. This process increases the density of the soil and increases its shear resistance

by compacting the soil surface from the energy of the rain droplets. The reduced erosion

seen in the tests with a wet antecedent moisture condition might be a result of this

increased soil strength.

6.2.5.6 Investigation of the Rainfall Erosivity Factor in the Erosion Rate

The rainfall erosivity index, proposed by Wischmeier (1959), was used to correlate the

simulated rainfall characteristics to the erosion rate measured for each simulated rainfall

test. Figure 6.6 presents the erosion rate measured at each test plot versus the rainfall

erosivity index (Eho).

Regression lines were fit to each set of data to evaluate their linear relation between

erosion rate and storm energy. Table 6.7 summarizes the linear equations and their r2

values for TP1 and TP2 of the simulated rainfall tests. Additionally, the regression lines

from the sediment traps and the combined TP 1 and TP2 data set are presented.

Table 6.7 Linear Relationship Between Storm Energy and Erosion Rate

Data Set Equation r2 value

Simulated Rainfall Tests - TP1 y
= 12.54 x 0.584

Simulated Rainfall Tests - TP2 y
= 11.84 x 0.836

Sediment Trap #2 y= 6.76 x 0.794

Combined Simulated Rainfall Tests
y=12.15x 0.704

(TP 1 and TP2)
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Figure 6.6 The Erosion Rate versus the Rainfall Erosivity Index for Simulated Rainfall

Tests on TP1 and TP2.

Test plot #2 had a higher correlation coefficient between the factors than test plot #1.

However, the linear equations are similar with TP1 having a relationship of 1.0 Mglha of

erosion per 12.5 units of storm energy while TP2 was 11.8 units of storm energy.

Figure 6.7 compares the data collected from the sediment traps and the simulated rainfall

tests. The simulated rainfall data from TP 1 and TP2 was combined to create one data set.

The regression equations and r2 values for each set of data are presented in Table 6.7.

The erosion events recorded at the sediment traps showed a higher erosion rate than the

simulated rainfall tests for an equal value of storm energy.
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Figure 6.7 Regression Analysis of the Sediment Trap and Combined Simulated Rainfall

Data.

The higher erosion rate measured at the sediment traps will have to be considered when

predictions of extreme erosion events are made. The regression equations shown in

Figure 6.7 suggest that the erosion rates experienced from storm energy values greater

than 200 Ml-mm-halh' in the simulated rainfall tests might be slightly greater than half

of the actual erosion rate of the mixed volcanics waste rock. The greatest 10 minute

precipitation intensity recorded at the Questa mine site in 2000 was 63 mmlhr. If that

intensity was assumed to occur for 30 minutes the hypothetical storm event would

produce 31 mm of rainfall and an Eho value of 503 Mlmm·ha-1,h-1. The erosion rate

predicted for this extreme rainfall event would be 41.4 Mg/ha for the simulated rainfall

tests and 74.5 Mg/ha for sediment trap #2.

6.2.5.7 Soil Response to Simulated Rainfall Events

Jet-fill tensiometers were installed at different depths across the area of each test plot.

The tensiometers recorded the change in pore water pressure during the simulated rainfall

40
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test period. As depicted in Figure 5.6, the pore water pressures or suctions decreased to a

value near zero and remained at the level until the tests were completed before

rebounding as the soil profile dried. At the depths at which the tensiometers were

installed there was no measurable change in the suction pressures between tests. All the

erosion occurred in the top few centimeters of the test plot surface, to understand the

effects of the antecedent moisture condition the tensiometers would have had to have

been installed in this upper surface.

The volumetric water content was measured each morning before the commencement of

testing. Figure 6.8 is a field soil-water characteristic curve (SWCC) created by cross

plotting the suction pressures monitored at the tensiometers on TPI with the volumetric

water content measured with the Diviner at the corresponding depths.

A laboratory derived SWCC is also included in Figure 6.8. The mixed volcanics waste

rock material sample was collected near the TP-4 rainfall gauge shown in Figure 3.1

(Robertson GeoConsultants Inc., 2000e). The SWCC fall within the upper part of the

envelope of the field generated data.

The field SWCC for the Sugar Shack Middle mixed volcanics water rock material is not

as complete as a SWCC generated in a laboratory. The jet-fill tensiometers can only

measure a suction pressure up to approximately 95 kPa. However, negative pore water

pressures greater than 100 kPa were not experienced during the monitoring period.

Figure 6.8 shows small differences in the volumetric water content - suction relationship

for each monitored depth. These differences could be caused by slight differences in the

composition of the waste rock at the depths.
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Measurements.

The data collected during the simulated rainfall tests allows an estimation of the saturated

infiltration rate of the mixed volcanics material. The commencement of runoff and the

runoff rate was measured during each test. The results are shown in Figure 6.9 for Test 8

completed on TPl. The precipitation intensity was constant during the test producing

35.3 mm of rainfall over the test plot area. Runoff began 1: 1 7 into the 20 minute test; the

total runoffwas 1231 L corresponding to 17.6 mm of cumulative runoff. If the remaining

water is considered to be infiltration, the infiltration rate during the test is 17.7 mm per

20 minutes or 1.48 x 10-5 mls. Additionally, the time of the first mudflow and the total

erosion rate are also shown in Figure 6.9.

This analysis was completed for each of the simulated rainfall tests on both TP1 and TP2.

Figure 6.10 illustrates the calculated infiltration rate for each test.

10000
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The minimum infiltration rate was 8 x 10-6 mls while the maximum was 2 x 10-5 mls. A

value of 1 x 10-5 mls can be considered a reasonable estimate of the saturated infiltration

rate.

The results of the infiltration analysis were compared to the volumetric water content

data collected with the Diviner system. The VWC values of the soil profile in TPI were

combined to find the average water content and then multiplied by the profile depth to

obtain the equivalent "depth" of soil water. For example, if the average VWC of the

90 em profile was 0.10, then the equivalent water "depth" is 9 cm or 90 mm.

Figure 6.11 shows the depth of water within the TPI profile during the simulated rainfall

testing period. The "depth" ofwater at 6:30 A.M. on September s", 2000 was estimated

to be 73.9 mm. During the next three days the test plot was subjected to seven simulated

rainfall tests causing the infiltration of water into the plot profile. The curve labeled as

"Original w/c + Infiltration" represents the water within the profile if the calculated

infiltration values are added to the original 73.9 mm ofwater.

