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Abstract

Acid rock drainage (ARD) from sulphide bearing waste rock dumps poses a serious
threat to the environment and has become problematic to the mining industry. Water that
is discharged from sulphide waste rock dumps has the potential to be low in pH, thus
having the ability to transport heavy metals. The acid water and the heavy metals in
solution became toxic to the environment. Acid rock drainage from sulphide bearing
waste rock dumps is the most serious environmental liability in the mining industry;
believed to be $3.2 billion for 750 million tonnes of waste rock in Canada alone (Feasby
et al., 1997). The understanding of the characteristics and quantity of water flow through

waste rock has become fundamental.

A complete hydrologic characterization was performed for the sulphide waste rock dump
at Equity Silver Mine Ltd. near Houston, BC (575 km north northwest of Vancouver,
Canada). The characterization of the hydrologic system entailed the investigation of five
elements: geologic structure, topography, surface hydrology, groundwater and water

chemistry.

The hydrologic budget was determined for the waste rock dump. The components are as
follows: precipitation, runoff, sublimation, mass transfer, evapotranspiration, changes in
storage, infiltration and groundwater. Precipitation was measured with an on site weather
station. The runoff was measured for the 1998 freshet with a series of weirs and culverts
that were instrumented to measure runoff water. The remaining surface components were
determined by the SoilCover (1997) model, a one dimensional finite difference heat and

mass transfer program.

The groundwater component was investigated using a numerical model, FEMWATER
(ECGL, 1998), which can solve three dimensional saturated or unsaturated groundwater

flow regime systems.



All of the surface hydrological components are required in order to equalize the surface
water balance for the waste rock dump. The components of the surface hydrological
budget during the one year study period over the area of the waste rock dump are as
follows: precipitation of 642 mm, 94 mm (15 %) runoff, 327 mm (51 %)
evapotranspiration, 27 mm (4 %) infiltration, 97 mm (15 %) sublimation and 97 mm {15
%) mass transfer. The cover system lost 9 mm of water during the one year study period;

thus the net surface infiltration was 36 mm (6 %).

The water balance retationship for the acid rock drainage collection ditch that surrounds
the waste rock dump was evaluated. The contributions to the ditch are: runoff,
infiltration, groundwater discharge and changes in storage. The water balance for the
drainage ditch showed that the acid rock drainage flow reporting to the ditch is
equivalent to 318 mm of water per year over the area of the waste rock dump. The
components of this total flow are estimated to be 36 mm (11 %) infiltration, 27 mm (9
%) runoff, 252 mm (79 %) groundwater discharge and 3 mm (1 %) due to changes in

storage within the waste rock.
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Chapter 1 Introduction

1.1 General Background and Site Description

Equity Silver Mine is located 575 km north northwest of Vancouver (see Figure 1.1).
The mine is located in the central interior of British Columbia in the Omineca Mining
Division (O’Kane, 1995). It is situated in the Buck Creek area at an approximate
elevation of 1,300 m above mean sea level on the drainage divide between Foxy and
Buck Creek (Church and Barakso, 1990). The orebody was discovered in 1967, followed
by construction of the mining facilities in 1979 and the beginning of mining operations in
1980 (Church and Barakso, 1990). The mine ceased operations in 1994 due to lack of
economic minerals. A collection and treatment facility has been operating since 1981 to
abate the acid rock drainage (ARD) problems discovered in 1981. The ARD flows in the
recent past have been extremely higher than expected and virtually unchanged since
placement of 2 soil cover. The high flow rates form the main objective of this thesis. A

detailed drawing of the site plan is shown in Figure 1.2,
The coordinate units shown in Figure 1.2 are specific for the Equity Silver Mine. They

are the UTM (Universal Transverse Murcator) coordinate units minus 6,000,000 for the

northings and the UTM coordinate units minus 670,000 for the eastings.

Page 1
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The mine was an open pit and underground mining operation with a 9,000 tonne per day
mill capacity. The mining operation consisted of a haul truck and shovel method for the
open pits and a scoop tram for the underground portion. Economic minerals were
extracted from the ore by crushing, grinding and floatation circuits. A 120 hectare (ha)
tailings pond north of the mining area was constructed to facilitate the milling operation.
Four economic mineral zones were developed during the operation of the mine and three
waste rock piles were constructed to house the 80 million tonnes (Mt) of waste rock

covering 117 ha of surface area.

Figure 1.3 Diversion and Sludge Ponds and the Water Treatment Plant.

Four mining zones were developed: Southern Tails Zone, Main Zone, Waterline Zone
and the North Zone (north of the Waterline Zone). The Southern Tails orebody
contained 7.2 Mt and milling began in April, 1980 with a 4,000 tonne per day mill. The
Southern Tails orebody production ceased in May, 1984. The Southern Tails Zone Pit is

currently filled with waste rock from the Main Zone Pit and the general area is referred
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to as the Southern Tails Dump in this thesis. The mill capacity increased with a scavenger
circuit installed to recover a greater percentage of the precious metal (Church and
Barakso, 1990). Open pit mining of the 29 Mt Main Zone area began in March, 1983 and
was completed at the end of 1991. The Waterline Zone, northeast of the Main Zone, was
developed for open pit mining in 1988 until closure in early 1994. Underground mining in
the North Zone, north of the Waterline Zone, began in August, 1992 and was completed
in early 1994.

Figure 1.4 Main Zone Pit and Waterline Zone Pit in the background.

The most abundant metallic mineral in the waste rock and the mineralized zones was
pyrite, FeS, (Wright Engineers Limited, 1976) at 3.8 % (Church and Barakso, 1990).
The high pyrite content of the waste rock leads to pyrite oxidation, resulting in acid rock
drainage. Acid rock drainage is defined as the water that is drained through an oxidizing
zone of sulphide minerals. The oxygen in the air and water oxidizes the sulphide minerals.

The water is characteristically low in pH and has the ability to carry heavy metals in
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solution. These heavy metals in solution, coupled with the low pH, migrate through the
groundwater system and have detrimental effects on the receiving environment. Acid

rock drainage is extremely toxic to aquatic life.

The waste rock dump contains 80 Mt of material and has a projected area of 117 ha and
a surface area of 125 ha. The waste rock dump is subdivided into three individual waste
rock dumps: the Main Dump, Southern Tails Dump and the Bessemer Dump. The waste
rock dumps were constructed directly on the cleared ground surface (Klohn Leonoff,
1984). The Main Dump was constructed first with the development of the Southern Tails
Zone in 1980. The Main Dump contains 52 Mt of material and covers 47 ha. Backfilling
of the Southern Tails Dump started in 1985 when the open pit mining operations ceased
in 1984, This dump contains 18 Mt of waste rock with a surface area of 36 ha. The
Bessemer Waste Dump contains 10 Mt of material covering an area of 34 ha. The former

plant site occupies an area of 25 ha.

The waste rock is shown in Figure 1.5, photographed in the fall of 1993. The location is
the north side of the Main Dump, viewed from the Low Grade 2 section. The individual
layers are easily defined in this figure. The inclined layers represent successive end
dumping from trucks during construction of the waste rock dump. The horizontal layers

suggest leveling of the waste rock between end dumping.

A till cover was placed over the dump in partial portions from 1991 to 1997. The cover
consists of 0.3 m of non-compacted till over 0.5 m of compacted till. The purpose of the
cover is to reduce acid rock drainage by limiting oxygen and water flux into the

underlying waste rock.
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Figure 1.5 Waste rock dump prior to till cover placement.

Figure 1.6 Main Dump after till cover placement.
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A water collection system was constructed to transport the acid rock drainage to the
water treatment plant where it is treated with lime to neutralize the acidic water. This
increase in pH causes most of the toxic heavy metals to precipitate, resulting in water

suitable for discharge into the environment.

Figure 1.7 Acid rock drainage collection ditch.

1.2 Purpose and Scope

Equity Silver Mine has been reporting an inequality in the water balance for the waste
rock dump during the past three years. SoilCover (1997) modelling predicts that 3 % of
total precipitation infiltrates through the cover into the dump (Swanson, 1995).
Measurements from lysimeters installed beneath the cover support these values.
However, the seepage discharge collected in the ditches indicates that infiltration rates

through the dump are approximately an order of magnitude greater than the lysimeters
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measurements and SoilCover Modelling. Several explanations may account for this

phenomenon:

1. The cover is leaking in certain areas,

2. The waste rock dump has not yet reached a state of equilibrium and is still
draining water,

3. Groundwater is infiltrating into the waste rock dump in response to a regional
groundwater flow regime system or

4. Infiltration through the cover is higher than expected.

The primary object of this thesis project is to characterize the complete hydrologic

system for the waste rock dump. This characterization includes five major topics:

1. Geologic structure,
Topography,
Surface hydrology,

Groundwater and

e

Water chemistry.

A surface hydrologic (water) budget analysis for the waste rock dump was performed in
order to account for precipitation, mnoff, evapotranspiration, sublimation, mass transfer
(snow) and infiltration. The groundwater component that enters into the waste rock
dump is a part of the regional hydrologic system. The groundwater flow regime for the
waste rock dump area was modelled in order to assess this component. The
determination of the hydrologic components will lead to a clearer understanding of the
surface and regional hydrologic systems and will allow future predictions for acid rock

drainage with respect to variations in climate.




Chapter 1 Introduction Page 10

1.3 Thesis Qutline

This thesis examines the hydrological characterization of a sulphide waste rock dump.
Chapter 2 reviews the current literature available that pertains to this thesis project. The
theoretical principles and processes are included in Chapter 3. A two phase field program
was initiated and is described in Chapter 4. The hydrologic system is characterized in
Chapter 5 while Chapter 6 describes the groundwater modelling program. Discussions
and analysis 15 provided in Chapter 7 followed by the summary and conclusions in
Chapter 8.




Chapter 2 Literature Review

2.1 Introduction

Limited knowledge exists on the quantity and characteristics of water flow through waste
rock dumps but it is crucial in terms of predicting water quantities and quality of the toe
discharge. Determining individual components of the hydrologic budget is difficult and
requires extensive instrumentation; including piezometers, a meteorological station, flow
rates on toe discharge and runoff and the following information: hydrological,
hydrogeological, and topographical data as well as soil properties and water quality.
Most mine sites do not have all of the required instrumentation or data, however, partial
data usually exists and predictions of water movement may be made based on other

extensive studies.

The following sections review the literature pertaining to hydrologic studies on waste
rock dumps or in particular the waste rock dump at Equity Silver Mine. Previous studies
at the mine site are reviewed and hydrogeologic and hydrologic studies on waste rock
dumps are discussed. Literature pertaining to modelling of groundwater flow regimes is

also reviewed.

Page 11
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2.2 Previous Studies at Equity Silver Mine Ltd.

Equity Silver mine is a large acid producing site and several research reports and theses
are available regarding the acid rock drainage problem. A hydrogeological investigation
was conducted by Golder Associates (1983) which preceded Klohn Leonoff (1991b).
The purpose of the Golder Associates (1983) study was to evaluate the quantity and
quality of groundwater in the vicinity of the mine site, to evaluate the impact of mining
activities on the groundwater quality and to estimate the dewatering requirements for the
Main Zone Pit. The report identified several recharge areas including the Tailings Pond
and exposed fractured rock at high elevations. The groundwater flow regime was
depicted as a typical regional flow system and the weathered bedrock was identified as
the primary flow path. The Tailings Pond was indicated as a low risk source of
contamination in the surrounding creeks while the weathered altered Nanika Intrusion
was identified as a high risk in terms of contaminant migration due to its high hydraulic

conductivity and proximity to Bessemer Creek.

Klohn Leonoff (1991b) conducted a hydrogeological study on the mine site. The purpose
of the study was to develop a groundwater flow model for the existing hydrogeology and
subsequently predict post closure groundwater conditions. One of the conditions was
that the Main Zone Pit be full of water. The fractured bedrock was found to be the
primary flow path for the area. Klohn Leonoff (1991b) described the hydrogeology as
groundwater that originates in the uplands to the east and west of the site and flows to
either Bessemer or Getty Creek or local sinks such as the open pits. The local flow paths
are altered by the structure of the fractured bedrock.

Klohn Leonoff (1991b) calculated that approximately 50 % of the average total
precipitation reports to the ARD collection system. Precipitation, watershed areas and
ARD pumping records were used to determine these results. Possible flow paths from the
waste dump to Bessemer Creek vary in length from 250 m to 1,000 m. The travel time

for groundwater to pass through the till and into the weathered bedrock was estimated by
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the computer model to vary between 0.5 and 5 years. Groundwater flow rates in the
weathered bedrock were estimated to be between 1 m/year and 500 m/year. The report
included a water balance over the contributing ARD collection area in order to calibrate
the computer model. The MODFLOW model suggested that a total of 372,000 nr'/year
of water (25 % of total precipitation) passed through the waste rock dump and into the
ARD collection system and 0.3 % may be discharged into the creeks. The groundwater
simulation was run with the Main Zone Pit at a water elevation of 1,300 m. This would
produce an increase of 10 % of the water from the waste rock dump into the ARD
collection system. This increase, however, would be counteracted by decreases in flow
from the Tailings Pond and the Former Plant Site to an overall value slightly lower than

the current conditions.

KPA Engineering Ltd. (1993) performed a surface water hydrological study for the mine
area. The main purpose of the study was to determine maximum flow rates for the design
of drainage ditches. Flood unit discharge curves and hydrographs were determined. The
mean monthly hydrograph yielded an annual average of 10.9 L/s/km’ (not including
seepage) for undisturbed catchments and approximately 9.8 L/s/km’ (not inchiding
seepage) for the waste rock dump. The 24 hour flood hydrograph yielded a 24 hour
average of 700 L/s/km’ for a 200 year return flood event. It is interesting to note that the
report explains that an estimated 95 % of the snow was shed or lost due to evaporation;
however, the ARD flow was in the same magnitude as the runoff. The explanation given
was that groundwater east of the Southern Tails Dump may be entering the waste rock
dump by way of the Southern Tails Zone Pit. The report further suggested that ARD
flows may not be substantially decreased with the soil cover since groundwater will still

enter the dump and emerge as acid rock drainage.

Swanson (1995) studied the moisture movement in waste rock dump covers for wet and
dry conditions. Equity Silver Mine represented the wet site and a mine in Montana
represented the dry site. The soil cover systems were modelled with SoilCover (1997)

which is a one dimensional finite difference model for water movement in soils.
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SoilCover incorporates both heat and mass (liquid water and water vapor) transfer in soil
cover systems in response to atmospheric forcing. The hydraulic and thermal soil

properties were determined for input into the model.

Swanson (1995) determined that the SoilCover model was a valid tool in describing field
conditions. The model calibration required daily readings of climate data to ensure
accurate results. The most important climate parameter was net radiation while the most
critical soil parameter was the saturated hydraulic conductivity and the air entry value.
The modelling suggested an infiltration rate of 3 % of precipitation through the cover
suggesting a low hydraulic conductivity of the cover material. Oxygen diffusion was

calculated as a 98 % reduction from uncovered conditions.

O’Kane (1995) studied the instrumentation and the monitoring of the waste rock cover.
The ability of the cover to reduce the flux of oxygen and water into the waste rock
material was examined. Laboratory and field instrumentation of the cover material was
performed in order to analyze the performance of the cover. The laboratory program
consisted of the analysis of the following parameters: grain size distribution, Proctor
curve, soil-water characteristics and consolidation. A weather station was installed at the
mine site to assess the climate data, including precipitation, air temperature, relative
humidity, wind speed and direction and net radiation. Instrumentation of the soil cover

included: matric suction, gaseous oxygen, soil temperature and water content.

O’Kane (1995) showed that the cover maintained a high degree of saturation throughout
the yearly cycle, thus restricting the ingress of oxygen into the underlying waste rock.
The oxygen concentrations in the waste rock decreased with time supporting the positive
performance of the cover. Lysimeters showed that as low as 4 % of the total
precipitation infiltrated through the soil cover which is close to the 3 % value determined
by Swanson {1995). Infiltration into uncovered waste rock may be as high as 70 % of the
total precipitation (O’Kane, 1995). Soil suction profiles indicated that there was an

upward hydraulic gradient in the soil cover for all periods other than the spring freshet
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and heavy rainfall events in the fall. The study also confirmed that the erosion layer

provided freeze / thaw protection of the lower compacted cover layer.

23 Hydrogeologic Characterization of Waste Rock

Dumps

Whiting (1985) discusses the pollution potential of waste rock dumps in terms of
hydrogeology and hydrology. There is inherently some overlap between these sciences,
hence this paper is also reviewed in Section 2.4. Whiting (1985) also discusses some of
the geochemical reactions that take place within waste rock dumps and the subsequent

characteristics of the quality of discharge water.

The mobility of metallic compounds from the dump is dependant on several factors,
including: composition of the waste rock, hydraulic conductivity characteristics of
underlying soils and bedrock as well as the frequency of bedrock fractures (Whiting,
1985). The major physical factors relating to waste rock dump hydrology is presented in
Table 2.1.

The hydraulic conductivity of waste rock is initially high as the rock is usually dumped
and has not undergone any compression or physical and chemical alteration. The
hydraulic conductivity will, however, decrease with time once subjected to these
processes. The alteration process will lead to channeling in the waste rock dump as the
groundwater will flow in the path of least resistance. The method of dump construction
will lead to stratification or segregation as fine material will typically be separated from
the course material during end dumping. This will result in gross heterogeneity and
anisotropy and hydraulic conductivities may vary over two orders of magnitude
throughout the waste rock (Whiting, 1985). The contrast in material properties within
the waste rock dump may lead to preferential flow paths in the dump (Herasymuik, 1996

and Newman et al., 1997).




Chapter 2 Literature Review Page 16

Smith ef al. (1995) conducted a comprehensive study of waste rock dumps including the
hydrostratigraphy, hydrogeology, monitoring and work plans of waste rock dumps on a
micro and macro scale. The report identifies the importance of understanding water flow
through waste rock due to its effect on the contamination of the environment. Smith et
al., (1995) state the most important parameters for hydrological characterization are:
water content and temperature in the unsaturated zone, water table elevation, discharge

rates at the toe of the dump, rainfall and air temperature.

Smith et al. (1995) examines the hydrostratigraphy by distinguishing the waste rock as
either a rock-like or soil-like material at approximately the 20 % sand content point (by
mass). The method of dump placement can affect the hydrostratigraphy; for example, the
degree of segregation caused by end dumping as opposed to free dumping. This report
recognizes that an infinite number of hydrostratigraphic systems can result, depending on
the texture and placement procedure of waste rock. These systems often include highly

heterogeneous and anisotropic material.

Water tables may develop in waste rock dumps due to the following conditions (Smith et

al., 1995);

® Seepage into the dump as a result of groundwater discharge;

¢ Clogged channels in rock-like waste rock;

s Perched water table due to the topographic lows of the previous ground surface;

e Perched water tables as a result of layers of compacted waste rock on travel
roads or

¢ Perched water tables as a result of a layer of fine material.

Smith et al. {1995) states that the hydrostratigraphy is best characterized by temperature
profiles within the waste rock. The temperature is proportional to the water movement

since the chemical reactions that take place in oxidizing sulphide minerals are exothermic.
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The fluctuation of the water table in response to infiltration is based on the spatial

distribution of hydraulic conductivity (Smith ef al., 1995).

Piezometer water leve! hydrographs are useful instruments in determining the hydraulic
conductivity of the waste rock (Smith er al., 1995). The hydraulic conductivity of a
waste rock dump can also be characterized by using the kinematic wave theory, given an
outflow hydrograph and a rainfall hydrograph. This technique is explained later
(Germann and Beven, 1985),

Herasymuik {1996) examined the physical and hydrogeologic characteristics of a sulphide
waste rock dump. The characteristics of water flow from the exterior of the waste rock
dump to the toe discharge are important in terms of predicting water quality.
Hydrogeologic characterization of waste rock dumps are often difficult, as they are

usually unsaturated, structured and heterogeneous.

Herasymuik (1996) determined the internal structure, hydrogeologic properties and
moisture distribution upon relocation of a waste rock dump. Hence, the characteristics of

the unsaturated heterogeneous flow were determined.

The waste rock dump construction consisted of an end dumped, terraced configuration.
This procedure led to successive tilting layers (40°) of fine and coarse layers. The fine
and coarse layers were predominant as other intermediate layers were insignificant in
terms of varying grain sizes, Thin horizontal layers of compacted waste rock resulting
from haul trucks and leveling practices of bulldozers separated the tilting layers.
Segregation of the waste rock, due to gravity, produced a coarse rubble zone at the
bottom of the pile because of end dumping practices. The waste rock weathered
dramatically with time (Herasymuik 1996). The structure of the waste rock dump can be

seen in Figure 2.1.
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\ Coarse rubble zone

Figure 2.1 Structure of a waste rock dump (after Herasymuik, 1996).

A wetting front was identified at the top of the dump, supported by higher volumetric
water contents of 9 % while volumetric water contents at the base were approximately 2
%. The fine layers had greater ability to retain water during unsaturated conditions and
were thus found to be the main avenue of flow. The hydraulic conductivity was four
orders of magnitude higher for the fine material at the water contents experienced
(approximately 4 kPa matric suction). Water vapor flow was also shown to be a
significant process responsible for water removal from the waste rock dump. The vapor
originates from evaporation of liquid water in the fine layers which is then transported
through the coarse layers (Herasymuik, 1996).

Lopez et al. (1997) uses the kinematic wave theory (Germann and Beven, 1985) to
characterize infiltrating water through a waste rock dump. The flow paths are assumed to
be through vertical channels or macropores and the unsaturated porous matrix. Factors
like toe discharge and rainfall hydrographs are used to determine the internal structure

and hydraulic conductivity of the waste rock dump.
The kinematic wave theory is based on a water balance approach in the channels and the

porous matrix. The channels are assumed to act independently, that is to say, they are not

interconnected. However interconnected channels are the rule rather than the exception

/TIPS
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for waste rock dumps. The formulae charactenize the flow through these channels and the
porous matrix. The time of travel of water through the porous matrix of the dump and
exiting as toe discharge is assumed to be small as compared to the travel time of water
through the channel system. Sorption of water into the porous matrix is also accounted
for and is based on mineral composition and the porous structure of the waste rock. The
toe discharge hydrograph represents outflow from the collective channel groups while
the rain hydrograph represents water input to the system (Germann and Beven, 1985).

The application of the model entails three main steps: 1) Toe seepage hydrographs are
used to determine the range of the base flow recession coefficient. 2) The physical
parameters including number of channels, channel conductance, areal portion of channels
and matrix sorbance coefficient must also be determined. Some of these parameters may
be determined using rain and toe seepage hydrographs. 3) A new toe seepage hydrograph
produced by a rainfall event is constructed and then compared to the observed toe

discharge hydrograph (Lépez et al., 1997).

The kinematic wave theory approach for uncovered dumps was taken using data from an
actual mine site. The results suggest that the kinematic wave theory is applicable in
describing large scale water flow through waste rock piles. There is, however, further
research necessary in describing the water flow recession portion of the hydrograph,
modelling actual rain events as opposed to square pulses and characterizing

discontinuous flow channels (Lopez et al., 1997).

Lopez et al. (1997) stresses the need for the simultaneous collection of internal
hydrogeologic responses in the waste rock, toe seepage hydrograph and rainfall
hydrographs to completely characterize the hydrogeclogy of a waste rock dump using

the kinematic wave theory.

Newman et al. (1997) examined unsaturated preferential flow in heterogencous waste

rock dumps. The theory is based on the characteristics of the hydraulic conductivity
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function and the soil-water characteristic curve. Water flow through a vertical column of
coarse and fine material is measured and modelled as seen in Figure 2.2. The experiment
simulates the water flow through the structure of a waste rock pile that is constructed
from end dumping which results in tilting layers of fine and coarse material. The waste

rock that was modelled was described by Herasymuik (1996) and seen in Figure 2.1.

Applied flux, q

SERRRRNLY

Coarse
material

Fine
material

l

qﬁne coarse
Figure 2.2 Laboratory column experiment (after Newman et al., 1997)

Water flow in saturated soils follows Darcy’s Law, in that the flux is equal to the
hydraulic conductivity multiplied by the hydraulic gradient. The same is true in the
unsaturated zone; however, the hydraulic conductivity is a function of the matric suction.
If the hydraulic gradient is assumed to be one (i.e. the change in hydraulic head is equal
to the change in elevation head), the flux is then equal to the hydraulic conductivity. The
hydraulic conductivity is almost constant in the saturated zone and may decrease several

orders of magnitude in the unsaturated zone, as described by the hydraulic conductivity

A_‘;J_
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function. Coarse materials usually have a high saturated hydraulic conductivity, low air
entry value and a rapidly decreasing hydraulic conductivity with increasing matric suction
while fine materials are usually the opposite as seen in Figure 2.3. This leads to a reversal
in the magnitudes of hydraulic conductivity values for the two materials at the crossover
value. The fine material will have a greater hydraulic conductivity than the coarse

material at matric suctions greater than the crossover value.
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Figure 2.3 Hydraulic conductivity functions (after Newman et al., 1997)

Water initially flows through the fine and coarse layers when a flux is applied to the
surface of both materials. Water flow in the coarse material will transfer to the fine
material once the crossover value of matric suction is reached. This phenomenon is

known as preferential flow. This process will only take place when the applied flux is less

Ve \
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than the saturated hydraulic conductivity of the fine material as illustrated in Figure 2.3.
Preferential flow will not take place at flux values greater than the saturated hydraulic
conductivity of the fine material. This concept is in contradiction to previous speculations

of flow occurring through the coarse macro-pore channels (Newman ef al., 1997).

The suctions of the material will be the same and will fall between the values shown in
Figure 2.3 (¥, and Y¥,). It is clear that the fine material will have a greater hydraulic
conductivity than the coarse, hence the majority of the flow will take place in the fine
material at a value of matric suction in the stated range. Newman e7 al. (1997) states the

partitioning of flow as 97 % in the fine material and 3 % in the coarse.

Newman ef al. (1997) also stated that another crossover of flow would take place near
the water table; in fact the re-crossover will occur at the crossover matric suction. This
occurs because the matric suction decreases as the water table is reached and the values
of hydraulic conductivity change once again (see Figure 2.3). Once saturation is reached,
the coarse material has a higher value of hydraulic conductivity and will thus transport

the majority of the flow (Newman et al., 1997).

An adverse effect on the water quality drained from waste rock dumps will occur if water
flows through fine materials. The fine material has a large surface area per unit mass and
will experience a high degree of oxidation. Oxidizing layers of fine material may also lead

to slope stability problems (Newman ef al., 1997).

2.4 Hydrological Characterization of Waste Rock Dumps

Whiting (1985) reviewed waste rock dump hydrology and the related potential of
polluting the environment. A list of the main factors affecting the waste rock dump
hydrology is listed in Table 2.1 and is grouped into three main areas: physical, chemical
and others (Whiting, 1985),
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Table 2.1 Factors affecting waste rock dump hydrology (Whiting, 1985).

Physical Chemical Others

Stratification pH control Pollution control methods

Channeling Precipitation / hydrolysis Precipitation rates

Segregation Temperature Evaporation

Sorption Alteration Transpiration

Foundation Oxidation

Hydraulic conductivity Solution type

Construction method

Infiltration into waste rock dumps can originate from rainfall, snowmelt, runoff from
surrounding regional areas and groundwater discharge into the dump (Whiting, 1985).
Precipitation onto the dump cannot be avoided, however, diversion ditches can be
constructed to divert runoff water from the dump itself and surrounding regional areas.
Groundwater discharge into waste rock dumps can be partially controlled with drainage

ditches, pumps, varying pond heights with pumping, etc. (Whiting, 1985).

Runoff from waste rock dumps is dependant on the following factors: transpiration and
evaporation characteristics, infiltration into the dump and underlying materials plus
topographic features of the dump and the surrounding regional arca that is within the
catchment area (Whiting, 19835),

A comprehensive hydrologic budget analysis was performed by Isabel et al. (1997) on a
large acid producing waste rock dump in eastern Canada (L.a Mine Doyon, Quebec). The
purpose of the study was to determine the amount of infiltration into the waste rock,
which 1s discharged as acid rock drainage. The objectives of the report were as follows:
build a hydrologic database, present methodologies for monitoring hydrological
processes and to present a comprehensive hydrologic budget for the waste rock dump.

The hydrologic budget equation used in this analysis is shown in Equation [2.1].
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P-R-AS-ET-G-B=0 [2.1]

Where: P = Total precipitation (mm)
R = Runoff (mm)
AS = Change in storage (mm)
ET = Evapotranspiration (mm)
G = Groundwater seepage (mm)

B = Base flow (mm)

The methodology used by Isabel ef al. (1997) to assess the components of the hydrologic
budget were derived from measurements of the following instruments: weather stations,

welr stations, piezometers and lysimeters.

Isabel et al. (1997) determined precipitation using meteorological data from a weighted
average of three surrounding regional weather stations. The total precipitation in 1991

and 1992 was 832 mm and 875 mm respectively, with a mean precipitation of 8§55 mm.

Runoff was calculated using base flow separation from hydrographs measured at weir
stations based on the rainfall hydrograph. The average total runoff coeflicient was about
0.06 (or & % of total precipitation), which represents the waste rock dump and a portion
of the surrounding area (47 % of the total area) that was included in the weirs catchment
area. The runoff was the surface runoff only, which excluded surficial flow and base flow
or groundwater recharge. The runoff coefficient was analyzed in terms of surface type
and topography. Portions of the waste rock dump were steep while others were level and
the surface types are composed of vegetation, earth fill, bedrock outcrop and waste rock
(Isabel et al., 1997).

Isabel er al. (1997) states that the change in storage should not exceed 5 % of total

precipitation and the waste rock is assumed to be at this value. The water contents within
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the dump have not yet increased to a state of equilibrium; thus, the maximum amount

was assumed.

Evaporation from the uncovered waste rock surface was calculated at 57 % of the total
precipitation by using the hydrologic budget equation seen in Equation [2.1].
Transpiration was assumed to be negligible since no vegetation exists (Isabel et al.,

1997).

In order to calculate the groundwater flow component, the groundwater flow regime was
modelled using MODFLOW (a three dimensional finite difference groundwater model)
which runs within the GMS interface. The geology consisted of 130 m of deep bedrock
overlain by 5 m of fractured bedrock with hydraulic conductivities of 3.45 x 10 m/s and
1.04 x 10°° nv/s respectively. A 5 m silty clay layer covers the fractured bedrock with a
hydraulic conductivity of 6.98 x 107 m/s. The 30 m thick waste rock has a hydraulic
conductivity of 1.00 x 10” m/s. Upon model calibration, 8 % of the total precipitation
flowed out of the waste rock dump and mto the regional groundwater flow regime
system, suggesting that the dump was located in a groundwater recharge area (Isabel er

al., 1997).

The base flow into the waste rock was calculated at 23 % of the total precipitation from
the results of MODFLOW. The base flow yielded 25 % of total precipitation using the
base flow separation technique; however, the 23 % value was used in determination of

the hydrologic budget (Isabel ef al., 1997).

The runoff and base flow at the waste rock dump are the source of acid rock drainage.
The total acid rock drainage flow rates are approximately 200,000 m’ of water per year.
This translates into 29 % of the annual precipitation (855 mm) that falls on 81.8 ha of
area (Isabel ef al., 1997).
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The infiltration is the sum of the base flow, change in storage and water lost due to
groundwater seepage. Hence, the total infiltration was calculated to be 36 % of the total
precipitation which agrees with field lysimeter readings (Isabel ef al., 1997).

Isabel er al. (1997) states that the hydrologic budget does not explain the dynamic nature
of water flow in waste rock which is needed to calculate physical and geochemical
processes. The need for calculation of evapotranspiration based on the energy budget is
also stressed by Isabel ef al. (1997). The individual components of the hydrologic budget

are illustrated in Figure 2.4.

Precipitation = 855 mm

Tl aion B low s ASiags T | !
Groundwater seepage= 315 mm (37 %)
alo) = ol
o Evapotranspiration =
0 o 490 mm (57 %)
RD | T 0ig :
u® A Storage = 45 mm (5 %)

Figure 2.4 Components of the hydrologic budget for La Mine Doyon (after Isabel et
al., 1997).

Ghomshei et al. (1997) performed a water balance on a 9.6 Mt waste rock dump with an
area of 13.9 ha. The waste rock is blended with carbonate-bearing ultra-maffic rock and
covered and reclaimed with glacial till. The purpose of the hydrologic budget was to

provide some background to the geochemical examination.