The two curves do not match, largely because the exfiltration of water through

evaporation and deep percolation below the profile depth are not considered. If an

exfiltration rate of 15 mmlday is assumed to flow from the test plot, the curves look more

similar. The rate of 15 mmlday is not unreasonable as volumetric water content

measurements showed 10 mm of water exfiltrated from the profile between September

io" and 11th, a period where no water was being applied to the surface of the test plot.
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6.2.6 Erosion Test Plots

11-Sep

Four large erosion test plots were used to estimate the long-term erosion rate. The

present slope profile was compared to an assumed initial slope surface to evaluate the

long-term erosion rate over the past 25 years in a similar method as used in the test plot

slope profiles. The average erosion rate was found to be 57.9 Mg/ha/yr.

The measurement of present slope profile in the erosion test plots was conducted with the

same procedure used in the test plot slope profiles. The concerns with this method

discussed in Section 6.2.4 were addressed for these test plots. This process did not

require precise and repeatable measurements; instead it was most important to establish

the dimensions of the rills and gullies that have been created on the slope surface. The

test plots used for the long-term erosion study were much larger than the test plots

established for the field study. The long-term erosion plots measured 15.2 m by 60.8 m,
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an area of 926 m2 while the largest field test plot was 22.4 m2. The increased test plot

size greatly reduced the sensitivity of the erosion rate to inaccuracies in the measurement

process.

6.3 RUSLE Modeling Program

The modeling program utilizing the RUSLE vl.06 computer code is described in Chapter

Four with results published in Chapter Five. The RUSLE model was used to predict the

annual erosion rate from mixed volcanics and aplite waste rock for the average conditions

on the Questa mine site. The model was extended to predict the erosion rate if the

conditions and configurations of the waste rock piles were altered. The change in the

annual erosion rate was predicted while modifying four factors; slope angle, slope length,

vegetative surface cover, and rock surface cover. The concerns with the accuracy of the

RUSLE model on the steep angle-of-repose slopes at the Questa site should be noted.

6.3.1 Analysis ofModeling Program Results

Based on the average conditions presented in Table 5.12, the annual average erosion rate

for the mixed volcanics material is 51.9 Mg/ha. This predicted value is greater than the

erosion rate measured at the three sediment traps on the waste rock piles. The erosion

rate produced by the RUSLE model is approximately 14 Mglha greater than the measured

sediment trap rate, but only 2.5 Mg/ha greater than the adjusted erosion rate. It is

possible to compare these results because the sediment traps and the RUSLE model

utilize slopes of similar angle and slope length. The slope length of the three sediment

trap areas are 110 m, 80 m, and 100 m for traps #1, #2, and #3 respectively while the

model used an average slope length of 100 m.

The same average waste rock conditions were used to predict the average annual erosion

rate for the aplite rock type. The model used a 100 m slope length with a 34° slope angle,

the surface cover was assumed to contain 25% rock and no vegetation producing an
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erosion rate of 24.3 Mg/ha. The field study did not include any sediment traps or test

plots on aplite slopes so this rate cannot be compared to others. However, the erosion

rate is slightly less than half of the erosion rate predicted for the mixed volcanics

material. This value seems reasonable as it is visually evident that the aplite waste rock

slopes have experienced less erosion than the mixed volcanics slopes.

The 25% rock cover assumed in the model was based on observations made on the aplite

slopes on the south facing Sugar Shack waste piles. The aplite surface material of these

piles is finer than the surface material found in Blind and Spring Gulch. There is a higher

degree of coarse rock, up to 50-60%, on the surface of these piles that would further

reduce the predicted erosion rate.

6.3.2 Sensitivity Analysis

Figure 6.12 is typical of the results generated in the sensitivity analysis of the RUSLE

modeling program, the remaining graphical results are contained in Appendix F. The

results show that the percentage of rock cover at the surface had a large effect on the

erosion rate. The advantages to coarse rock cover as discussed in Section 6.2.1 are

reflected in the results for a 100 m long mixed volcanics slope. An increase in the rock

cover from the average of 15% to 20% or 30% would produce decreases in the predicted

erosion rate of25% and 49% respectively.
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on Mixed Volcanics Slopes.

Regrading of the waste rock slopes to a lesser slope angle has a beneficial effect in

reducing the predicted erosion rate. The majority of the waste rock piles stand at an

angle 34°. Flattening the slopes to angles of 27° and 18° diminishes the erosion rate by

15% and 29% predicting erosion rates of 43.7 Mg/ha and 36.7 Mg/ha. The RUSLE

model predicts a decrease in the slope length from 100 m to 50 m would deliver a 39%

decrease in the erosion rate. Finally, vegetation has the ability to reduce the amount of

erosion experienced each year. Presently, the waste rock piles do not have any areas of

significant established vegetation. An increase in the vegetative cover to 5% would

lessen the erosion rate by 21%, a vegetative surface cover of 20% would reduce the

erosion rate to 18.5 Mg/ha (64% decrease).

300



Chapter Six: Data Analysis and Discussion Page 151

6.4 Shear Strength ofWaste Rock and Gully Erosion

Gully erosion was the dominant erosion mechanism contributing to erosion at the Questa

mine site. The mixed volcanics material erodes when it collapses or falls into the gully

channel and is transported down the slope by runoff flow. The unsaturated soil strength,

defined in equation [2.10], should be examined to analyze the failure mechanism of the

waste rock material.

The waste rock material at the Questa mine site was end-dumped into the mountain

valleys surrounding the open pit. The final slope of the angle-of-repose waste rock pile

represents the total strength of the material both from friction and cohesion. The factor of

safety of the slopes is close to one, meaning that the shear strength of the slope is only

slightly greater than the shear stress. The matric suction within the waste rock material

will have a large effect on the strength of the slopes. Dry conditions will produce higher

suction pressures and increase the strength while conversely high water contents produce

lower suction pressures and decreased strength. The moisture condition of the waste rock

when placed is not known; however, it can be assumed that it was fairly dry as the open

pit lies above the local water table. The waste rock slopes have interacted with the

environment over the last 25 - 30 years being subjected to atmospheric conditions and

chemical and physical weathering cycles.

Presently, the shear strength of the waste rock slopes is dependent on the internal friction

angle, cohesion, and matric suction of the material. The matric suction within the waste

rock will be dependent on the amount and intensity of precipitation falling on the slopes

and the infiltration characteristics of the material. Surface sealing and chemical reactions

such as the precipitation of gypsum can cement the waste rock and increase the cohesive

strength. The internal angle of friction is fairly constant, however, physical and chemical
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weathering can break down the waste rock material and possibly reduce the internal angle

of friction reducing the overall shear strength of the material.

The link between gully erosion and the unsaturated shear strength of the waste rock

material was not examined during the research study. The incidence of gully erosion is a

complicated process; if a research study was undertaken to examine the mechanism of

gully erosion these factors should be investigated:

1) cohesion and surface cementing;

2) desiccation and soil cracking;

3) antecedent moisture condition;

4) infiltration; and

5) physical and chemical weathering.

6.S Summary of the Erosion Measurement Methods

The erosion rate was measured with several different methods in the research study. The

field-based measurement techniques included direct measurements of the erosion rate

(sediment traps and simulated rainfall tests) and estimation methods (test plot slope

profiles and erosion test plots). The RUSLE modeling code was used to estimate the

erosion rate of the mixed volcanics and aplite material from the input variables measured

at the mine site. Finally, additional methods such as the measurement of the eroded

debris fans and the analysis of aerial photographs were identified. Table 6.8 summarizes

the results and comments on the accuracy and ease of the measurement methods.
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Table 6.8 Summary of the Results of the Erosion Rate Measurements

Measured or

Measurement Test Plot Estimated Comments

Method Erosion Rate

(Mg/ha)

#1 46.8
- Most important component of the field study,

Sediment #2 58.9 provided a direct, accurate measurement of

Traps #3 42.4 the erosion rate

Average 49.4 - Sediment traps were salvaged material, easy
to install

#1 107 -

Accuracy was a concern, the errors inherent

Test Plot #2 13,148 in the measurement method were greater than

Slope Profiles #3 178 the change in slope profile being measured

#4 123 for the monitoring period

- Valuable in creating artificial rainfall events

for comparison to relationships developed at

sediment traps

- Setup of the test plots is time consuming and

Simulated #1 43.5
possibly expensive if irrigation equipment is

Rainfall Tests #2 46.0
not available on site

- Erosion rates presented in table are calculated

from the linear relationship defined for each

test plot (Table 6.7) and a rainfall erosivity
index of545

#1 52.8
- Improvement in accuracy over the test plot

Erosion Test #2 58.2 slope profiles due to a significant increase in

Plots #3 69.1 the test plot size

#4 51.3 - A simple measurement to complete, required

Average 57.9 the use of climbing equipment at the site

- Concerns with accuracy of the model were

RUSLE N/A 51.9
discussed in Chapter 4

Modeling
- The RUSLE model is a well-documented

shareware program

- Inputs to the model were easily determined at

the Questa site

- Mine maintenance periodically removes

Volume of N/A N/A
eroded sediments, estimation of the erosion

rate was not possible
Debris Fan

- An opportunity exists for the mine to quantify
the amount ofmaterial moved during
maintenance to estimate the erosion rate

Aerial
-

Analysis of aerial photographs not completed

Photographs N/A N/A in the study due to high cost and low expected
confidence in the accuracy of the method
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Summary and Conclusions

A research program was completed at the Molycorp Inc. Questa molybdenum mine from

May 2000 to June 2001. The research was part of the determination of the effects of

erosion on the mine site and the surrounding environment. Erosion is a concern at most

mine sites, including the Questa mine, as erosion can lead to the instability of waste rock

piles and tailings impoundments and is a source of sedimentation to surface water

sources. Instrumentation was established on the waste rock piles to monitor erosion in an

effort to measure the erosion rate and the dominant mechanism by which erosion

occurred. Laboratory testing was completed on samples of eroded material to measure

dry mass and establish the grain size distribution. Modeling was undertaken with the

RUSLE vl.06 computer code as a comparison to the measured field results and to predict

the effect of the waste rock material with altered slope characteristics on the erosion rate.

The overall objective of this study was to examine the erosion processes present on the

waste rock piles at the Questa mine site including the determination of the erosion rate

and the dominant mechanism producing erosion. The objectives of this thesis were:

154
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1) to examine and evaluate the waste rock piles on the mine site and define the

factors contributing to erosion on the mine site.

2) to monitor changes in the morphology of slopes within test plots from a full

year ofprecipitation events.

3) to collect and measure the erosion originating from undisturbed test catchment

areas from a full year of precipitation events for the purpose of calculating an

annual erosion rate.

4) to use simulated rainfall tests to further investigate the relationship between

precipitation event characteristics and the erosion rate.

5) to model the erosion rate using the computer code RUSLE v1.06 and to

quantify the effect of changing factors such as slope angle or length on the

erosion rate.

These objectives were achieved during the research study. The individual measurements

of the erosion rate of the mixed volcanics material on the Questa mine site resulted in

similar results. The annual erosion rate of the mixed volcanics material is approximately

50 - 60 Mg/ha.

The annual erosion rate of the mixed volcanics waste rock slopes, measured at the

sediment traps for the 2000 - 2001 field season, was 49.4 Mg/ha. Artificial erosion

events produced by the simulated rainfall tests showed a similar erosion rate to the

sediment traps. The erosion rate measured at the test plot slope profiles was higher with

three plots averaging 130 Mg/ha while the erosion rate of the fourth test plot was over

13,000 Mg/ha. The 51.9 Mg/ha average annual erosion rate predicted by the RUSLE

vl.06 computer code was slightly greater than the sediment traps, while measurement of

the erosion test plots estimated a long-term erosion rate of 57.9 Mg/ha.

Visual observation and analysis of particle size distribution tests collected from the

sediment traps showed that the dominant mechanism producing erosion on the Questa

waste rock slopes was gully erosion. Loose waste rock collected in the gully channel and

was transported en masse down the rock slope during periods of high water runoff.

The main conclusions of the research program are outlined below.
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7.1 Evaluation of the Field and Laboratory Program

7.1.1 Evaluation of the Geomorphological Study

The major points involving the evaluation of the geomorphological study are listed

below.

1. The most erosive material on the waste rock piles at the Questa mine site is the mixed

volcanics material based on observational evidence.

2. The three Sugar Shack waste rock piles and the Old Sulphur pile possess the highest

degree of erosion on the mine site while the Blind Gulch and Spring Gulch piles are

the least eroded.

3. Slope length, material type, and percentage of coarse rock cover have the largest
influence on the erosion rate emanating from the waste rock piles at the Questa mine

site. Increased slope length and low percentages of coarse rock at surface produce

higher rates of erosion. The effect of slope angle and vegetation cannot be quantified
on the site as the waste rock pile slopes have similar slope angles and no established

vegetation.