Precipitation was calculated by correcting data from nearby weather stations (Ghomshei
et al., 1997).

il \
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The snow pack on the dump was found to melt and subsequently evaporate due to the
exothermic process of oxidizing sulphides during previous freshets; thus, runoff is
minimal and assumed negligible. The runoff from the surrounding area is diverted from
the waste rock dump; thus, it is not included in the hydrologic budget (Ghomshei ef al.,
1997).

Changes in storage exist on a monthly basis as infiltrating water during snowmelt may
take many months to report to the toe discharge. However, all of the stored water
throughout the year will be drained; thus changes in storage is nil in terms of a yearly
hydrologic budget (Ghomshei et al., 1997).

Evaporation from the dump surface was calculated using the hydrologic budget equation

as seen in Equation [2.1] (Ghomshei et al., 1997).

Areas surrounding the dump did not experience melting of the snow pack prior to the
freshet. The diverted runoff flow is instrumented with a weir as is toe discharge.
Correlations between the weir hydrographs and waste rock dump piezometers suggested
that 80 % of the water that infiltrates the surrounding arca enters the dump as
groundwater discharge. This flow migrates directly to the base of the dump and
subsequently to the toe discharge resulting in a zero storage factor. Losses due to

groundwater are assumed negligible (Ghomshei et ai., 1997).

Base flow during the freshet accounts for a change in water content of approximately 0.5
to 1 % in the waste rock. The water percolates slowly through the dump to the toe
discharge over a period of many months. This water is responsible for 30 to 50 % of the
toe discharge over the three month freshet period and may be as high as 100 % of the toe
discharge during the winter months {Ghomshei et al., 1997).

The total water infiltrating through the dump becomes primarily base flow as changes in

storage within the waste rock and losses due to groundwater are nil. Thus, the total flow
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through the dump is derived from base flow and infiltrating groundwater from areas
surrounding the waste rock dump. Peak flow from the toe discharge was 14 L/s during

1996 (Ghomshei et al., 1997).

Ayres (1998) studied the net water flux through a uranium mill tailings pile and natural
ground surfaces in order to assess the degree of saturation of the tailings, which relates
to environmental concerns like radon gas emissions. A field and laboratory
instrumentation program was initiated in order to measure or calculate the individual
components of the water budget. These values were used to calibrate the soil-atmosphere

mode] used in the analysis (Ayres, 1998).

The tailings area was situated in a groundwater discharge area and the net infiltrating
water flux was found to be 9 % of precipitation. The natural ground surface was situated
in a groundwater recharge area and had an mfiltration rate of 36 % of precipitation
(Ayres, 1998).

2.5 Modelling Using FEMWATER

The Groundwater Modelling System (GMS) is a graphical interface that supports a wide
variety of groundwater analysis codes. These codes include finite difference flow models,
finite difference contaminant transport models, two dimensional finite element flow
models, etc (ECGL, 1998). FEMWATER is one of these analysis codes and is a three
dimensional finite element saturated and unsaturated flow and transport numerical model
(Lin er al, 1997). Jones et al. (1995) critiqued the FEMWATER modells ability to

perform groundwater simulations and its role in practical applications.

Many finite difference, three dimensional flow and transport models have been developed
in the past with little success in terms of an accurate grid design. Finite difference models
are preferred due to ease of construction and solving method. These models do,

however, lack the flexibility in grid design to accommodate elements in problem areas;
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for ¢xample, highly unsaturated or large gradient areas. Another problem with finite
difference grids is their inability to correctly represent the hydrostratigraphy.
FEMWATER has attempted to eliminate these problems with the development of a three

dimensional flow and transport finite element model (Jones et al., 1995).

Jones et al. (1995) explains the three dimensional finite element mesh construction within
GMS. The mesh may be constructed with borehole data or a series of three dimensional
iso-surfaces. A series of borchole logs can be imported into GMS and a mesh may be
generated based on the borehole data. The iso-surfaces are a three dimensional plane that
represent the interface between stratigraphic zones. These iso-surfaces may be projected
onto a two dimensional mesh in order to create a three dimensional mesh. The nodes are
created by using the horizontal dimensions from the two dimensional mesh and the
elevation dimension from the iso-surface. The mterconnection of these nodes forms the
three dimensional mesh. Two dimensional meshes may be constructed with similar tools.
The resulting three dimensional mesh may be edited with a number of editing tools. Non-
continuous geology may be simulated with renaming or deleting certain layers of

clements (Jones et al., 1995).

Visualization of post-processed results is extremely versatile in GMS. Color contoured
data may be displayed in any view including cross sections. A number of animation tools
are also available to view most transient processes including particle tracking, iso-surface

data , flow traces and data along cross sections (Jones et al., 1995).

Jones et al. (1995) presents a sample application of a groundwater simulation for a
drainage basin with over 500 m of relief. The geology consists of bedrock, weathered
bedrock and fractured bedrock. The rehef and geology suggest a need for a three
dimensional saturated unsaturated numerical model. Attempts to model this groundwater
system proved to be unsuccessful with a three dimensional finite difference model. Steep
gradients over small step-like elements were the cause of the problem. The same problem

was simulated using FEMWATER where modifications to the mesh were made with the
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ease of mesh editing provided by GMS. The resulting FEMWATER model was assumed
to be valid.

Lin and Deliman (1995) performed two separate groundwater simulations using
FEMWATER. The purposes of the simulations were to examine alternative technmques to
lower a groundwater table on agricultural land and to assess the implications on
groundwater quality due to herbicide application on agricultural land. The analysis was
based on a three dimensional finite eclement model and utilized a coupled density
dependant flow and transport simulation. In addition, portions of the porous media were

unsaturated.

The first case study pertained to a high water table that developed during the wet season
which had adverse effects on agriculture and residential housing. A number of control
structures were constructed in order to correct these problems, with little success. The
surficial geology consists of a highly permeable aquifer and groundwater flows into the
aquifer with ease during the wet season causing the high groundwater table period. The
implementation of a cut-off wall was successfully modelled using FEMWATER. The
model showed that a 18 m deep cut-off wall lowered the groundwater table by 0.3 m
from the normal level during the wet season {(Lin and Deliman 1993).

The second case study examined the consequences of applying the chemical Atrazine to
agricultural land. Groundwater flow and chemical transport were modelled followed by a
sensitivity analysis. The simulation was run over a typical growing season for a corn field.
Chemical diffusion and mechanical dispersion were assumed to be negligible as advection
is the dominant transport process; accordingly the associated parameters were set to
zero. The model showed that the Atrazine was confined only to the surficial soils and did
not enter into the deep soil layers. Atrazine could not be detected at the end of the
simulation due to its adsorption to clay and organic colloids, which is typical of this

herbicide (Lin and Deliman 1995).
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Sensitivity analysis of the model indicated that the Atrazine concentrations increased and
decreased congruently with the application rate. The model was not affected by any

significant amount with variations in the decay term (Lin and Deliman 1995).

Uwiera (1998) performed a FEMWATER flow and transport groundwater simulation at
a potash tailings site where the characteristics of brine migration from the tailings pile
was studied. The flow processes include advective flow, diffusive flow and density-
dependant flow, all of which may be modelled in FEMWATER. The studied showed that
brine migration will escape the containment area and be released into an adjacent aquifer

at a concentration of 100 g/L.

2.6 Summary

Literature pertaining to hydrological and hydrogeological processes in waste rock dumps
is limited. This is due, in part, to the extensive instrumentation required to completely
characterize the hydrological system. Individual components of the water budget must be

known in order to correlate rainfall to toe discharge from a waste rock dump.

A water balance problem exists at Equity Silver Mine, as the individual components of
the water budget are not known. Hydrological characterization of the mine site will help
explain the water balance problem and will shed light on future predictions of acid rock

drainage and remedial techniques.




Chapter 3 Theoretical Background

3.1 Introduction

The theoretical background to the processes involved in this study are presented here.
The hydrologic budget equation is examined at the soil-atmosphere layer and on a
regional scale. The purpose of the regional hydrologic budget is to account for all
components of water flux in a specific system, for example, a waste rock dump. Future
predictions of water movement may be made once the water balance components of a

system are determined.

The formulation of transient, three dimensional, anisotropic, unsaturated, heterogeneous
groundwater flow is developed. The modified groundwater flow equation that

FEMWATER uses to solve groundwater simulations is examined.

There are numerous procedures to solve groundwater flow problems, including analytical
and numerical methods - FEMWATER uses the finite element method to numerically
solve problems. An iterative method of solving the groundwater flow equations utilizing
the finite element method is used in order to reach a solution within specified error hmits.

Other methods of solutions are also briefly covered.

Page 32
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3.2 Hydrologic Budget Equation

The hydrologic budget equation is a water balance relationship used to account for
specific components of water. The water balance relationship can be applied at the soil-

atmosphere interface and for a regional system such as a waste rock dump.
3.2.1 Soil-atmosphere Interface Hydrologic Budget Equation

The hydrologic budget equation may be applied at the ground surface to individual
watersheds. The one dimensional surface hydrologic budget equation is shown in

Equation [3.1].
P-R-ET-1-M-S=0 [3.1]

Where: P = Total precipitation (mm)
R = Runoff (mm)
ET = Evapotranspiration (mm)
1 = Infiltration (mm)
M = Mass transfer of snow (mm)
S = Sublimation of snow (mm)

Total precipitation originates from rain and snowmelt and acts as the input to the system.
Runoff is the overland flow which contributes, in part, to the river systems. Evaporation
is simply the transformation of liquid water to water vapor which then enters the
atmosphere. The uptake of liquid water by plants and subsequent lose of water vapor
through the plants pores or stomata is termed transpiration. The combined effort of
evaporation and transpiration is termed evapotranspiration. Portions of snow may be lost
to sublimation which is the evaporation of water vapor from the solid snow surface.
Some snow may also be lost due to wind and is termed mass transfer. Accurnulation of

snow may also result and hence this term wili become negative. The remaining portion of
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water that passes the soil-atmosphere interface is termed the infiltration. The terms used

in Equation [3.1] are illustrated in Figure 3.1.

g g Evapotranspiration Sublimation
Mass transfer
: e

Figure 3.1 Terms used in the surface hydrologic budget equation.

3.22 Waste Rock Dump Hydrologic Budget Equation

The principles of the soil-atmosphere hydrologic equation may be applied to some
regional systems. Storage factors and recharge or discharge of groundwater must be
taken into account in a waste rock dump hydrological system. Hence, the hydrologic
budget equation must be modified in order to include these terms to form a water balance
relationship, shown in Equation [3.2] (Isabel et al., 1997). The components of flow for
the waste rock dump hydrologic system are illustrated in Figure 3.2.
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P-R-AS-ET-GS-B-M-S=0 [3.2]

Where:  AS = Change in storage (mm)
GS = Groundwater seepage component (mm)

B = Base flow (mm)

m

Precipitation g Sublimation

Infiltration Mass transfi

Figure 3.2 Terms used in the regional hydrologic budget equation.

Changes in storage in the unsaturated zone can occur, but this term usually approaches
zero over a long period of time. If, however, the waste rock dump has recently been
constructed and a state of equilibrium has not been reached, the change in storage may
not be zero. The value is positive if the water content in the unsaturated zone is
increasing or if this zone is wetting up. The value is negative when the unsaturated zone

is draining water.

[T
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The groundwater seepage term takes into account the contribution or recharge to the
regional groundwater flow regime system. This term is also referred to as deep

percolation.

The base flow term in Equation [3.2] is the amount of water that is contributed to the
local groundwater system which drains into a nearby stream. This flow component
reports to a stream through seepage areas. The base flow is derived from water that is

released from storage in the unsaturated zone.

The infiltration into the media at the soil-atmosphere interface will be the sum of changes
in storage, groundwater seepage and base flow and is shown in Equation [3.3] (Isabel er
al., 1997).

1=AS+GS+B [3.3]

The water that contributes to the water table is termed the net infiliration and will be the

infiltration less the changes in storage as shown in Equation {3.4].

NI=1-4AS [3.4]

Where: NI = Net infiltration (mm)

The net infiltration will be divided into the base flow and groundwater seepage as shown

in Equation [3.5}.
NI=B+GS (3.5]
If the waste rock dump is located on a groundwater recharge area, the groundwater

seepage flow must be included. However, if the waste rock dump is situated on a

groundwater discharge area, the groundwater term is neglected in Equation {3.2},
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Equation [3.3] and Equation {3.5]; or all net infiltration is equal to base flow. In a
situation where the waste rock dump is situated on both a groundwater recharge and
discharge area, the groundwater seepage term must be used in both equations. The
groundwater discharge term must be used in the waste rock dump water balance

relationship explamed later,

If Equation {3.3] is substituted into Equation [3.2], the result is identical to the soil-

atmosphere hydrologic budget equation [3.1].

Another water balance relationship may also be developed at the collection ditch at the

toe of the waste rock dump as shown in Equation [3.6].

Qqty

WT

=yR+GD+B+AS [3.6]

Where: Qg4 = Flow in the collection ditch (L/s)
ty = Time that the flow in the collection ditch occurs (s)
Awr = Area of the waste rock dump (m?)
¥ = Runoff collection coefficient

GD = Groundwater discharge component (mm)

The units of flow in the ditch must be corrected to accornmodate the remaining terms.
They are multiplied by the time and divided by the area of the waste rock dump. Some
portion of runoff may be diverted off the waste rock dump by surface drainage ditches.
This portion entrained in the collection ditch must be accounted for and is represented by

a runoff collection coefficient multiphied by the runoff component.

Groundwater discharge that enters the dump will report to the collection ditch if the

waste rock dump is situated in a groundwater discharge area. Groundwater seepage does



Chapter 3 Theoretical Background Page 38

not enter into the toe discharge collection ditch and is therefore not included in Equation

[3.6].

The waste rock dump may not be in equilibrium with respect to water content, if for
example, a covered waste rock dump was uncovered for some period of time. The waste
rock would come to a state of equilibrium during uncovered conditions. Water will
continue to drain out of the waste rock when the cover is constructed and the infiltration
decreased. Thus, the change in storage term must be included in the waste rock dump

hydrological budget equation.

3.3 Formulation of Groundwater Flow

This section describes in detail the derivation of the three dimensional groundwater flow
equations and associated auxiliary equations, which include the boundary conditions and

initial conditions.

3.3.1 Derivation of the Three Dimensional Groundwater Flow

Equations

The equations that describe groundwater flow are based on the law of conservation of
mass which 1s applied to a representative elementary volume. The representative
elementary volume is a small cubic unit of porous media that accurately represents a total
volume of porous media and has equal dimensions on all sides. The representative
elementary volume includes the soil particles, water and air and is shown in Figure 3.3.
The units in the equations will be in SI units, however, any consistent unit of

measurement may be used.

The law of conservation of mass states that the mass flow rate into one side of the cube

minus the mass flow rate out of the opposite cubic face must be equal to the change in
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mass stored per unit time. The law of conservation of mass is simplified in Equation
[357);

Qm, -Qm,, =5 3.7)

Where:  Qmj, = Mass flux of water into an elemental face (kg/s)
Qm,,, = Mass flux of water out an elemental face (kg/s)

M = Mass of water stored within the element (kg)

t = Time (s)
, (Pg,+ (pa,)dz)dxdy
A
y (pqﬁa—a}; (Pq,)dy)dxdz
P X
(Pa+ 2(pq.)dx)dydz
pqdydz Qaé.ﬁ‘tﬁ.&tf ﬂ' "pj
.g, E@. ﬂ;ﬂ’ f/
a3
pq,

pq.dxdy

Figure 3.3 Representative elementary volume for groundwater flow.

Mass flux per unit area may be defined as the density of water (p) multiplied by the flux

rate (q), as seen in Figure 3.3. Hence, the mass flux will be the mass flux per unit area

. (O
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multiplied by the respective area, which in this case is the dimensions of the

corresponding clemental face.
Qm = pgA 13.8]

Where:  p = Density of water (kg/m’)
q = Water flux (m/s)
A = Area of the elemental face (m’)

Equation [3.8] must be applied to all of the input sides of the cube. The output sides of
the cube are determined by using a Taylor Series approximation of Equation [3.8] and
neglecting the higher order terms (Istok, 1989). The six three dimensional mass flux
terms in the representative elementary volume may be implemented in the law of

conservation of mass (Equation [3.7]) and is presented in Equation [3.9].

{pqx —[pqx +j%(pqx)d>(}}dyd2+{pqy ﬁ[pqy +%(pqy)dyJ}dde+

5 oM
{pqz - [pqz +=—(pa, )dZ}}dxdy = [3.9]

Where: dx, dy and dz = Dimensions of the representative
elementary volume (m)
x, y and z = Three dimensional normal Cartesian axis

directions

Equation [3.9] may be simplified into Equation [3.10].

0 oM
- {g(pqx )dX}dydz - {g(m y )dy}dxdz - [g;—(pqz)dz}dxdy =—-3.10]
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The total volume of the representative elementary volume (dxdydz) appears in each term
of the left hand side of Equation [3.9]. The total volume may be collected and placed on
the right hand side of Equation [3.9] as shown in Equation [3.10].

1 oM

8 3 5
*g(pm)-g(pqy)—gg(mz)zvt’g [3.11]

Where: V= Total volume of the representative elementary volume

(m’)

The total volume may be taken into the mass partial differential. The mass of water

stored in the element may be expressed as the density of water muitiplied by the volume

of water.

9 9 8 af v
-g(pqx)—ay(qu)—g‘Z‘(pqug(Pij] 3.12]

Where: V., = Volume of water stored within the representative

elementary volume (m’)

The volume of water stored within the element divided by the total volume of the

representative elementary volume is the volumetric water content.

K d d 2
—?&(pqx)-g(pqy)—gz—(pqz)=g(09w) [3.13]

Where: 6, = Volumetric water content of the representative

elementary volume
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Darcy’s Law empirically describes flow through porous media and is presented in
Equation [3.14].

oh
Q=K [3.14]

Where: K= Hydraulic conductivity (m/s)
h = Hydraulic head (m)

1 = Length between head measurements (m)

Substituting Equation [3.14] into Equation [3.13] results in Equation [3.15].

%(pr %J +%[DK %yh—] +—(pK£ g};] = g(pe ) [3.15]

The hydraulic conductivity is nearly constant in the saturated zone and may vary over
several orders of magnitude in the unsaturated zone. The hydraulic conductivity is a

function of the negative pressure head (matric suction).
The total hydraulic head is equal to the pressure head (elastic energy) plus the elevation

head (potential energy). Using this relationship and the chain rule, Equation [3.16] may
be derived and is referred to as the Richards Equation.

ai(PKX?Ewa;)’fg;(PK Z}") a(pK(?i D=§(pew) 13.16)

Where:  y = Pressure head (m)

Equation [3.15] or Equation [3.16] is the transient three dimensional unsaturated,

heterogeneous anisotropic groundwater flow cquation expressed in terms of hydraulic
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head or pressure head respectively. Alternatively, the volumetric water content may be
expressed as the porosity multiplied by the degree of saturation on the right hand side of
Equation [3.15] and Equation {3.16].

Directional derivatives are commonly expressed in del {V) notation or as gradients (grad)

(Stewart, 1991). Del notation is common in expressing three dimensional groundwater

flow formulae. An example of del notation is given in Equation [3.17].

of
Vi ik [3.17]

Where: = Some function

i, j and k = Umit vectors in the positive X, y and z directions

Del notation may be applied to Equation [3.15] and shown in Equation [3.18].

V[pKV(h)] = %(p@w) 3.18]

The hydraulic conductivity, K and hydraulic head, h become tensors when Equation
[3.18] is used.

3.3.2 Auxiliary Equations

Initial conditions must be specified for all transient problems. The imtial conditions for a
groundwater flow problem are the initial values of hydraulic head at each node in the

mesh or grid and is expressed in Equation [3.19].
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h = h,(x,y,2) (3.19]

Where:  h; = Initial hydraulic head (m)

The Dirichlet boundary condition is a prescribed value of hydraulic head at a the soil-
water interface. Examples of Dirichlet head are found at ponds, rivers and coastal lines

and is presented in Equation [3.20].
h=h,(x,y.z1) [3.20]
Where:  hy = Dirichlet hydraulic head (m)

The flux boundary condition describes the flux across a houndary face due to a gradient.
This form of boundary condition applies to the known infiltration rates into specific
layers (Lin et al., 1997) and is shown in Equation [3.21].

~X(Vh}=q{x,y,%1) [3.21]

The variable flux boundary condition applies to the soil-atmosphere interface and
simulates evaporation and seepage due to precipitation processes. The condition is
variable since it corresponds to a flux boundary condition or a Dirichlet boundary
condition depending on the potential evaporation, the hydraulic conductivity of the
media, the availability of water and the level of groundwater (Lin et al., 1997). The

variable flux boundary condition is presented in Equation [3.22].
~K(Vh+Vz) = g(x,y,2.1) [3.22]

The flux in Equation [3.22] refers to infiltrating water or evaporating water based on the

conditions stated above. If the capacity of the soil or rock is exceeded due to high
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precipitation, the subsequent ponded water will be represented by the Dirichlet boundary
condition. The reverse holds true when water is removed from the soil-atmosphere
interface and a lower limit of pressure head results. The boundary condition switches to a

Dirichlet boundary condition when this limit is reached (Lin ef al., 1997).
34 Formulation of FEMWATER

This section will develop the governing equations for Darcian groundwater flow used in

FEMWATER. The formulation begins with Equation [3.23] (Lin ez a4/, 1997).

k 8
v{%(w + ngz):I ~V(pnSV,)+pg, = a(an) [3.23]

Where:  k = Intrinsic permeability (m?)
p = Dynamic viscosity (kg/m/s)
S = Degree of saturation
g = Acceleration due to gravity (m/s’)
V, = Velocity of the deformable material due to
consolidation (m/s)
qs = Internal source or sink flux rate (m’/s/m’)

z = Elevation head (m)

Equation {3.23] may be compared to Equation [3.18] that was developed mn the previous
section. The first term on the left hand side of Equation [3.23] describes the ability of the
fluid to have various densities. The term therefore relates back to the basics of the energy
of fluids (Frind, 1982). Density dependant flow or mass transport mechanisms will not be
discussed as they are out of the scope of this project. With this assumption, the first term
on the left hand side of Equation [3.23] will match the left hand side of Equation [3.18].
The second term on the left hand side of Equation [3.21] accounts for the consolidation

of the material while the third term adjusts for pumped or injected fluid into the system.
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Fluid may be pumped out through wells or sumps while injection wells may introduce
water into the media and must be included in the FEMWATER formulation to ensure
water balance. The right hand side of Equation [3.23] has substituted the volumetric
water content for the porosity multiplied by the degree of saturation, thus it also matches

Equation [3.18].

Equation [3.23] simplifies to Equation [3.24] by a series of substitutions, general

assumptions and rules of calculus (Lin et al., 1997).

V[KV(B)]+q, = th—h [3.24]

Where:  F = Storage coefficient (1/m)

The storage coefficient is expressed in Equation [3.25] (Lin et al., 1997).

apgd &s
F= P 6000 4+ne— 3.25]
n

O

Where: o = Compressibility of the media (1/Pa)
B = Compressibility of the water (1/Pa)

Substituting Equation [3.24] into Equation [3.25] is shown in equation {3.26] and is the
equation used by FEMWATER to solve groundwater flow problems.

opgd dS) ch
VIKV(h)]+q, =( pi ™ 4+ Bpgd, + ng) P [3.26]

'
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Equation [3.26] does not include the density dependant flow or mass transport
mechanisms as described previously (Lin et al., 1997). The procedure used to solve

Equation [3.26] is discussed in later sections.

35 Solving Groundwater Flow Problems

The solution to the partial differential equations and auxiliary equations that were
developed in Section 3.3 tends to be difficult due to the complexity of these equations.
Many alternative methods of solutions are available and some are presented in this

section.

3.5.1 Introduction to Solving Groundwater Flow Problems

A conceptual model is usually the first step in the development of a groundwater model.
The conceptual model describes the major physical processes that are present in the
desired system which must then be explained in terms of a mathematical problem. The
mathematical problem consists of a set of partial differential equations that describe
groundwater flow, and auxiliary equations which explain initial and boundary conditions.
A flow chart explaining problem solving techniques for groundwater simulations is

shown in Figure 3.4 followed by an explanation.

Analytical methods attempt to solve a partial differential equation using calculus based on
boundary and initial conditions (Fetter, 1993). The separation of variable technique is
often used to obtain solutions or equations for analytical problems (Freeze and Cherry,
1979). Gross restrictions are usually put on the analytical solutions; for example, the
porous media must be homogenous and of simple geometry (Fetter, 1993). The analytical

method does, however, provide a solution that is simple to compute.

Two types of problems are considered under the analytical method: boundary value

problems and initial value problems. Boundary value problems are a steady state model.
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Boundary conditions such as constant head (pressure or total), constant recharge rates,

constant pump rates, etc. may be applied to the groundwater model.

Problem

Conceptual problem

Mathematical problem

/\

Analytical method

Numerical method
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Figure 3.4

Problem solving methods for groundwater simulations.
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The initial value problem is similar to the boundary value problem. This model is transient
and simulations with transient boundary conditions may be performed. Initial conditions
must also be applied to all points in the model. These problems tend to be more complex

in nature.

The numerical method solves the partial differential equations using the numerical
method of analysis (Fetter, 1993). The numerical method offers a discrete approximation
to problems with complex physical properties and geometry, but requires numerous
calculations (Istok, 1989). This task is lessened by the use of digital computers which

have the ability to perform numerous calculations quickly.

Finite difference refers to a simple calculation applied to nodes on a discretized grid
consisting of quadrilaterals. The finite difference method is based on approximating the
derivatives of the function, resulting in a solution only at the discrete points (Lin et ol.,
1997). Darcy’s Law may be applied to nodes in a quadriateral grid. The heads at
individual nodes may be calculated based on a water balance approach applied at each
node. For n number of nodes there will be n linear equations, hence the problem may be

solved (Freeze and Cherry, 1979).

The finite difference method has many advantages, including: simple problems are easily
solved, abundance of literature, successful algorithms are available to solve the system of
equations and the accuracy is good (Istok, 1989). There are, however, some
disadvantages: problems are restricted to portions of quadrilateral geometry, the
directions of anisotropy must be congruent with the coordinate directions and inaccurate

solutions with respect to mass transport problems (Istok, 1989).

3.5.2 The Finite Element Method Used in FEMWATER

The finite element method used in FEMWATER is a numerical method of solution (see
Figure 3.4) similar to that of the finite difference method. The finite element method is
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based on approximating the head function, resulting in a spatially continuous solution
(Lin et al., 1997). The model consists of an irregular network of triangular or
quadrilateral elements. The finite element method calculates an error associated with the

heads at each node and then attempts to reduce this error to a prescribed limit.

The first step in solving a finite element problem is the construction of a nodal grid. The
nodes should be placed at problem boundaries, layer boundaries, point source or sink, or
any other point where a solution is desired. Node spacing should decrease in regions
where high gradients are expected. The nodes shouid also be numbered systematically to

minimize the semi-bandwidth (Istok, 1989).

The elements within the problem domain must be constructed based on the nodal
arrangement described above. The simplest type of eclement should be used in
construction of the mesh without leaving any gaps or overlaps. Exceedingly distorted
elements should be avoided as accuracy will diminish for transient and mass transport
problems. Element size variations should not occur abruptly as a smooth transition of
elemental size should take place (Istok, 1989). The rule of thumb is based on the one-half
rule; that is elements should not vary by less than one half of the size of an adjacent
element (Lin et al., 1997).

The next step in the finite element method is to derive the finite element equations for
solving the groundwater flow Equation [3.26). The integral formulation used in
FEMWATER is the Galerkin’s Method as it is the most common method for flow and
transport problems. Many other methods are available, including: method of residual
errors, subdomain method and collocation method (Istok, 1989). The Galerkin Method is
shown in Equation [3.27].
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h

H?

h= i hj(t)Nj(x,y,z) [3.27]

Where:  h = Actual hydraulic head (m)

fl = Approximate hydraulic head (m)
J= A nodal point

N = Total number of nodes

h; = Amplitude of h at nodal point j
N; = Base function at nodal pomnt j

After some manipulation of the complex calculus, the flow equation is approximated in

Equation {3.28] (Lin et al., 1997).
ch
[M]{BE} +[SI{h} = {Q} +{G} + (B} [3.28]

Where:  [M] = Mass matrix resulting from the storage term (m)

ch
{Bt_} = Column vectors containing the values of the

partial differential of hydraulic head with respect to time
(m/s)

{S] = Stiff matrix resulting from the action of hydraulic
conductivity (m/s)

{h} = Column vectors containing the values of hydraulic
head at each node (m)

{Q} = Column Load vectors from the internal source / sink
(mz/s)

{G} = Column Load vectors from the gravity force (m’/s)

{B} = Column Load vectors from the boundary conditions
(m’/s)

B




Chapter 3 Theoretical Background Page 52

The explanation and simplification of Equation [3.28] is complex and beyond the scope
of this study, hence, the detailed derivation 1s not covered. The reader is referred to (Lin

et al., 1997) and (Istok, 1989) for further information.

After the application of Darcy’s Law, base and weighting function, numerical integration,
mass lumping, finite difference approximation in time and numerical implementation of
boundary conditions to Equation [3.28], the following matrix equation is developed (Lin

et al., 1997):

(Cl{h} = {R} [3.29]

Where:  [C] = Coefficient matrix
{h} = Pressure head (m)
{R} = The known vector (m)

Equation [3.29] may be highly non-linear as the hydraulic conductivity function and
water capacity function may vary several orders of magnitude with changes in pressure
head. The solution for the Galerkin Method can be obtained by an iterative process of
Equation [3.29]. An arbitrary initial value of hydraulic head is set and then successively

improved with subsequent calculations.

The iterative method used by FEMWATER is the Picard Method, sometimes referred to
as the substitution method. The first siep is an initial guess of the unknown hydraulic
heads {h}. The coefficient matrix [C] may be solved using linear algebra as the known
vector {R} is already determined. The new estimate of hydraulic head is obtained by a

weighted average of the previous estimate as described by Equation [3.30].
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{h..}=olh}+(1-0){h,} (3.30]

Where:  {hy.;} = New estimate of hydraulic head (m)
o = Iteration parameter
{h} = New solution of hydraulic head {m)
{l} = Previous estimate of hydraulic head (m)

The iterative process will continue until the prescribed error criterion is met; thus a

solution is determined.

If the iteration paramecter is lcss than one and greater than zero, it is termed

underrelaxation. If it is less than two and greater than one, it is termed overrelaxation.

Some of the advantages of the finite element method are: irregular geometry may be
used, accuracy for flow and transport is good and computer programming is simple
(Istok, 1989). Some of the disadvantages are: small problems still require a large amount

of computer programming and lack of literature (Istok, 1989).
3.6 Summary

The hydrologic budget equation has been used to solve engineering problems for decades
and is thus reliable in terms of accuracy and practical applications. This water balance
approach is helpful in solving acid rock drainage problems, ditch design and groundwater

flow problems.

Three dimensional flow is well understood and has also been used extensively in the past.
The methods of equation development are based on the rules of calculus and some

assumptions.
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The finite element method of solving groundwater flow problems has been used
extensively in the past. FEMWATER was developed in the early 1990°s from the
integration of two older groundwater flow and transport problems (Lin ef al., 1997). The
program has been used to solve a wide variety of groundwater flow and transport

problems and is valid (Lin and Deliman, 1995, Jones ef a/., 1995 and Uwicra, 1998)



Chapter 4 Field Program

4.1 Introduction

Two field programs were initiated at Equity Silver Mine: Phase [ - waste rock dump
piezometer installation in the fall of 1997 and Phase II - spring runoff response in the
spring of 1998. The individual components of Equity Silver Mine are described in
Chapter 5.

4.2 Waste Rock Dump Piezometer Installation - Phase 1

Five piezometers were installed in the waste rock dump at Equity Silver Mine in
September, 1997. The holes were drilled with a Becker Hammer (SDS Drilling, 1997)
and standpipe ptezometers were installed for measurements of groundwater levels and

the collection of water samples.
4.2.1 Becker Hammer Drill Rig

A truck mounted Becker Hammer drill rig, shown in Figure 4.1, was used for the field

drilling program. This drill uses a diesel hammer to advance through geological material

Page 55
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and air circulation to retrieve the cuttings. The drill rig is most effective in cohesionless
granular material, i.e. sand and gravel deposits; however, the drill rig performed

exceptionally well in the waste rock dump.