4. The large gullies found on the waste rock piles had hummocky, well-graded debris

fans at their base. The debris fans suggest that mudflows common to the mass

wasting and channel clearout process of gully erosion were the dominant erosion

mechanism on the pile slopes.

7.1.2 Evaluation of the Sediment Traps

The major points regarding the evaluation of the sediment trap instrumentation are

outlined below.

1. After sediment traps with adequate capacity were installed on the slopes they

performed well collecting eroded sediment and runoffwater.

2. The average erosion rate calculated from the collection of eroded materials at three

stations on the mixed volcanics waste rock slopes over the one year field study was

37.7 Mg/ha.

3. The calculated rate was regarded as below the actual erosion rate for the year as the

instrumentation was not in place for one large storm event. The proposed adjusted

average erosion rate for the mixed volcanics material is 49.4 Mg/ha.

4. Analysis of the erosion events collected by the sediment traps and precipitation data

recorded at the rainfall gauges produced a correlation between the rainstorm

characteristics and the amount of erosion likely to occur. The analysis provided a

minimum energy requirement to initiate erosion and to produce moderate and large
erosion events.
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5. Small erosion events «1 Mg/ha) were caused by storms with rainfall erosivity

indexes (Eho) less than 10 Ml-mm-ha'l-h". Moderate erosion events produced
erosion rates of 1.0 Mglha to 4.0 Mglha. The EI30 values of these storms are

generally between 10 and 40 MJ·mm·ha-1·h-1 with 30 minute intensities around 10 to

15 mmIhr. Large erosion events (> 4.0 mg/ha) require storm intensities from 20

mrnIhr to 35 mmIhr creating erosivity indexes greater than 40 MJ.mm·ha-l·h-l.

6. Grain size analysis performed on representative samples taken from each sediment

trap after each erosion event showed high erosion events produced a coarser grain
size curve similar to the curve obtained from a bulk surface sample. From the results,

it was concluded that the mudflows common to the mass wasting and channel

clearout process of gully erosion was the dominant erosion mechanism on the waste

rock piles.

7.1.3 Evaluation of the Test Plot Slope Profiles

The major points regarding the evaluation of the test plot slope profiles are outlined

below.

1. The test plot slope profiles produced estimated erosion rates that were 2-3 times

greater than measured at the sediment traps. The discrepancy of the estimated erosion

rates was attributed to errors in the measurement of the profiles exacerbated by the

small surface area of the test plots. Measurements were not easily reproducible as the

placement of the measuring stake, its horizontal and vertical position, and the position
of the measurers eyes to the horizontal reference plane all caused errors in the

measured values.

2. Graphical presentation of the results allowed examination of the most erodible areas

on the slope profile. The majority of the eroded material was lost from the pre

existing rills on the slope; little material was lost from interrill areas.

7.1.4 Evaluation of the Simulated Rainfall Test Plots

The major points regarding the evaluation of the simulated rainfall testing process are

summarized below.

1. Two sets of simulated rainfall tests were completed to further study the relationship
between the rainfall event and the level of erosion experienced. The results from both

sets of tests generally agreed with the results obtained from the sediment traps. The

tests fell into the ranges established for low, moderate, and high erosion events

defined by the sediment traps.
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2. The antecedent moisture condition influenced the results of the first set of tests; tests

beginning in a "wet" condition experienced lower erosion rates. The influence of

antecedent moisture conditions was lessened in the second test by allowing two days
of drying between tests

3. Rill flow contributed significant erosion after commencement of runoff during the

simulated rainfall tests. However, it was the occurrence and frequency ofmudflows

or gully erosion that dominated the erosion rate.

4. The response of the soil at the surface to the rainfall simulation tests was not defined

by the tensiometers placed in the soil profile of the test plots. The tensiometers were

placed too deep to monitor the changes in pore water pressure at surface and its

influence on the erosion rate

7.1.5 Evaluation of the Erosion Test Plots

The major points regarding the evaluation of the erosion test plots are summarized below.

1. Measurement of the four erosion test plots found an average annual erosion rate of

57.9 Mglhalyr.

2. Concerns with the accuracy of estimating the erosion rate from measurement in the

change in slope profile were addressed by greatly increasing the area of the test plots

(up to 930 m2).

3. The measurement method required the assumption of an initial slope profile; the

original slope profile was assumed to be a smooth surface with gentle undulations.

7.2 Evaluation of the RUSLE Modeling Program

The major points regarding the evaluation of the RUSLE modeling program are

contained below.

1. The accuracy of the RUSLE model on the steep angle-of-repose waste rock slopes at

the Questa mine site was found to be questionable. The RUSLE modeling program

was conducted as it is a common erosion analysis completed in the mining industry.

2. The RUSLE model predicted an erosion rate of 51.9 Mg/halyr for the mixed

volcanics material and 24.3 Mglhalyr for the aplite material based on average slope

conditions. The predicted rate for the mixed volcanics material is higher than the

results calculated from the sediment traps, but lower than the long term erosion rates

estimated from the examination of the slope profiles.
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3. The effect of changing the slope angle, slope length, and surface area covered by

vegetation and rock cover were modeled for the mixed volcanics and aplite material.

Decreasing the slope angle and slope length as well as increasing the slope surface

area covered by vegetation and rock cover were found to be beneficial in decreasing
the erosion rate. Each parameter had a significant effect on the erosion rate.

7.3 Recommendations and Future Research

Recommendations concerning the measurement of the erosion rate and concerning the

maintenance practices executed on the waste rock piles are contained below.

1. More sediment traps should be established on the mixed volcanics and the aplite
waste rock slopes. These sediment traps proved a good measure of the erosion rate

and are easy to install, low cost pieces of instrumentation.

2. Tipping bucket rain gauges should be installed on each waste rock pile being studied.

Collecting the data on site, close to the instrumentation, reduces errors in the

collection of precipitation data caused by the spatial variation of precipitation in the

area. For example, weather data collected at the town of Questa, six kilometers from

the mine site, is likely not applicable to the waste rock piles due to the elevation

difference and the variability in precipitation caused by the mountainous

environment.

3. Estimation of the erosion rate from the monitoring of the change in slope profile
should be limited to large test plots over long periods of time. The method cannot

accurately measure erosion on a storm to storm basis.

4. Maintenance practices should include the upkeep ofwaste rock benches and berms at

the crest and toe of slopes to keep slope lengths as short as possible. Rough

quantification of the amount ofmaterial removed during maintenance can be used to

estimate an erosion rate. If opportunities arise additional benches should be

established to reduce slope lengths.