Additional
compressor

Dobie wall
2 casing

(-\

Figure 4.1 Becker Hammer drill rig.

A double walled casing is driven through the formation by a diesel pile driving hammer.
Compressed air is continuously forced down the annulus and returns through the center

portion of the casing as shown in Figure 4.2. The pile driving hammer shatters the rock
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formation into small fragments as shown in Figure 4.3 and the airflow entrained in the

double walled casing forces the cuttings to the surface.

Figure 4.2 Doubled walled casing construction.

The Becker Hammer was mounted on a 21,750 kg truck which is 9.8 m long, 2.5 m wide
and 3.8 m in height. The diesel hammer was a 180 Linkbelt with 10.8 kJ of energy. The
drill rig is equipped with a 280 L/s air compressor and an additional 280 L/s mobile air
compressor (see Figure 4.1). It is rated for an approximate depth limit of 35 m with the
single compressor. The additional compressor was used since difficult drilling conditions
were expected. The maximum depth obtained in the waste rock was 39 m when testhole
P 97-04 was terminated; however, refusal criteria was not met. Refusal criteria is defined
as no movement of the casing after a prolonged period of drilling. Refusal criteria was
encountered only at P 97-05, at a depth of 29 m due to an anticipated large boulder. The
drilling rate was approximately 10 metres per hour. Setup time was usually greater than

drilling time due to difficult conditions for site access.
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The bit had an outside diameter of 168 mm with an inside diameter of 103 mm in the
center pipe resulting in a hole approximately 168 mm in diameter with all cuttings less

than 103 mm in diameter.

Figure 4.3 Cuttings from a Becker Hammer drill rig.

The drill rig was also capable of retrieving Shelby tube samples, density of sand and
gravel formations, coring of bedrock and Standard Penetration (SPT) tests. None of

these tests were performed at Equity Silver Mine.

Drilling a cased hole with air circulation is superior to using water or drilling mud.
Accurate information regarding hydraulic conductivity and groundwater samples is

obtained since no contamination of the formation takes place.
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4.2.2 Testhole Completion and Piezometer Installation

The Becker Hammer drill rig provides continuous samples of the penetrated formation.
The crushed waste rock is entrained in the airflow and samples are blown to the drill
head, passed through a cyclone and into the sample bin (see Figure 4.1). Samples were
taken approximately every 1.2 to 1.5 m for the entire depth. Water contents and paste pH
were determined for each sample and additional samples were retrieved for future

analysis, which may be required.

The configuration of the piezometers installed in the waste rock dump is shown in Figure

4.4,

Drilling was terminated and the drill head was removed when the natural glacial till layer
was encountered. Bentonite pellets were set down the center of the double walled casing
and the natural till layer was sealed to prevent hydraulic influences between the waste
rock and the till layer. The sealed piezometer tip and riser pipes were placed down the
hole and located above the lower bentonite seal. The riser pipes were connected by
threaded joints and the piezometer tips were backfilled with approximately 4 m of sand.
A 150 mm bentonite seal was placed over the filter sand to eliminate any hydraulic
influences from above the piezometer tip. The casing was then removed (tripped out) and
the open hole was backfilled with gravel or inert rock material. The upper 0.8 m of the
hole was sealed with bentonite chips to prevent any water or oxygen from entering the
dump. A removable cap was installed at the top of the piezometer to allow for

groundwater level elevation readings and the retrieval of groundwater samples.




Field Program

Page 60

Vegetation

Top cap - threaded

Waste rock
(variable thickness)

150 mm seal —— (s age

4000 mm filter — |

Filter sock

Seal at least 450 mm

—_—

.into waste rock

Figure 4.4

\

Temporary steel casing -
removed during installation

51 mm PVC riser pipe
in 3048 mm sections

Threaded schedule-40 joint
(ASTM F480) with o-ring

Backfilled pit run

12/20 silica sand
563 - .254 mm slots @ 5.4 mm

End cap - sealed

«—— 9.5 mm bentonite pellets

168 mm hole drilled with
aBecker Hammer drill g~

Plan of the piezometers installed in the waste rock dump.
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4.2.3 Materials

The lower seal consisted of 9.5 mm diameter bentonite pellets manufactured by Economy
Mud Products Co. The filier material was typical 12/20 silica sand manufactured by
Unimen Corporation and the brand name was Unimen silica sand-industrial quartz. The
upper seal consisted of bentonite chips, manufactured by Mud Products Co. and the
brand name was Econo Plug-medium sodium bentonite chips. The standpipe piczometers
were made of typical PVC material. The piezometers were manufactured by Timco
Manufacturing Inc. and were 51 mm in diameter and 3.048 m in length. The lengths were
connected by a threaded schedule-40 joint (ASTM F480) and sealed with an o-ring. The
PVC tip consisted of 563-0.254 mm slots at a spacing of 5.4 mm wrapped with a filter
sock and sealed at the bottom. All of the piezometer material was acid washed and

rinsed.

4.2.4 Drill Hole Logs

This section presents the testhole logs and piezometer configuration for the waste rock
dump piezometers. Table 4.1 lists the physical coordinates of the piezometers and Figure
4.5 defines the terms used in the table. Figure 4.6 shows a location plan for the

piezometers.

Table 4.1 Waste rock dump piezometer configuration.

Piezometer Coordinates Casing Tip Length
Easting | Northing | elevation | elevation

{m) (m) {m) (m) (m)

P 97-01 8047.501| 7696.383 | 1292.018 | 1271.673 | 20.345
P 97-02 7811.257| 6995.958 | 1281.486 | 1266.002 | 15.484
P 97-03 7654.608] 7019.440 | 1259.485 | 1244.728 | 14.757
P 97-04 7917.660| 7404.033 | 1327.369 | 1288.507 | 38.862

P 97-05 8020.126] 7528.878 | 1326.307{ 1297.326 | 28.981
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Casing clcvation

Length

Waste rock
{variable thickncss)

L Tip elevation

Figure 4.5 Waste rock dump piezometer configuration diagram.
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Tables 4.2 through 4.6 summarize the results of the drilling for piezometers P 97-01, P
97-02, P 97-03, P 97-04 and P 97-05. A tree stump was encountered while drilling for
piezometer P 97-02, which lodged into the casing. The hole was abandoned and termed
TH 97-01. The water content profile for each testhole is plotted on Figure 4.7 and the
paste pH profile, as determined by Placer Dome Inc., is plotied in Figure 4.8.

The water contents were measured for the highly disturbed representative 100 g samples.
The oxidation state of the material was identified by examination of the physical or

chemical break down of the rock with evidence of iron staining.

Table 4.2 Drill hole log for P 97-01.

Date: September 14, 1997
Start drilling:  9:00 am
Finish drilling: 12:00 pm

Sample | Depth | Water | Samgple State of Paste
number content | recovery oxidation pH
{m)

#23301 4.88 1.3% fair unoxidized 7.05
#23302 610 | 1.5% good unoxidized 5.41
#23303 | 7.32 | 1.6% | very good unoxidized 3.87
#23304 8.53 | 2.9% | verygood oxidized 3.88
#23305 975 | 3.9% good oxidized and unoxidixed 3.54
#23306 | 1097 | 2.7% | verygood oxidized 4.71
#23307 | 12,19 0.7% | verygood unoxidized 3.63

#23308 | 1341 | 1.5% | verygood | oxidized and unoxidixed 4.44
#23309 | 14.63 | 2.3% | verygood | oxidized and unoxidixed 3.63
#23310 | 1585 | 3.3% | verygood | oxidized and unoxidixed 3.54
#23311 17.07 | 1.8% good oxidized and unoxidixed 4.43
#23312 [ 1829 1.1% zood unoxidized 3.98
#23313 | 1951 1.6% poor unoxidized 4.60
#23314 | 2042 | 14.9% | very good | oxidized and unoxidixed 6.18

Comments:
Natural glacial till sample at 20.42 m.
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Table 4.3 Drill hole log for P 97-02.

Date:  September 14, 1997
Start drilling:  9:00 am
Finish drilling:  12:00 pm
Sample | Depth | Water | Sample State of Paste
nunber content | recovery oxidation pH
(m)

#23326 244 | 4.7% fair oxidized and unoxidixed 3.59
#23327 3.66 | 2.2% [ verygood | oxidized and unoxidixed 3.74
#23328 488 | 1.6% good oxidized 3.52
#23329 6.10 | 2.6% fair oxidized and unoxidixed 4.16
#23330 732 | 1.9% good oxidized 5.60
#23331 8.53 | 8.6% | verygood | oxidized and unoxidixed 3.82
#23332 975 | 2.8% poor oxidized 3.93
#23333 1097 | 1.0% fair unoxidixed 6.91
#23334 12,19 2.0% poor oxidized 6.94
#23335 11341 ] 1.1% fair unoxidixed 4.94
#23336 | 14.63 | 2.0% fair unoxidixed 3.28
#23325 | 15.54 ] 14.9% | very good unoxidixed N/A
Comments:
Latite dike material at 14.63 m.
Natural glacial till sample at 15.54 m.

Table 4.4 Drill hole log for P 97-03.

Date:  September 14, 1997
Start drilling:  1:00 pm
Finish drilling:  2:00 pm

Sample | Depth | Water | Sample State of Paste
number content | recovery oxidation pH
(m)
#23337 | 244 | 2.5% fair oxidized and unoxidixed 4.29
#23338 3.66 | 3.8% | verygood | oxidized and unoxidixed 6.10
#23339 438 | 43% poor oxidized 4.10
#23340 | 6.10 | 1.5% fair unoxidixed 3.82

#23341 7.32 | 2.4% _poor oxidized and unoxidixed 3.51
#23342 8.53 | 1.3% |} verygood | oxidized and unoxidixed 3.86

#23343 | 975 | 2.9% fair oxidized 3.66
#23344 | 10.97 | 2.5% poor unoxidixed 5.47
#23345 | 12191 2.0% poor unoxidixed 6.67
#23346 | 1341 ] 2.2% fair oxidized and unoxidixed 6.07
#23347 [ 1463 | 1.7% | verygood | oxidized and unoxidixed 6.14
#23348 | 15.24 1 15.7% | very good oxidized 3.47
Comments:

Natural glacial till sample at 15.24 m.
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Table 4.5

Drill hole log for P 97-04.

Date:  September 15, 1997
Start drilling:  10:30 am
Finish drilling: 3:30 pm

Sample | Depth| Water | Sample State of Paste

number content | recovery oxidation pH
(m)

#23349 244 | 3.9% poor unoxidixed 6.73
#23350 3.66 | 5.6% { verygood | oxidized and unoxidixed 7.12
#23351 4.88 2.1% | very good | oxidized and unoxidixed 4.90
#23352 6.10 | 0.6% | verygood | oxidized and unoxidixed 5.64
#23353 7.32 1.0% fair oxidized and unoxidixed 6.07
#23354 7.92 1.2% fair oxidized and unoxidixed 5.335
#23355 8.53 1.6% poor unoxidixed 5.94
#23356 9.75 1.0% | very good unoxidixed 6.83
#23357 [ 10971 1.0% poor unoxidixed 6.10
#23358 | 1219 1.4% poor unoxidixed 6.71
#23359 | 13.41 | 2.2% poor oxidized and unoxidixed 6.33
#23360 | 14.63 ] 2.0% fair unoxidixed 6.79
#23361 | 15.85| 2.1% poor unoxidixed 5.95
#23362 | 17.07 | 6.4% fair oxidized 6.16
#23363 | 18.29 [ 4.0% fair oxidized 6.05
#23364 | 1951 | 3.7% paor oxidized 4.78
#23365 | 20731 23% paor unoxidixed 6.41
#23366 | 21.95| 3.0% fair unoxidixed 7.81
#23367 | 23.16{ 1.8% fair unoxidixed 7.41
#23368 | 2438 | 2.9% fair oxidized and unoxidixed 7.14
#23369 [ 2591 ] 3.0% poor unoxidixed 7.58
#23370 | 2743 [ 2.3% | very good unoxidixed 8.09
#23371 | 2896 1.8% | verygood unoxidixed 4,31
#23372 | 3048 1.9% | very Eood oxidized and unoxidixed 5.23
#23373 | 32.00 | 1.8% | verygood | oxidized and unoxidixed 6.78
#23374 | 33.53 | 2.0% | verygood | oxidized and unoxidixed 6.37
#23375 ] 35.05] 1.4% | verygood | oxidized and unoxidixed 7.77
#23376 | 36.98 | 1.8% fair unoxidixed 7.62
#23377 13810 1.2% poor unoxidixed 7.87
#23378 | 38.71 | 1.8% | verygood | oxidized and unoxidixed 6.29
#23379 | 3901 | 1.2% fair unoxidixed 6.70
Comments;

Hit intertill fayer at 17.07 m.

Latite dike material at 25.91 m.

Trace of till at 38.71 m.

Hit bedrock at 39.01 m with a trace of till.
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Table 4.6 Drill hole Iog for P 97-05.

Date: Sepiember 16, 1997
Start driling:  10:30 am
Finish drilling: 2:30 pm

Sample | Depth| Water | Sample State of Paste

number content | recovery oxidation pH
{m)

#23380 2.44 1.4% fair unoxidixed 7.68
#23381 3.66 1.5% fair unoxidixed 8.06
#23382 4.88 1.8% fair unoxidixed 7.76
#23383 6.10 | 2.7% fair unoxidixed 8.05
#23384 | 732 | 2.0% | verygood | oxidized and unoxidixed 6.42
#23383 8.53 4.7% | very good | oxidized and unoxidixed 5.07
#23386 975 | 6.4% 2ood oxidized and unoxidixed 3.47
#23387 | 10.97 | 2.8% fair unoxidixed 5.78
#23388 12.19 | 4.0% good oxidized and unoxidixed 4.17
#23389 | 1341 3.5% | vervgood | oxidized and unoxidixed 6.48
#23390 1463 2.2% poor unoxidixed 6.93
#23391 15.85] 3.1% | verygood | oxidized and unoxidixed 7.06
#23392 1 17.07] 1.8% | verygood | oxidized and unoxidixed 5.29
#23393 | 18.29 ] 2.8% fair oxidized and unoxidixed 5.48
#23394 | 19.51 | 2.2% fair oxidized and unoxidixed 4.18
#23395 | 20.73 1 3.1% | verygood unoxidixed 3.70
#23396 | 21.95] 5.0% | verygood unoxidixed 3.16
#23397 | 23.16 1 0.9% | very pood | oxidized and unoxidixed 5.17
#23398 | 2438 | 1.4% | verygood { oxidized and unoxidixed 4.43
#23399 | 25911 0.9% | verygood unoxidixed 4.36
#23400 | 2743 | 0.7% | very good unoxidixed 4.34
#23401 | 2896 | 0.4% | very good unoxidixed 3.84
Comments:
Hit bedrock at 28.96 m with no till.
Samples at depths of greater than 23 m were very warm.

Warm moist air blowing out of the hole at completion.
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Figure 4.7 Water content profile for the waste rock dump testholes.

It can be seen that the water content for the waste rock is typically near 2 % with high
values up to 6 % near the surface. The underlying natural glacial till layer has a water
content of approximately 15 %. Since the samples are retrieved by air circulation, a
quantity of water may have evaporated during transport to the surface; however, the plot

does offer qualitative comparison.
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Figure 4.8 Paste pH profile for the waste rock dump testholes.

Figure 4.8 shows that there is no correlation between the field determined state of
oxidation (see Table 4.2 through 4.6) and the paste pH. Most values fall between 3 and 7

pH units in no particular ordered sequence.
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4.3 Spring Runoff Response - Phase I1

The spring runoff was characterized in the second phase of the field program which
included the hydrographs for surface runoff flow rates, waste rock dump piezometer
levels and seepage flow rates out of the waste rock dump and surrounding area for the

1998 freshet.

4.3.1 Surface Runoff

The surface runoff was measured at three of the five stations for the 1998 freshet off of
the waste rock dump, termed R 98-01, R 98-02 and R 98-03 (R 98-04 and R 98-05 were
not instrumented). All five locations are shown in Figure 4.9 which also indicates the
contributing areas for runoff. Table 4.7 lists each catchment arca and relative portion of

the total contributing area.

A total of 111.5 ha are characterized through the R 98-01, R 98-02 and R 98-03 stations,
which accounts for 50.2 % of the total area or 70.1 % of the runoff catchment area. An
area of 63.1 ha, or 28.4 % of the total area is not able to runoff to the natural

environment and is entrained into the ARD system, as explained in Chapter 5.

The flows were measured at five minute intervals using a pressure transducer and a data
logger installed in a weir or culvert station. There are two 900 mm diameter culverts at
the R 98-01 station as shown in Figure 4.10. A pressure transducer was installed in the
culvert to measure hydraulic head, which was used to calculate a flow rate with the brink
depth method for a free outlet of a level circular pipe. The slope of the culvert is,
however, 7.85 % over a total length of 12 m. A close correlation was found using this

formula during the calibration process.

A combination V-notch and broad crested weir was used at R 98-02 as shown in Figure

4.11. The heads were measured using a pressure transducer and a data logger located

T
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upstream of the weir. The 90° angle V-notch was 85 mm in depth and was the base of a

927 mm wide broad crested weir. Calibration determined the V-notch weir coefficient to

be 1.345 and the broad crested weir coefficient to be 1.678.

Figure 4.9
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Figure 4.10  Culvert flow instrumentation (R 98-01 station).

Figure 4.11  Weir flow instrumentation (R 98-02 station).
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A dual broad crested weir was used at the R 98-03 station as shown in Figure 4.12. The
hydraulic head was measured using a pressure transducer and a data logger which was
located upstream of the weir. The first broad crested weir was 205 mm in depth and was

245 mm wide and was in the base of the second broad crested weir. The second weir was

1,495 mm wide. Calibration determined a broad crested weir coefficient to be 1.678.

Figure 4.12  Weir flow instrumentation (R 98-03 station).

The flows were measured at five minute intervals and indicated that the freshet exhibited
a definite diurnal process in which the flow rates peaked around 6:00 PM daily. The
maximum flow rates occurred on April 28. The following three figures display the flow

measurements for the three runoff stations: R 98-01, R 98-02 and R 98-03.
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Figure 4.13  Flow measurement for R 98-01.

The freshet started on March 18 and the flows were estimated until April 20, 1998. The
scatter in the data at low flow rates is the result of turbulent flow in the culverts as a
consequence of low hydraulic head. There was a drastic increase in flow for a short
period on April 24 and April 28 to May 2 and was suspected to be the result of an ice

jam. The interim values were estimated based on previous characteristic flow rates.
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Figure 4.14  Flow measurement for R 98-02.

The runoff water did not reach the R 98-02 station until March 20 and the flows were

estimated until April 20, 1998 based on field observations.
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Figure 4.15  Flow measurement for R 98-03.

The freshet did not start at the R 98-03 station until April 17, 1998 and the flows were
set to zero beforehand but were however estimated until April 20.
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4.3.2 Waste Rock Dump Piezometer Levels

The water levels in the waste rock dump piezometers shown in Figure 4.6 were
monitored during the 1998 spring runoff period. The hydrograph for the water levels in

the waste rock dump piezometers are shown in Figure 4.16.
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Figure 4.16  Water level in the waste rock dump piezometers.

Figure 4.16 shows that there is no significant response in water level elevations for the
waste rock dump piezometers. The unusually high value for P 97-04 on May 13 seems

unlikely as measurements form a 40 m piezometer are not reliable and may be

disregarded.
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Table 4.8 lists the maximum rise in water elevation in the waste rock dump piezometers
and the number of days from the piezometer peak to the freshet peak (April 28). The
average rise in piezometer water level elevation was 35 mm and occurred two days after

the freshet peak.

Table 4.8 Spring freshet response in the waste rock dump piezometers.
Piezometer Rise in Peak after
water level freshet peak
(mm) (days)

P 97-01 40 3

P 97-02 11 i

P 97-03 70 6

P 97-04 12 1

P 97-05 40 1

Average 35 2
4.3.3 Seepage Flow Rates

The seepage flow rates out of the waste rock dump (described in Section 5.4.4) were
also measured during the 1998 spring runoff with a graduated cylinder and a stop watch.
The hydrograph for the seepage flow rates is shown in Figure 4.17 and do not include

runoff.

The majority of the seeps peaked at the freshet peak with the others peaking only one or
two days after. This immediate response is in contrast to the delayed three day response

in the waste rock dump piezometers.

The average increase in seepage flow at the maximum peak is in the order of 8 times the

nominal flow values.
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Figure 4.17  Waste rock dump seepage flow rate hydrograph.




Chapter 5 Hydrologic Characterization

5.1 Introduction

The complete characterization of a hydrologic system requires the examination of five
components: geologic structure, topography, surface hydrology, groundwater and water
chemistry. The following sections will describe these five elements in detail for the Equity

Silver Mine hydrologic system.

5.2 Geologic Structure

Equity Silver Mine is located in a region termed the Buck Creek area. The regional
geology in the Buck Creek area, as shown in Figure 5.1, consists mainly of sedimentary
and volcanic rocks in addition to a number of igneous intrusions of the Mesozoic Era and
the Tertiary Period (Church and Barakso, 1990). The rock formations are chiefly covered
with glacial deposits of the Pleistocene Epoch which vary i thickness’ up to 25 m. The
outline of Equity Silver Mine has been superimposed on Figure 5.1 and the components

of the mine will be discussed later in the chapter.

Page 79
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Figure 5.1
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General geology of the Buck Creek area (after Church and Barakso,

1990).

Figure 5.1 depicts the natural setting of the Buck Creek area. Since mining activities have

been initiated, many of the creeks have been rerouted and excavation and filling activities
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have taken place, which have affected the groundwater flow regime. This will be
discussed in subsequent chapters. A cross section (points A,B and C) of the geology in

Figure 5.1 is shown in Figure 5.2.
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Goosly Lake Formation - Mainly e o
feldspar, lavas, breccias, sills and stocks Goosty/Tntruslon - Gebbmic stocks

Figure 5.2 Cross section (points A, B, and C in Figure 5.1) of the geology of the
Buck Creek area (after Church and Barakso, 1990).

The rock formations in the Equity Silver Mine area are discussed in following sections.
The Houston Member and the Telkwa Formation will not be discussed in detail, however
brief descriptions of the rock formations are given in Figure 5.1. The geological

terminology used in Figure 5.1 is also explained in following sections.

A stratigraphical column that displays the name, duration and age of the geological units

is depicted in Table 5.1.
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Table 5.1 The stratigraphical column (after Blyth and Freitas, 1984).

Duration Age
ears) | (x 10° years)

ol

Period

Quaternary

~ Oligocene

Eocene

Paleocene

Mesozoic

Permian
Carboniferous

Paleozoic

Precambrian
N/A implies that there are too many types of Epochs to list.

The general geology of the Equity Silver Mine area consists of late Cretaceous volcanic
features that outcrop throughout the center portion of the mining area. Eocene (Tertiary
Period) volcanic deposits cover the western and northern region while a Paleocene
(Tertiary Period) igneous intrusion outcrops in the southwestern region of the mine
vicinity. Another igneous intrusion of the Eocene Epoch (Tertiary Period) outcrops on
the eastern border as shown in Figure 5.3. The Equity Silver Mine gold, copper and
silver deposits are found within the late Cretaceous volcanic and sedimentary beds which
are exposed through a window in the overlying early Cretaceous and Tertiary units. The
host rock was previously believed to belong to the Hazleton Group of Jurassic age;
however, it is believed to be of the Skeena Group of the late Cretaceous age (Wright
Engineers Limited, 1976). The upper 10 m of all bedrock formations in this region are
believed to be fractured, which appear to be the source for Bessemer and Getty Creeks
(Klohn Leonoff, 1991b). The geology of the Equity Silver Mine with the generic rock

names is shown in Figure 5.3. The generic names are discussed in following subsections.
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The hydraulic conductivities of the rock formations and an outline of Equity Silver Mine
is superimposed on Figure 5.3 with rivers from the natural setting displayed. The rivers

were relocated during development of the mine.

Table 5.2 hists the hydraulic conductivities taken from the Klohn Leonoff (1991b)
hydrogeological report.

The range of hydraulic conductivity columns were determined by numerous past
hydrogeology studies that were performed at the mine. The representative bulk hydraulic
conductivity was used as the mitial conditions in the MODFLOW groundwater modelling
simulation in the Klohn Leonoff (1991b) hydrogeological report. The value was
determined on the range and amount of data available. The hydraulic conductivities were

modified upon model calibration in the analysis.

Figure 5.4 illustrates to scale the ages and duration of the geological formations

described in the previous subsections.

The following subsections give a detailed description of the geological units in the study

area from oldest to youngest.
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Figure 5.3 Detailed geology of the Equity Silver Mine area (after Church and
Barakso, 1990 and Klohn Leonoff, 1991b).
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Table 5.2 Summary of hydraulic conductivities (after Klohn Leonoff, 1991b).
- Geologic unit Range of hydraulic conductivity | Representative bulk | After MODFLOW
Low High hydraulic conductivity | model calibration
_ (ms) (m/s)  (mfs) (m/s)
Skeena Group
Intact 1x 107 3x107 2x 107 2x10"
Fractured 3x 107 3x10° 2x10° 1x10°
Goosly Lake Formation
Intact 1x 107 1x10° N/A 2x10*
Fractured 1x 10" 1x10° N/A 1x10°
Nanika Intrusion
Intact 1x10° 5% 107 7x10° 2x10°
Fractured 5x 107 5x10° N/A 1x 10"
Intact - altered 1x10° 1x107 N/A 2x10°
Fractured - altered 5x 107 5x10° N/A 2x10°
Goosly Intrusion
Intact 1x 107 5x 107 2x10° 2x10°
Fractured N/A N/A 5x107 N/A
Glacial Till 1x10° 1x107 5x 107 2x10°
Waste Rock >1x 107 N/A 1x10"
Pleistocene
s «—— Glacial till
12 =
” _
A n"'l.' <
40 -
T B Tom
::’: ] Nanika Intrusion
%
E | «<— Tip Top Hill Formalion
3
£
«+—— Skeena Group
Figure 5.4 Time scale of the geologic units at Equity Silver Mine.
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5.2.1 Skeena Group

The Skeena rocks are of late Cretaceous age and are defined by Tipper and Richards
(1976) as a mixture of marine and nonmarine sedimentary and volcanic strata. The
sedimentary rocks consist of greywackes, shale and conglomerates (Church and Barakso,
1990). Greywackes contain grains from quartz (5i0-) and feldspar, which are cemented
together with a fine matrix material with little sorting, and is usually caused by
landmasses that are rapidly uplifted (Blyth and Freitas, 1984). Feldspar is defined as
rock-forming minerals occurring principally in igneous rocks and consisting of a mixture
of potassium, sodium or calcium aluminum-silicates, Shale is a sedimentary rock that is
formed by the consolidation of a unit of colloidal sized clay particles. Conglomerates are

cemented grains of sediments varying from gravel to pebble size.

The volcanic features include breccias, tuffs and lava flows. Breccia is rock composed of
sharp-angled fragments embedded in a fine-grained matrix. Tuffs are rock that is formed
from volcanic ash that vary in grain size from fine sand to gravel. Lava flows are simply
rocks that are formed due to the flowing of molten lava, which originates from a voleano

or fissure.

The Skeena rocks outcrop throughout the center portion of the mine site and other
infrequent locations throughout the Buck Creek area (see Figure 5.1). They have been
forced to the surface at Equity Silver Mine due to an uplifiing process caused by adjacent
igneous activity named the Goosly Intrusion (covered in Section 5.2.5). A similar but
smaller igneous intrusion has cut through the Skeena rocks near the southwestern
boundary of the mine site termed the Nanika Intrusion (covered in Section 5.2.4). The
combined effort of these two intrusions are believed to be the source of mineralization in

the Skeena rocks (Church and Barakso, 1990).

The Skeena rocks are approximately 750 m thick (60 m of orebody) and are strewn with

a variety of almost vertical Tertiary age dikes (Church and Barakso, 1990). Church and
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Barakso (1990) further state that the top of the Skeena rocks, which contain about 3.8 %
pyrite (FeS,), are comprised of soft tuffs and small fragments of lava while the mid-
section region is composed mainly of tuff-breccia and coarse volcanic debris. The base of
the geological unit consists of mainly tuff breccia and some conglomerates. Felsic and
andesitic dikes cut through the ore zone from 48.3 to 49.9 million years ago (Cyr et al.,
1984). The dikes represent approximately 15 to 20 % of the total rock mass in the Main
Zone area and only 3 % in the Southern Tails Zone area (Wright Engineers Limited,

1976).

The Skeena rocks generally strike north-south and dip west at 45° to 80° resulting in the
oldest rocks being exposed on the eastern side of the group’s overall outcrop. The
Skeena Group is further divided into inter-subdivisions of three main groups (see Figure
5.3) which from oldest to youngest are Coarse Clastic Division, Pyroclastic Division and
the Volcanic-Sedimentary Division (Wright Engineers Limited, 1976). The Coarse
Clastic Division is mainly composed of conglomerate rocks and outcrops in the southeast
comer of the mine site. The Pyroclastic Division (where the orebody occurs) stretches
throughout the center portion of the Skeena Group which includes tuffs and volcanic
tuff. Pyroclastic rocks are defined as rock fragments of explosive volcanic origin. The
Volcanic-Sedimentary Division is largely composed of tuffs and pebble conglomerates
(Wright Engineers Limited, 1976) and covers the extreme western region of the Skeena
Group. A volcanic lava flow separates the Volcanic-Sedimentary Division and the

Pyroclastic Division.

Klohn Leonoff (1991b) hydrogeological report indicates a hydraulic conductivity of 2 x
10" mys for intact bedrock and 1 x 10°° my/s for weathered bedrock.

A single fault exists along the divide between the Bessemer Dump and the Main Dump,
which runs east and west and seems to be the origin of Bessemer Creek (Klohn Leonoff,
1984) This fault is believed to be a major groundwater discharge source. The fault line

lies directly beneath Bessemer Dump and acts as a hydraulic connection between the
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fractured bedrock and the waste rock. This connection could contribute significant
amounts of groundwater to the acid water within the waste rock dump. The

configuration of the fault is unknown as limited information exists.

5.2.2 Tip Top Hill Formation

The Tip Top Hill Formation of the early Cretaceous Period is a unit within the mformally
named Francois Lake Group described by Church (1971), consisting of andesitic lava and
pyroclastic rocks. Andesite is a gray, fine-grained volcanic rock composed of mostly
feldspar. The formation is void of suiphide mineralization (Wright Engineers Limited,

1976). Church and Barakso (1990) date the formation at 77.1 + 2.7 million years old.

The formation is approximately 500 m in thickness and occurs in the western, northern
and central regions of the Buck Creek region (see Figure 5.1). The rocks are mainly

brown volcanic breccias (Church and Barakso, 1990).

Golder Associates (1983) hydrogeological report indicates a hydraulic conductivity of
9.2 x 10" mvs for the Tip Top Hill Formation.

The Tip Top Hill Formation was not used in this thesis, as it is out of the defined site

arca. However it was used in the Klohn Leonoff (1991b) hydrogeological report.

5.2.3 Goosly Lake Formation

The Goosly Lake formation of the Tertiary Period (Eocene Epoch) is a unit within the
Francois Lake Group also named by Church (1971). It is mainly trachyandesite lava
which is fine-grained volcanic rock consisting of mostly alkali feldspar. The formation is
void of sulphide mineralization (Wright Engineers Limited, 1976). Church and Barakso
(1990) date the formation at 48.8 + 1.8 million years old.
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The formation is approximately 500 m in thickness and covers most of the central and
southeastern areas (see Figure 5.1) of the Buck Creek region (Church and Barakso,
1990). The probable cause of this formation is the Goosly Intrusion which is discussed in

Section 5.2.5 (Church and Barakso, 1990).

Klohn Leonoff (1991b) hydrogeological report indicates a hydraulic conductivity of 2 x
10" m/s for intact bedrock and 1 x 10 m/s for weathered bedrock.