5. If possible, areas experiencing high levels of erosion should be covered with coarse

rock.

The major points regarding future research at the site are as follows:

1. The same field research program should be executed on the aplite waste rock slopes.
The sediment traps should be the focus of the study to measure the aplite erosion rate.

The test plot slope profile measurement method should not be used in subsequent

field testing programs. This would complete the characterization of the erosion rate

on the waste rock piles at the Questa mine site.
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2. Study of the erosion rate should be completed on test plots of varying slope angles.

Presently, the slope angle of the waste rock piles on the Questa site range only from

32 to 36°. Expected erosion rates from slopes of different angles are important in the

evaluation of the mine closure alternatives.

3. The advantages and disadvantages of the placement of cover material on the barren

waste rock slopes should be evaluated.
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Table Bl Summary of the Rainfall Precipitation Events Measured at the WRD-4

Rain Gauge for the 2000
- 2001 Field Season

Cumulative Max 30 Min

Date Duration
Rainfall Intensity Eho

(mm) (mm/hr) (MJ*mm"ha-1"h-1)

July 14 13:58 - 14:58 1.02 1.53 0.14

July 16117 15:07 - 01 :27 16.8 14.7 41.1

July 17 18:37 - 21:03 22.9 26.9 152

July 18 15:03 -15:14 5.08 10.2 12.3

July 26 15:23 - 17:08 3.30 5.59 2.47

August 3 20:08 - 21 :38 4.57 5.08 3.55

August 6 15:46 - 17:54 1.52 1.52 0.21

August 11 15:12 - 15:51 2.80 5.10 1.73

August 12 14:45 - 16:39 3.30 4.06 1.80

August 13 16:04 - 23:45 20.8 22.3 91.4

August 14 16:43 -17:47 1.27 1.52 0.18

August 16 17:46 - 20:30 1.78 1.52 0.31

August 18 02:45 - 14:53 13.5 6.10 8.99

August 18119 19:39 - 03:51 24.4 12.7 38.1

August 19 20:22 - 20:57 3.81 7.12 3.78

August 21 22:46 - 22:49 1.27 2.54 0.75

August 24 16:00 - 16:12 1.78 2.56 0.71

August 28 15:52 - 20:32 2.08 1.52 0.17

September 8 1 9 12:57 - 0:39 7.87 6.08 7.58

September 21 17:06 - 19:13 4.32 4.56 2.36

September 29 16:38 - 17:26 2.28 4.06 1.34

October 4 13:41 - 18:57 5.08 4.06 2.26

October 7 19:56 - 20:03 0.51 0.51 0.04

October 10 21:44 - 22:00 0.76 1.52 0.09

October 11 11:26 0.25 0.25 0.01

October 12 0:56 - 8:36 8.89 4.06 3.59

October 12113 22:43 - 02:23 6.60 3.56 2.50

October 22 14:36 - 15:35 1.25 1.02 0.12

October 23 0:13 - 8:33 3.81 3.54 1.40

October 23 1 24 13:32 - 05:36 11.9 3.06 3.59

October 28 01:40 - 18:19 26.9 5.60 17.2

October 29 07:39 - 8:42 3.29 4.06 1.22

October 31 09:35 - 13:24 1.02 1.02 0.09

April 20 08:23 - 12:22 1.02 1.02 0.09

May4 09:40 - 09:54 1.02 2.03 0.25

May 516 13:10 - 09:01 6.35 2.54 1.49

May 12 16:37 -17:42 11.43 12.7 26.7

May 19/20 13:05 - 04:41 13.5 4.57 6.45

May 20 16:33 - 17:59 8.12 9.65 12.0

May 30 13:02 - 13:59 1.27 1.52 0.18

June 7 14:34 -15:38 2.03 4.06 1.28

June 29 13:08 - 15:40 10.7 17.3 39.2

Total 272 490
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Table B2 Summary of the Rainfall Precipitation Events Measured at the WRD-6

Rain Gauge for the 2000 - 2001 Field Season

Cumulative Max 30 Min

Date Duration
Rainfall Intensity EI30

(mm) (mm/hr) (MJ*mm*ha-1*h-1)

July 14 14:21 0.25 0.25 0.01

July 16/17 15:12 - 01:30 20.4 13.7 47.3

July 17 18:37 - 20:55 22.4 23.9 128

July 18 15:03-15:11 2.03 4.04 1.58

July 26 15:21 -17:04 6.35 11.2 14.2

July 30 14:22 - 15:28 2.03 3.56 1.28

August 3 20:05 - 21 :59 6.10 8.12 8.50

August 6 15:52 - 16:29 1.27 2.04 0.26

August 10 15:00 -15:08 0.51 0.51 0.04

August 11 15:08 - 16:30 7.11 13.7 18.1

August 12 14:44 - 16:25 2.79 3.56 1.20

August 13 16:04 - 23:44 19.3 26.4 95.9

August 14 16:41 - 17:57 1.78 3.06 0.52

August 16 17:44 - 20:32 2.28 2.03 0.62

August 18 02:43 - 11 :22 15.2 7.11 12.3

August 18/19 19:46 - 03:49 25.4 15.7 62.0

August 19 20:18 - 20:53 4.57 7.62 5.19

August 21 22:46 - 22:54 0.76 1.52 0.09

August 28 17:04 - 19:48 1.52 1.52 0.20

September 4 22:56 - 23:05 1.27 2.54 0.49

September 8 1 9 12:57 - 03:39 6.09 5.02 4.69

September 21 17:09 - 19:01 3.56 3.56 1.90

September 29 16:45 - 17:32 1.78 2.54 0.47

October 4 06:27 - 18:40 3.56 5.08 2.16

October 7 19:53 - 20:09 0.76 1.52 0.09

October 10 22:06 0.25 0.26 0.01

October 12 0:59 - 9:13 7.62 3.56 2.75

October 12/13 16:46 - 01:18 4.06 2.54 0.96

October 23 02:30 - 08:45 5.08 3.56 1.81

October 23 1 24 13:34 - 10:44 10.4 3.04 3.16

October 28 2:29 -17:36 26.9 4.08 13.7

October 29 09:19 - 09:54 1.52 2.54 0.41

October 31 10:34 - 12:35 0.51 0.51 0.41

April 20 01 :59 - 08:30 3.05 1.54 0.42

May4 08:42 - 19:32 2.29 2.54 0.63

May 5 10:30 -14:47 2.29 2.54 0.50

May 12 15:43 - 16:43 12.4 16.2 38.1

May 14 18:42 - 20:17 2.29 2.03 0.44

May 19/20 13:37 - 03:52 11.7 5.08 7.00

May 20 14:31 - 17:54 6.10 7.62 6.24
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Table B2 Summary of the Rainfall Precipitation Events Measured at the WRD-6