5.2.4 Nanika Intrusion

The Nanika Intrusion is of the Paleocene age (Tertiary Period) and consists of
microporphyritic granite (Church and Barakso, 1990). Porphyritic rocks contain large
feldspar crystals in a fine-grained igneous matrix. Granite is simply defined as a coarse-
grained rock composed chiefly of quartz and feldspars. Wright Engineers Limited (1976),
describe this unit as a quartz monzonite stock, composed largely of plagioclase and
orthoclase. Plagioclase is triclinic feldspars consisting of a mixture of calcium and sodium
aluminum-silicates while orthoclase are monoclinic feldspars, more particularly potassium
aluminum-silicates. Stock refers to a body of intrusive rock that has less than 100 km® of
exposed surface. This intrusion began 67.2 + 2.0 million years ago and was completed

10.2 £ 2.4 million years later (Church and Barakso, 1990).

The Nanika Intrusion is located in the southwest region of the Equity Silver Mine area

with the upper northeast portion containing altered quartz monzonite (see Figure 5.3).

Klohn Leoneff (1991b) hydrogeological report indicates a hydraulic conductivity of 2 x
10 mv/s for intact bedrock, 1 x 10 m/s for weathered bedrock, 2 x 10° m/s for intact-
altered bedrock and 2 x 10° my/s for weathered-altered bedrock
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5.2.5 Goosly Intrusion

The Goosly Intrusions of Eocene Epoch are generally syenomonzonite-gabbro stock
masses produced by an intrusive process. Syenomonzonite are alkali rocks composed
chiefly of plagioclase and orthoclase. Gabbro simply refers to coarse-grained igneous

rock.

The intrusion at the Equity Silver Mine site started approximately 54.3 million years ago
and completed the intrusive process approximately 48.7 million years ago (Church and
Barakso, 1990). Felsic and andesitic dikes cut through the gabbro stock from 48.3 to
49.9 million years ago (Cyr et al., 1984).

The Goosly Intrusion occurs on the eastern border of the Equity Silver Mine area (see

Figure 5.3) and other areas in the Buck Creek area (see Figure 5.1).

Klohn Leonoff (1991b) hydrogeological report indicates a hydraulic conductivity of 2 x
10" mvs for intact bedrock and 5 x 107 m/s for weathered bedrock.

5.2.6 Glacial Till

The till was deposited by regional and valley glaciation in the Pleistocene Epoch (Church
and Barakso, 1990). The Wisconsin (Fraser) Cordilleran regional ice sheet generally
came from the east and carried sediments with a wide variety of sizes (Church and
Barakso, 1990). A glacial till formation consisting of sediments from boulder size to

colloidal size was deposited over the bedrock upon retreat of the glacier.

The deposit is generally continuous with formation depth dependent on the bedrock
topography. The till unit tends to be thick where valleys existed in the underlying
bedrock and thin where bedrock highs were present (Golder Associates, 1983). The
glacial till may be non existent in the southwest portion of the Main Dump (Aziz, 1998).
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The till cover on the side slope east of the Main Zone Pit is thin with a thickness of less
than 5 m. The geological unit increases to a thickness of greater than 20 m in Bessemer
and Getty Creek valleys and then thins out to the west up the opposite side slope. A till

isopach for the waste rock dump area is shown in Figure 5.5 and is believed to have an

accuracy of £1 m. There is no data available outside of this region.
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Figure 5.5 Till isopachs.

The till has a high percentage of clay and silt (30 to 50 %) coupled with cobble and
boulder size rocks (Klohn Leonoff, 1991a). The till is firm to stiff and generally oxidized
at the surface and near surface region and underlain by unoxidized till (Klohn Leonoff,
1984).

[\
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Klohn Leonoff (1984) reported an effective friction angle (¢°) of 25° for the till from a
consolidated undrained triaxial test. The average plastic limit was reported to be 18 %,
with the water content at the plastic limit and a Liquid limit of 41 % (Klohn Leonoff,
1984).

Luvisolic order soils have established on the glacial till cover under a coniferous forest

(Klohn Leonoft, 1991a).

Klohn Leonoff (1991b) hydrogeological report indicates a hydraulic conductivity of 2 x
10" mvs for the glaciat till formation.

5.2.7 Waste Rock

The waste rock dump consists mainly of the blasted and quarried overburden rock. The
forest cover was stripped prior to construction of the waste dump which was placed
directly on the till surface (Klohn Leonoff, 1984). The waste rock is mainly derived from
the Skeena Group rocks (covered in Section 5.2.1) with a portion from the Goosly
Intrusion (covered in Section 5.2.5) and the associated dikes that cut through the rock
formations. Varying degrees of sulphide oxidation exists throughout the profile of the
dump with no particular order or sequence based on the field drilling program.

The rock was angular and varies in grain size from sand size particles to boulders with
diameters of 0.5 m (Klohn Leonoff, 1984). The waste rock dump was constructed by end
dumping from trucks forming a side slope and tier arrangement in 10 m lifts and was
regraded to a constant slope (maximum 21°) in 1991 (O’Kane, 1995). The Klohn
Leonoff (1984) stability report states an overall friction angle (¢) of 37.5°. A photograph

of the waste rock can be seen in Figure 1.5.

The dump varies in thickness from 0 to 61 m above natural ground, with the maximwn

thickness occurring in the Bessemer Dump. It reaches a maximum thickness of 113 m

T
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above the excavated ground in the northern area of the Southern Tails Zone Pit. Waste
rock from the Main Zone Pit was placed in the Southern Tails Zone Pit after this area
was mined. The waste rock dump isopach is shown in Figure 5.6 with the modified creek

and diversion channel configuration shown.

The accuracy is believed to be in the range of + 2 m, as the data was taken from 10 m

interval contour plots.
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Figure 5.6 Waste rock dump isopachs.

Grain size curves were measured for three separate portions of the dump by the

University of Saskatchewan during a regrading program in 1991 (Newman, 1994). The

Rl
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waste rock has weathered since the regrading program and is assumed to be altered to a
degree similar to the study conducted by Herasymuik (1996) and is therefore used in this
analysis as no other information is available and it is the best available data. The study
shows that the waste rock’s grain size distribution falls within the range shown in Figure

5.7. The waste rock at the mine site is believed to be presently in the same order.
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Figure 5.7 Grain size curves for three waste rock samples (Newman, 1994).

Corresponding soil-water characteristic curve (SWCC) and the hydraulic conductivity
relationships were assumed to be the same as Herasymuik (1996) and are shown in

Figure 5.8.

A clay till cover was placed over the waste rock dump from 1991 to 1997 consisting of
0.5 m of compacted till overlain by 0.3 m of non-compacted till. The till cover material is

explained in Section 5.2.8.

Klohn Leonoff (1991b) hydrogeological report indicates a hydraulic conductivity of 2 x
10" m/s for the waste rock. The waste rock has since been exposed to chemical and

biological oxidation and is believed to have a hydraulic conductivity in the range of 107
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m/s to 10”° m/s at the present time based on other waste rock dumps (Smith, et al.,

1995). A saturated hydraulic conductivity of 3.4 x 10° m/s (fine material) is assumed for

the waste rock which is based on the study conducted by Herasymuik (1996).
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relationships for three waste rock samples (Herasymuik, 1996).
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5.2.8 Till Cover Material

The till cover on the waste rock dump and the Former Plant Site consists of 0.3 m of
non-compacted till overlaying 0.5 m of compacted till. Table 5.3 lists the material
properties for the till by O’Kane (1995).

Table 5.3 The till cover material properties (O’Kane, 1995).

Material property | Value
Density of solids, p; 2.77 kg/m’
Liquid limit, LL 39.6%
Plastic limit, PL 17.4%
Grain size analysis
Cobbles and gravel 23%
Sand 28%
Silt 40%
Clay 9%
Classification SC-CL
100
920 >
80 \\
;@‘ 70 ++ '-L\
‘: 60
g s+t
T 40
w \
ER0 ~
20 4 \\
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10 1 0.1 0.01 0.001

Grain size (mm)

Figure 5.9 Grain size curve for the till cover material (O’Kane, 1995).
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Figure 5.10 displays the soil-water characteristic curve and associated hydraulic

conductivity relationship for the non-compacted and the compacted till cover material.
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Figure 5.10  Soil-water characteristic curves and the hydraulic conductivity

relationship for the till cover material (Swanson, 1995).

The saturated hydraulic conductivity was measured at 5.7 x 10° m/s for the non-

compacted till using a falling head test (Swanson, 1995). This value is assumed to now
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be at 5.7 x 10 mys, the three order of magnitude increase is attributed to desiccation,
weathering, freeze / thaw and the vegetation growth and decay cycles. The saturated
hydraulic conductivity for the compacted till was measured at 2.0 x 10"° m/s using a
falling head test (Swanson, 1995). This value is assumed to increase only one order of

magnitude to a value of 2.0 x 10 m/s due to desiccation and minor freeze / thaw cycles.

3.3 Topography

The topography has been significantly altered by past regional and valley glaciation in the
Pleistocene Epoch (Church and Barakso, 1990) resulting in modification of the drainage

patterns which are a function of topography and soil or rock texture.

The latest regional ice sheet to advance was the Wisconsin (Fraser) Cordilleran ice sheet
(Church and Barakso, 1990) which traveled from the east and carried sediments with a
wide variety of sizes. A glacial till formation consisting of sediments from boulder size to
colloidal size was deposited over the bedrock upon retreat of the glacier resulting in the
present topography. Many well sorted fluvioglacial deposits were scattered throughout

the area due to the drainage of lacustrine lakes which were formed by the melting ice.

The Equity Silver Mine is situated on the drainage divide between Foxy Creek and Buck
Creek. A topographical map of the area prior to any mining disturbance is shown in
Figure 5.11 and is believed to have an accuracy of £1 m. The topographical map shows
the drainage divide (or watershed) plus the catchment areas for the individual creeks. The
drainage divide runs approximately east to west within 8,000N and 9,000N (see Figure
5.11). The drainage basin to the north sheds runoff water to Berzelius Creek and Lu
Creek which drain into the eastward flowing Foxy Creek. Runoff water south of the
drainage divide flows to Bessemer Creek and Getty Creek which drain into the westward
flowing Buck Creek. Both Buck Creek and Foxy Creek flow into the Bulkley River

system.
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Figure 5.11  Natural topographical contours of Equity Silver Mine.
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Figure 5.12 is a three-dimensional representation of Figure 5.11 with a vertical

exaggeration of 2.6.

The rise on the southeastern side of the map area reaches an elevation of 1,500 m
(9.270E, 7,050N) with the lowest elevation at 1,070 m (6,900E, 6,140N) in the
Bessemer Creek valley (southwest portion of the map area) resulting in a maximum

differential topographical relief of 430 m.

The mining area is situated at an elevation of 1,370 m in the southeastern side of the
Main Zone Pit to an elevation of 1,130 m at Getty Creek Pond with a maximum

differential of 240 m of relief in the immediate mining area.

A current topographical map is shown in Figure 5.13 and is believed to have an accuracy
of £ 1 m in all areas except the waste rock dump (which has an accuracy of £ 5 m).
Surface disturbance caused by mining alters local drainage which will also alter

catchment areas. Figure 5.13 includes the modified catchment areas.

The waste rock and surrounding areas that contribute to the ARD collection system are
highlighted in Figure 5.13. The waste rock dump and Former Plant Site are encapsulated
with an engineered cover system with areas of 117 ha and 25 ha respectively, for a total

area of 142 ha. The surrounding regional area has a total area of 80 ha.

Figure 5.14 is a three-dimensional representation of Figure 5,13 with a vertical

exaggeration of 2.6.
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The waste dump is situated between Bessemer and Getty Creek valleys which both have
a grade of approximately 30 %. It has a maximum elevation of 1,340 m on the eastern
side of the Southern Tails Dump (8,350N, 7,080E) to a minimum elevation of 1,230 m at
the southwestern side of the Bessemer Dump (7,700N, 7.880E), giving a maximum
height differential of 110 m of waste rock over natural ground. However, the minimum
elevation of the waste rock dump occurs at the base of the Southern Tails Zone Pit at
1,200 m (8,070N, 6,870E), giving a maximum height differential of 140 m of waste rock

over modified ground.

The waste rock isopach reaches a maximum depth of 61 m in the central region of the
Bessemer Dump (8,000N, 7,970E) over natural ground and a maximum depth of 113 m
in the northern region of the Southern Tails Zone Pit (8,230N, 7,220E) over modified

ground.

5.4 Surface Hydrology

An onsite weather station provides a complete database for the climatological data. More
information regarding the weather station is contained in O’Kane (1995). A complete set

of climatological and hydrological data is included in Appendix B.

Surface water that is in equilibrium with the surrounding terrain provides a hydraulic
head boundary condition at that location. The hydraulic head for the surface water
systems influences the groundwater flow regime system since groundwater flow occurs
as fluid potential is applied across geological media. The surface water features may be a
lake, pond, creek or seepage faces, etc. These features are described in the following

sections.
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5.4.1 Hydrology

This section includes the hydrological data at the mine site: namely precipitation, runoff,

changes in storage, evapotranspiration and infiltration.

5.4.1.1 Precipitation

Table 5.4 lists the precipitation from rain and snow from 1992 to 1998. The water
equivalent of snow is taken as 10 % of the total volume. Figure 5.15 presents the
monthly precipitation from June 1, 1997 until June 1, 1998. This time span is to be the
period that will be modelled in this study. The total rainfall for this period was 363 mm
and 279 c¢cm of snowfall which totals to 642 mm of equivalent water. Environment
Canada has not currently verified the most recent data; however, the values are assumed

to be identical.

Table 5.4 Monthly precipitation (after Equity Silver Mine Ltd., 1997).

Period 1992 1993 1994 1995 1996 1997 1998

Rain | Snow | Rain | Snow | Rain | Snow | Rain | Snow| Rain | Snow | Rain | Snow] Rain | Snow
(mm)| {em) {{mm)]| (cm} | (mm}}| (cm} [ (mm)} (cm) | (mm)| {cm) | (mm) | (cm) | (mm)} (cm)

January 1.0 | 66.0 2701 3.0 | 1300 389] 2.0 |103.1 81.0 55.6

February 620] 20 | 20 102.5 33.0 25.0 34.0 35.0

March 14 | 65 ] 20 | 120 335 50.4 57.0 980) 29 | 375

April 186 | 2301244 197] 17.0] 160 27301270234 1771245] 89 | 13.5

May 2775 1.9 | 740 397 20 | 243 213} 78 1240 106 254

June 36.8 136.8] 3.5 | 79.0 511 52.5 57.8

July 35.6 102.6 68.9 67.9 97.3 84.6

August 21.2 61.7 60.6 85.1 50.8 37.4

September 5891 3.0 | 106 88.1 3.0 152 77.9 92.4 1.0

Qctober 43713351235 60 | 2483721386 345 306 5501 51.1] 270

November 2.0 | 43.2]21.5] 39.0 102.8] 04 | 89.7 114,54 3.0 | 315

December 1.0 ] 700 525 59.3 105.0 116.0 77.5

Sub total 247.91309.11459.1| 161.7]1381.1|486.3|282.6{378.8]359.4 | 501.8]368.0]385.1] N/A | NVA

Total Precipitation (mm) 557.0 6208 367.4 661.4 861.2 753.1 N/A
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Figure 5.15  Monthly precipitation for the study period (Aziz, 1998).

5.4.1.2 Sublimation and Mass Transfer of Snow

Sublimation and mass transfer of snow is a difficult parameter to calculate or estimate.
No data exists on these parameters; thus, they must be estimated on previous studies.
Sublimation depends on: radius of snow particle, diffusion coefficient of water vapor in
air, turbulence, water vapor density of air and at the particle surface, temperature,
relative humidity, wind speed and incoming solar radiation (Pomeroy and Gray, 1995).
The sublimation rate is estimated at 35 % of total snowfall, which is 97 mm of water.
This value is based on numerous studies conducted by Pomeroy and Gray (1995) that

match similar climatology to that of the mine site.

There are three general forms of mass transfer of snow. The propagation of snow waves,

similar to sand dunes, is known as creep. Saltation is the skipping of snow particles at the

[ T \
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snow-atmosphere interface. Suspension is referred to as snow particles that are entrained
in the mean wind speed (Pomeroy and Gray, 1995). The mass transfer rate may be as
high as 60 % of total snowfall on hilltops, ridges and level plains. Accumulation of snow
in valleys and valley slopes may be as high as 285 % (Pomeroy and Gray, 1995).
Approximately 10 % of the area at the mine site is represented by valleys and valley
slopes. Using the figures above, a representative mass transfer rate of 35 % of total
snowfall can be applied to the mine site area, which is 97 mm of water. Hence the total
relocation of snow is 70 % of the total snowfall, or 195 mm, which leaves an equivalent

of 84 mm of water.