Rain Gauge for the 2000 - 2001 Field Season (Continued)

Cumulative Max 30 Min

Date Duration Rainfall Intensity Ebo

(mm) (mm/hr) (MJ*mm*ha-1*h-1)

May 30 12:57 - 13:54 1.52 2.03 0.30

June 7 14:32 - 15:21 1.78 3.05 0.91

June 26 15:43 - 15:59 1.02 2.03 0.24

June 29 13:13 - 14:41 6.35 8.63 11.5

July 2 16:00 - 16:07 1.02 2.03 0.32

July 3 15:00 - 23:28 1.52 2.03 0.46

Total 268 498
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Table B3: Summary ofthe Rainfall Precipitation Events Measured at the TP4

Rain Gauge for the 2000 - 2001 Field Season

Cumulative Max 30 Min

Date Duration
Rainfall Intensity EI30

(mm) (mm/hr) (MJ*mm*ha-1*h-1)

August 10 14:20 - 15:29 1.02 0.76 0.11

August 11 15:11 -15:42 4.32 8.63 5.26

August 12 14:45 - 16:26 3.56 5.08 2.61

August 13 16:06 - 23:45 23.9 32.0 157

August 14 16:43 - 17:53 1.27 1.52 0.28

August 16 17:46 - 20:33 2.03 2.54 0.61

August 18 02:45 - 10:51 12.7 6.10 8.49

August 18/19 19:42 - 03:58 25.6 16.3 64.4

August 19 20:21 - 20:53 3.30 6.10 2.76

August 21 22:46 - 22:57 1.27 2.54 0.46

August 24 15:58 - 16:06 0.51 0.51 0.04

August 28 17:04 - 20:14 1.27 1.02 0.11

September 4 22:57 0.25 0.25 0.01

September 8 I 9 12:56 - 00:44 7.87 6.10 7.24

September 21 17:05 - 19:30 4.57 5.57 3.05

September 29 16:38 - 17:04 2.54 4.57 1.56

October 4 06:21 - 18:45 5.59 6.60 4.07

October 7 19:51 - 20:51 0.76 1.02 0.07

October 10 21 :42 - 21 :45 0.51 1.02 0.05

October 11 07:56 0.25 0.25 0.01

October 12 00:39 - 08:48 9.14 4.06 3.78

October 12/13 22:34 - 01 :32 5.84 2.54 1.49

October 23 02:34 - 10:51 5.84 2.03 1.11

October 23 1 24 21:19 - 08:22 8.64 3.05 2.43

October 28 02:25 - 13:34 23.4 6.60 15.8

October 29 08:40 - 10:30 0.51 0.51 0.03

October 31 14:16 0.25 0.25 0.01

April 20 02:06 - 11 :06 3.81 2.54 0.86

May 3 08:46 - 14:40 1.27 2.03 0.22

May 4 12:51-21:25 3.81 1.52 0.50

May 5 08:25 - 09:07 3.56 6.09 3.04

May 12 15:39 -16:43 10.9 12.7 22.9

May 19/20 12:06 - 03:05 13.7 9.14 16.4

May 20 15:31 - 16:52 6.86 9.14 9.65

May 30 12:00 - 12:49 1.02 1.52 0.15

June 7 13:33 - 13:43 1.27 2.54 0.48

June 29 12:08 - 13:26 5.84 9.14 8.64

July 3 13:13 - 22:22 1.02 0.51 0.04

Total 209 346
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Table B4 Summary of the Rainfall Precipitation Events Measured at the TP 6&7

Rain Gauge for the 2000
- 2001 Field Season

Cumulative Max 30 Min

Date Duration
Rainfall Intensity Eho

(mm) (mm/hr) (MJ*mm*ha"1*h"1)

August 10 17:00 0.25 0.25 0.01

August 11 15:13 - 15:40 3.04 6.09 2.62

August 12 14:47 - 16:06 2.29 3.56 0.96

August 13 16:04 - 23:47 25.9 32.0 183

August 14 16:45 - 17:52 1.27 1.02 0.12

August 16 17:46 - 20:42 2.03 2.03 0.45

August 18 02:45 - 11 :45 13.5 6.10 9.16

August 18/19 19:39 - 06:34 25.4 11.6 40.5

August 19 20:23 - 21:03 4.06 7.62 4.21

August 21 22:44 - 23:08 1.02 2.04 0.22

August 23 16:57 0.25 0.25 0.01

August 24 15:59 - 16:07 1.78 3.05 0.99

August 28 17:05 - 20:22 1.27 1.02 0.11

September 4 Data Missing

September 21 17:05 - 19:28 3.81 4.56 2.39

September 29 16:40 - 17:21 2.28 4.57 1.69

October 4 06:25 - 19:23 5.08 6.1 3.58

October 12

October 12/13

October 22

October 23 Data Missing

October 23 I 24

October 28

October 29

October 31

April 20 02:00 - 11 :54 5.59 3.56 1.88

May 3 08: 11 - 14:25 0.76 0.52 0.03

May 4 12:54 - 21:39 9.91 2.54 2.38

May 5 07:05 - 08:37 3.05 3.05 0.94

May 12 15:38 - 16:41 10.4 12.7 21.5

May19/20 12:36 - 02:58 12.2 3.56 5.19

May 20 15:31 - 16:54 6.10 9.65 7.11

May 29 22:00 - 22:08 0.76 1.52 0.09

May 30 11:59-12:55 1.02 2.03 0.26

June 7 13:32 - 14:54 1.27 2.54 0.41

June 29 12:10 -13:39 6.60 10.7 12.4

Total 151 302
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Table B5 Summary of the Rainfall Precipitation Events (>1 mm) Measured

at the MineMill Rain Gauge in 1996

Cumulative Max 30 Min

Date
Rainfall Intensity EI30

(mm) (mm/hr) (MJ*mm*ha"1*h"1)

April 13 1.52 1.02 0.14

May 14 1.27 2.54 0.33

May 26 1.27 1.02 0.12

June 3 1.02 2.02 0.20

June 13 2.79 3.04 0.84

June 14 18.3 16.2 48.4

June 15 3.30 6.09 2.51

June 21/22 6.86 5.08 3.79

June 22 8.89 7.62 8.81

June 26 28.7 10.7 40.2

June 27 4.83 7.10 4.32

June 30 20.1 20.8 76.1

July 1 5.84 10.2 9.24

July 8 17.3 7.62 17.2

July 10 5.08 8.12 5.47

July 12 14.0 12.2 25.5

July 16 8.38 9.64 11.0

July 17 1.27 1.52 0.18

July 18 1.52 3.04 0.49

July 23 2.29 3.04 0.71

July 24 2.03 2.54 0.51

July 25 1.78 3.04 0.56

July 27 3.30 5.08 1.93

July 28 4.32 4.58 2.17

July 29 6.86 10.7 10.5

August 3 14.2 21.2 67.0

August 7 3.56 6.08 2.65

August 8 4.83 5.08 2.79

August 20 1 21 16.8 7.62 14.9

August 21 I 22 12.7 8.12 13.0

August 22 4.06 7.62 4.17

August 23 5.08 2.54 1.24

August 27 5.33 7.62 5.11

August 28 2.29 1.52 0.32

August 29 2.03 2.03 0.39

September 2 3.30 4.56 1.63

September 6 3.30 6.60 2.86

September 12 / 13 1.78 0.51 0.08

September 13 17.0 24.9 81.2

September 14 5.84 4.56 2.91
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Table B5 Summary of the Rainfall Precipitation Events (> 1 nun) Measured

at the Mine Mill Rain Gauge in 1996 (Continued)

Cumulative Max 30 Min

Date
Rainfall Intensity EI30

(mm) (mm/hr) (MJ*mm*ha-1*h-1)

September 15 2.79 1.52 0.38

September 17 118 11.43 17.8 34.3

September 18 4.32 3.55 1.53

September 26 6.10 9.14 7.41

October 19 I 20 10.7 7.11 9.29

October 20 1.27 0.51 0.06

October 22 5.33 5.08 3.16

October 25 3.30 2.54 0.81

October 28 10.2 7.10 8.20

November 3 2.54 1.52 0.35

Total 338 537
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Table B6 Summary of the Rainfall Precipitation Events (> 1 mm) Measured

at the Mine Mill Rain Gauge in 1997

Cumulative Max 30 Min

Date
Rainfall Intensity EI30

(mm) (mm/hr) (MJ*mm*ha-1*h-1)

April 3 /4 7.11 4.56 3.25

April 10 2.03 3.55 0.69

April 12 / 13 4.57 3.56 1.60

April 21 1.52 2.5 0.38

April 23 5.33 5.08 2.89

April 26 1.02 2.03 0.20

April 29 3.81 7.11 3.56

May 6 2.54 4.07 1.12

May 8 18.0 16.2 47.2

May 12 3.30 4.57 1.65

May 19 23.6 16.8 68.4

May 21 6.86 3.56 2.43

May 22 1.78 2.03 0.33

May 30 1.52 2.54 0.38

June 6 3.56 5.59 2.32

June 7 10.7 5.58 6.58

June 8 2.29 1.52 0.32

June 10 8.13 10.7 12.4

June 16 1.02 1.52 0.14

July 10 5.08 5.08 2.96

July 18 1.52 1.52 0.21

July 19 1.27 0.51 0.06

July 26 14.2 18.2 41.6

July 27 5.84 8.12 6.15

July 28 1.52 2.54 0.38

July 29 2.03 2.54 0.51

July 30 4.57 4.06 1.94

August 2 3.81 4.06 1.63

August 3 6.10 6.11 4.32

August 5 3.30 4.07 1.43

August 6 13.2 19.7 45.3

August 7 1.27 1.03 0.12

August 9 4.32 5.59 2.79

August 10 6.60 6.61 5.20

August 13 1.27 2.54 0.33

August 16 1.02 1.52 0.14

August 17 /18 2.79 4.06 1.21

August 25 2.79 4.06 1.23

August 29 3.30 4.06 1.43
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Table B6 Summary of the Rainfall Precipitation Events (> 1 mm) Measured

at the MineMill Rain Gauge in 1997 (Continued)

Cumulative Max 30 Min

Date
Rainfall Intensity Eho

(mm) (mm/hr) (MJ*mm*hao1*h01)

August 30 131 9.65 5.59 6.04

September 6 7.87 14.2 17.6

September 9 1.78 2.54 0.44

September 10 4.06 4.06 1.88

September 11 7.11 5.58 4.68

September 15 5.84 10.2 8.61

September 20 32.0 15.2 66.2

September 21 2.54 1.52 0.35

October 7/8 12.2 9.64 14.1

October 11/12 5.59 3.05 1.71

October 12 3.81 2.03 0.75

October 24 13.0 5.59 7.86

October 25 1.27 1.03 0.12

Total 312 406
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Table B7 Summary of the Rainfall Precipitation Events (> 1 mm) Measured

at the MineMill Rain Gauge in 1998

Cumulative Max 30 Min

Date Rainfall Intensity Ebo

(mm) (mm/hr) (MJ*mm*ha-1*h-1)

April 2 2.29 1.02 0.21

April 7 2.29 2.03 0.43

April 16 2.54 2.54 0.62

April 18 1.02 0.25 0.02

April 26 8.64 7.62 7.65

May 8 1.52 2.03 0.30

May 14 5.33 4.56 2.60

May 21 1.02 2.03 0.20

June 10 3.81 3.04 1.19

June 14 1.02 2.03 0.20

June 24 1.78 1.02 0.16

July 1 5.08 8.12 5.42

July 4 4.57 8.12 5.01

July 617 13.7 7.11 11.4

July 7 16.8 11.6 26.0

July 8 6.35 10.6 9.77

July 9 5.08 4.06 2.21

July 16 1.78 2.03 0.34

July 17 1.78 3.56 0.70

July 22 6.35 7.62 5.84

July 23 3.56 7.11 3.41

July 26 / 27 5.84 2.03 1.14

July 28 3.56 5.08 2.04

July 30 5.84 9.05 7.12

July 31 4.32 8.63 5.38

August 1 6.86 6.61 5.04

August 3 7.37 13.2 15.70

August 4 7.87 8.12 8.09

August 11 1.27 2.03 0.25

August 12 1.02 2.03 0.20

August 13 1.27 2.03 0.25

August 19 6.60 8.63 7.44

August 20 2.79 4.56 1.43

August 21 4.83 7.62 4.01

August 26 2.29 2.03 0.45

August 30 1.02 2.03 0.20

August 31 12.2 11.2 17.1

September 1 / 2 17.3 18.2 51.6

September 10 4.06 7.62 4.17

September 12 1.02 1.02 0.09
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Table B7 Summary of the Rainfall Precipitation Events (> 1 mm) Measured

at the Mine Mill Rain Gauge in 1998 (Continued)

Cumulative Max 30 Min

Date
Rainfall Intensity EI30

(mm) (mm/hr) (MJ*mm*ha-1*h-1)

September 29 I 30 26.2 12.2 44.3

October 1 18.3 14.7 39.9

October 4 9.14 12.7 17.9

October 16 5.84 12.7 8.53

October 22 1.27 1.52 0.18

October 25 I 26 19.3 10.2 25.6

October 26 11.7 9.14 13.6

October 27 8.89 7.11 7.14

October 30 2.54 3.04 0.79

October 30 I 31 21.8 7.52 20.2

Total 326 394
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Table B8 Summary of the Rainfall Precipitation Events (>
1 mm) Measured

at the MineMill Rain Gauge in 1999

Cumulative Max 30 Min

Date Rainfall Intensity EI30

(mm) (mm/hr) (MJ*mm*ha-1*h-1)

April 12 4.32 2.03 0.84

April 20 14.0 12.2 23.2

April 23 17.0 14.2 35.3

April 24 4.06 2.56 1.04

April 28/29 37.8 13.7 71.6

April 30 14.7 6.09 10.8

May 2 5.59 3.24 1.88

May 22 5.59 5.61 3.63

May 23 9.40 7.61 8.75

May 24 7.37 12.2 13.7

May 25 1.52 2.03 0.29

May 26 7.62 8.12 7.69

May 28 5.84 8.12 6.19

June 11 2.54 4.56 1.32

June 12 2.03 2.54 0.51

June 13 3.56 7.02 3.36

June 14 6.10 8.45 6.62

June 15 5.84 7.62 5.48

June 16 5.33 6.60 4.39

June 18 1.78 3.02 0.55

June 20 1.78 1.52 0.24

June 24 4.32 7.62 4.35

July 2 4.83 5.08 2.85

July 4 / 5 6.86 7.62 6.48

July 7 9.14 13.6 19.7

July 8 1.78 2.02 0.35

July 10 3.56 3.04 1.09

July 15/16 4.83 4.56 2.48

July 16 9.65 10.5 14.00

July 17 2.54 3.04 0.76

July 18 2.29 3.56 0.85

July 19 1.02 1.52 0.14

July 20 3.81 3.56 1.38

July 22 1.52 2.03 0.29

July 26 1.02 1.02 0.09

July 28 1.52 3.04 0.49

July 29 4.83 4.06 2.27

July 30 3.05 3.04 0.98

July 31 11.9 12.7 21.3

August 2 5.08 4.56 2.52
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Table B8 Summary of the Rainfall Precipitation Events (> 1 mm) Measured

at the Mine Mill Rain Gauge in 1999 (Continued)

Cumulative Max 30 Min

Date Rainfall lntenslty EI30

(mm) (mm/hr) (MJ*mm*ha-1*h-1)

August 3 4.06 4.56 2.02

August 4 / 5 11.4 5.08 6.14

August 5 1.27 1.52 0.18

August 9 9.91 10.2 15.3

August 13/14 18.5 10.6 25.9

August 14 3.30 5.08 1.56

August 17 1.78 1.02 0.16

August 20 1.52 1.52 0.21

August 25 2.79 5.58 1.94

August 26 27.4 33.7 242.7

September 2 3.05 2.54 0.76

September 5 1.78 3.54 0.69

September 13 / 14 16.0 8.12 15.3

September 16 2.29 2.54 0.58

September 18 1.27 1.52 0.18

September 22 1.27 1.52 0.18

October 5 / 6 15.2 8.12 14.2

October 15 3.05 1.52 0.42

October 18 1.52 2.54 0.38

October 27 4.57 5.08 2.74

Total 384 622
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Table B9 Summary of the Rainfall Precipitation Events (> 1 mm) Measured

at the Mine Mill Rain Gauge in 2000

Cumulative Max 30 Min

Date
Rainfall Intensity EI30

(mm) (mm/hr) (MJ*mm*ha-1*h-1)

April 10 111 7.62 5.78 5.03

April 22 1.27 1.52 0.18

April 30 4.06 4.06 1.72

May 8 2.29 4.06 1.03

May 25 1.78 2.38 0.42

June 2 3.56 5.78 2.26

June 5 2.03 2.54 0.52

June 8/9 2.29 1.52 0.31

June 18/19 10.9 6.81 9.63

June 19 1.27 0.76 0.08

June 24 1.52 2.08 0.31

June 26 1.52 3.04 0.49

June 27 13.2 10.3 14.8

June 29 1.78 3.04 0.56

July 7 3.81 6.81 3.41

July 10 1.79 3.56 0.70

July 14 2.03 2.03 0.39

July 16/17 17.8 13.2 34.7

July 17 20.1 24.7 118.1

July 18 3.30 6.10 3.41

July 26 2.54 5.56 2.31

August 3 3.81 4.56 2.06

August 4 1.27 1.52 0.18

August 6 4.57 6.61 4.52

August 10 1.02 1.52 0.15

August 11 2.79 5.58 2.66

August 12 3.30 4.32 1.67

August 13 16.5 20.8 70.0

August 14 2.29 3.08 0.76

August 16 1.52 2.55 0.44

August 18 13.2 6.1 10.30

August 18/19 26.2 14.2 54.9

August 19 2.29 4.06 1.10

August 21 2.54 2.03 0.48

August 24 9.65 15.2 27.0

August 28 4.32 3.05 1.24

September 8 8.64 5.02 5.15

September 9 0.25 0.25
0.01

September 21 5.59 6.02
4.01

September 29 1.78 2.54
0.49
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Table B9 Summary of the Rainfall Precipitation Events (> 1 mm) Measured

at the Mine Mill Rain Gauge in 2000 (Continued)

Cumulative Max 30 Min

Date
Rainfall Intensity EI30

(mm) (mm/hr) (MJ*mm*ha"1*h"1)

October 4 4.32 2.78 1.23

October 12 6.35 3.56 2.25

October 12/13 5.59 6.02 3.91

October 22 1.52 1.52 0.21

October 23 2.54 2.03 0.48

October 23 1 24 9.40 5.08 5.03

October 28 22.6 8.62 24.0

Total 274 425
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Figure Bl Average Monthly Precipitation for the Mine Mill
Weather Station (1996-2000) and 2000 Monthly Precipitation.
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