5.4.1.3 Water Fluxes

The water fluxes in the waste rock cover and underlying waste rock were calculated
using SoilCover (1997) for the study period on June 1, 1997 to June 1, 1998. SoilCover
does not calculate sublimation and mass transfer nor does it take into account rainfall
during the freezing period. The freezing period started approximately on November 1,
1997 and lasted until April 15, 1998 which marked the beginning of the 1998 freshet.
The freshet lasted 27 days or until May, 11, 1998. The mput into the model consisted of
the precipitation data in Table 5.4. The rainfall (14 mm) and corrected snow water
equivalent (84 mm) during the freezing period is applied evenly at 3.6 mm of water per
day throughout the runofl period for the SoilCover simulation. Thus the total
precipitation for the study period is 447 mm. Evaporation and sublimation during the

freezing period is not calculated in SoilCover which is why it must be estimated.

Material properties and initial and boundary conditions for the simulation are based on
the results found in this study, field measurements plus work from O’Kane (1995) and
Swanson (1995).
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The results from SoilCover are plotted in Figure 5.16 and detailed data is included in

Appendix B.

Table 5.5 lists a summary of the water fluxes on the waste rock dump for the study

period. Figure 5.17 illustrates the components of the water budget.

Table 5.5 Summary of water fluxes.

Water Water Percent of
component total precipitation
(mm)

Precipitation 642 100%
Runoff 94 15%
Evapotranspiration 327 51%
Sublimation 97 15%
Mass transfer 97 15%
Infiltration 27 4%

The change in storage for the study period was calculated at —9 mm, or the cover system
drained 9 mm. The net infiltration according to Equation [3.4] will be 36 mm or 6 % of

total precipitation.
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Figure 5.16  Water fluxes for the study period.




Chapter 5 Groundwater Characterization Page 110

Infiltration
4% Runoff
15%

Mass transfer
15%

Sublimation
15%

Evapotranspiration
51%

Figure 5.17  Components of the surface water budget.

5.4.1.4 Measured Infiltration

A total of twelve lysimeters have been installed in the waste rock dump in order to
measure infiltration through the till cover (Klohn Leonoff, 1991c). Figure 5.18 displays
the average infiltration of all lysimeters expressed as a percentage of the total

precipitation. The average infiltration is 4.6 % over the six year period.
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Figure 5.18  Lysimeter data.
5.4.1.5 Changes in Storage

The waste rock at the mine site was initially uncovered and experienced approximately
60 % infiltration (Aziz, 1998). The flux rate decreased to 5 % once the cover was
constructed and would thus experience a time dependant drainage process. The
characteristics under which the waste rock will drain is related to the soil-water
characteristics of the material. A transient simulation of this process was modelled using
SoilCover. A 20 m thick zone of fine waste rock was used and the initial conditions for
water content were determined by a steady state analysis with the 60 % infiltration
scenario. These initial conditions were used for a transient simulation with 5 %

infiltration applied. The results are shown in Figure 5.19.
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The majority of the cover was constructed in September, 1994 with completion in 1997.
Hence the study period occurs at two to three years after cover placement and

experiences 3 mm of extra drainage during that time period.
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Figure 5.19  Drainage of the waste rock with cover construction.

This analysis shows that transient conditions are insignificant and a steady state analysis

may be performed to accurately represent field conditions.

5.4.2 Surface Water Measurements

Numerous surface water ponds in the mine area are part of the ARD collection system

(see Section 5.4.5).
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Table 5.6 lists the current clevations for the surface water components on the Equity

Silver Mine site (see Figure 5.13 for locations).

Table 5.6 Surface water elevations.
Location Elevation| Approximate focation
Easting Northing
(m) (m) {m)
Diversion Pond * 1273.0 7440 9450
Tailings Pond 1292.35 8350 9370
Sludge Ponds * 1280.0 7670 2120
Main Zone Pit 1239.25 8610 7820
Waterline Zone Pit 1264.0 8750 8450
ARD Storage Pond * 1275.0 7530 8980
Main ARD Pond 1205.0 7460 7840
Surge Pond 1216.0 7630 7880
Getty Creek Pond 1132.5 7230 6720

* Average value.

The water elevations of the Diversion, Sludge (north and south} and ARD Storage Pond
are subject to seasonal variations. The ARD storage ponds store the acidic water derived
from the ARD collection system (see Section 5.4.5). The storage is required because of
substantially high spring runoff and periods of high precipitation. The Tailings Pond
elevation is kept constant by an overflow weir that is located at the northeast corner of
the pond (see Figure 5.13). The Main Zone Pit water elevation is currently rising due to
groundwater, fall precipitation, runoff and sludge from the water treatment plant. The
Waterline Zone Pit is spilling over into the Main Zone Pit. The Main Zone Pit and
subsequently the Waterline Zone Pit is projected to fill to a water elevation of
approximately 1,300 m, The Main ARD Pond elevation is controlled by the Main
Pumphouse with little fluctuation (approximately £3 m). The Surge Pond elevation is
held at a somewhat constant elevation (approximately 3 m) by means of a free flow pipe
to the Main ARD Pond. Getty Creek Pond is also held at a somewhat constant elevation

(approximately £1 m) as it is pumped into the Main ARD Collection Ditch.
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5.4.3 Creeks and Diversion Channels

The crecks and diversion channels surrounding the waste rock dump collect scepage
from the dump. The locations and elevations can be seen on the topographical map in
Figure 5.13 (or Figure 5.11 for conditions prior to any mining activity). Table 5.7 lists
the sample coordinates and the estimated flow rates for the surrounding creeks and

diversion channels for September 15, 1997,

Table 5.7 Creek hydraulic data.

River Sample location Flow

Easting [ Northing rate

(m) {m) (L/s)

Southeast Besserner Creek 9150 7500 0.345
Northeast Bessemer Creek 9200 7800 0.304
Berzelius Creek 9300 8500 0.001
Lu Creek 6450 0570 0.350
Foxy Creek 5020 11080 0.050

Bessemer Creek 5500 4400 252
Buck Creek 5390 4130 100.8
Getty Creek 7370 6620 Trickie

Southeast Bessemer Creek Bypass 7610 6660 5.6

S5.4.4 Seepage Faces

Seepage faces can provide a measurement of hydraulic head in the same manner as free
water since they are a known water elevation, i.e. a phreatic surface. There are a variety
of seeps on the south and western portions of the waste rock dump which are shown in
Figure 5.20. There are numerous seeps in the Main Zone Pit, rock cuts and other
locations but they will not be studied herein as they fall outside of the scope of this
project. The reader is referred to Klohn Leonoff (1990 and 1991b) for further

information on this subject.
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Figure 5.20  Seep locations.

The coordinates for the waste rock dump seeps are given in Table 5.8 while Table 5.9

lists the flow data.

S-1,S-2andS - 3 are previous sample points on the waste rock dump and correlate to

Seep 97-08, Seep 97-07 and Seep 97-05 respectively.
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Table 5.8 Waste rock dump Seep coordinates.
Seep Coordinates
Easting | Northing | Elevation
(m) (m) (m)
Seep 97-01 [7787.7377 6771.432 | 1244.712
Seep 97-02 | 7781.984| 6795.151 | 1243.959
Seep 97-03 | 7723.185| 6858.540 | 1238.531
Seep 97-04 | 7661.260| 6865.322 | 1227.200
Seep 97-05 | 7567.291| 6926.605 | 1221.409
Seep 97-06 | 7549.702| 6942.031 | 1222.249
Seep 97-07 | 7525.478] 6956.471 | 1221.829
Seep 97-08 | 7359.599) 7078.472 | 1218.519
Seep 97-09 | 7318.540| 7497.347 | 1234.210
Seep 97-10 | 7268.731| 7310.637 | 1229.640
Seep 97-11 | 7221.840| 7205.383 | 1215.740
Table 5.9 Waste rock dump seep flow data.
Date Seep flow rates
97-01197-02 1| 97-03 | 97-041 97-05 3 97-06 | 97-07 { 97-08 | 97-09 | 97-10 | 97-11
(L/s) | (Lis) | (Ltsy | (Lss) | (Lisy | (Lis) | (Lis) | (Lss) | (Lis)y | (Lis) | (Lis)
25-Jun-97 | 0.06 | 0.13 | 0.01 002 | 0.26 | 0.01 010 f 030 | 0.28 { 0.04 | 0.01
16-Sep-97 | 0.16 | 036 | 0.08 | 0.01 | 0.83 - 001} 0te | 016 | 0.04 | 0.08
19-Apr-98 | 044 | 0.43 ] 0.04 | 091 | 037 ] 0.17 1 041 | 0.69 | 1.84 ] 3.45 [ 0.39
20-Apr-98 | 042 | 038 1 003 | 072 | 040 | 0.17 {1 038 | 069 | 1.06 | 1.25 | 0.31
21-Apr-98| 039 1 029 | 002 | 069 | 044 | 0.17 ] 033 | 069 | 097 | 1.25 | 0.29
22-Apr-98 | 040 | 0351 063 ] 0.87 | 0.38 | 016 | 033 | 0.68 1.03 1.31 | 0.30
23-Apr-98 | 040 | 046 | 0.03 1.06 | 031 1 015 | 032 | 0.67 1.33 1.36 | 0.30
27-Apr-98 { 0.68 | 0.51 0.11 126 | 0.36 | 0.59 | 0.33 0.61 1.59 1.98 | 0.75
29-Apr-98 | 085 | 049 | 0,19 | 134 | 037 | 092 | 030 f 093 | 1.69 | 2.89 | 1.09
01-May-98 ¢ 0.64 | 043 | 0.27 1.17 | 0.48 | 066 | 0.56 | 0.51 1.80 | 242 | 0.69
04-May-98| 044 | 055 | 026 | 065 | 054 | 0.72 | 0.54 | 0.49 | 338 | 1.97 | 0.41
06-May-98 | 033 | 0.20 | 0.22 | 036 | 0.57 | 0.74 | 0.57 | 0.51 192 | 0.58 § 0.27
08-May-98| 034 | 0.13 | 0,19 | 040 | 063 | 062 | 059 | 048 | 191 | 0.50 | 0.19
11-May-98 | 0.28 | 0.10 | 0.13 0.19 | 055 | 0.52 | 036 | G.22 1.51 06.48 | 0.14
13-May-981 025 |1 0,13 | 0.14 1 023 | 048 | 042 | 037 | 0.38 | 0.89 | 034 | 0.13
15-May-98¢ 028 | 0.08 | 0.12 { 0.13 | 0.54 { 032 | 031 { 030 | 0.52 | 020 | 0.09
19-May-98 1 0.16 | 0.16 | 0.13 ] 0.14 { 041 | 026 | 0.27 | 0.31 046 | 0.28 | 0.07
21-May-98} 015 | 0.13 | 009 | 0.07 | 037 | 0.19 | 029 | 031 | 0.39 | 0.24 | 0.06
25-May-98 | 0.18 | 0.17 | 0.11 ] 0.07 | 040 | 0.13 | 032 | 025 | 0,33 | 0.17 | 0.07
0l-Jun-98 | 026 | 0.13 1 0.06 | 0.04 | 0.35 | 0.08 | 0.33 026 | 0.20 { 0.07 | 0.04

- Indicates no flow.
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There were no past records of flow rates for S- 1, S-2and S - 3.

Figure 5.21 shows a plot of the flow data presented in Table 5.9. There are numerous

sample points for the spring of 1998 during Phase II of the field program (see Section

43).

The seeps account for approximately 50 % of the flow in the surrounding ditch

(excluding Southern Tails flow) and approximately 5 % of the total ARD flow.

—e— Seep 97-01
3.5 —+— Seep 97-02 / -
—0— Seep 97-03 /
3.0 —&— Seep 97-04
g —e— Seep 97-05 /
= 25 —=— Seep 97-06 /
%
*é —&— Seep 97-07 /
= 2.0 —¢—Seep 97-08 A
& —5— Seep 97-09 / A
) /
%D 1.5 —— Seep 97-10
oy —+— Seep 97-11 /
W
210 /
T
0.5 - —— ____‘/
e ===
0.0 .
5 § 5 § 5 §5 £ 8 8 8 &8 8
= = 2 o a5 = o o 9 > :
R RN R L
Date
Figure 5.21  Waste rock dump seep flow rates.
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5.4.5 ARD Collection System

A series of channels and sumps transport the acidic water as it seeps out of the waste
rock dump. The water is pumped to a water treatment plant where lime (CaO) is added
in order to raise the pH and precipitate the majority of the heavy metals, ensuring the

water is suitable for discharge to the environment.

The Main ARD Collection Ditch drains the water that seeps out of the dump to the Main
ARD Pond. Figure 5.22 displays the ARD trenches, sumps, weirs and ponds. There are
also two backup ditches that are down gradient of the Main ARD Collection Ditch. The
West ARD Backup Ditch (secondary ditch) drains any acidic water that bypasses the
Main ARD Collection Ditch (runoff or groundwater). Sump #2 pumps groundwater into
this ditch, dramns into Sump #1 and is then pumped into the Main ARD Pond. Sump #4
pumps groundwater into Sump #3 and then into the Main ARD Collection Ditch. The
Southwest ARD Backup Ditch serves the same purpose as the West ARD Backup Ditch.
Sump #5 pumps groundwater into Getty Creek Pond. Getty Creek Pond also receives
water via the Southwest ARD Backup Ditch. Getty Creek Pond is then pumped into the
Main ARD Collection Ditch. The Plantsite ARD Ditch drains the Former Plantsite into
the Surge Pond. A French drain is located on the west side of the Bessemer Dump which
also drains into the Surge Pond. The Surge Pond flows freely into the Main ARD Pond.
The acidic water from the Main ARD Pond is purnped to the ARD Storage Pond. After
treatment, the water passes through two sludge ponds (north and south) and ultimately
into the Diversion Pond which is discharged into the environment by way of Foxy Creek

or Bessemer Creek.
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Figure 5.22  ARD collection system.

The ARD collection flow chart is shown in Figure 5.23. The measured flows at various

locations along the collection system are summarized in the following sections.
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Figure 5.23  ARD collection flow chart.

5.4.6 ARD Sumps

A series of sumps have been installed to sample, collect and treat contaminated
groundwater. There locations can be seen in Figure 5.22. The total sump flow rate
accounts for approximately 5 % of the total ARD flow rate. Table 5.10 summarizes the

sump data including location and depth.
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Sump #5 is pumped only in the winter months and flows freely into Getty Creek Pond in
the summer months. There are no data recorded for Sump #6 while Sump #7 is pumped
only in the frost-free months. Getty Creek Pond is also pumped into the ARD collection

system.

Table 5.10  Sumyp data.

Sump | Depth from Location
ground Easting | Northing | Casing *
{m) (m) (m) {m)

Sump #1 2.9 7350.442| 7803.493 1 1156.7
Sump #2 2.5 7235.010} 7642.080 | 1203.5
Sump #3 5.7 7195.542( 7138.533{ 1210.0
Sump #4 2.6 7182.512| 7110.358 | 1198.5
Sump #5 3.7 7165.7561 6902.749 | 1146.3
Sump #6 1.8 7064 6968 1129.3
Sump #7 24 7206 6705 1120.0

* Top of casing efevation.

Table 5.11 Sump flow data.

Date Sump flow rate
Sump #1 | Sump #2 | Sump #3 | Sump #4 | Sump #5 | Sump #6 | Sump #7 | Getty

(L/s) (L/s) (Lis) (L/s) (L/s) (Lfs) (L/s) (L/s)

Jun-97 | 0373 | 0.014 | 0022 | 0025 | 0.015 N/A 0.011 1.929
w97 | 0160 | 0003 | 0009 | 0012 | 0026 N/A 0.019 | 0.785
Aug-97 | 0070 | 0002 | 0007 | 0008 | 0.044 N/A 0.051 | 0.643
Sep-97 | 0349 | 0009 | 0030 | 0039 | 0044 N/A 0.009 | 1.490
Oct-97 | 0.716 | 0018 | 0056 | 0065 | 0.063 N/A 0.001 | 3.202
Nov-97 | 0096 | 0004 | 0027 | 0033 | 0.033 N/A 0.023 | 1.243
Dec-97 | 0.001 0.008 | 0013 | 0021 | 0011 N/A 0.008 | 0.839
Jan-98 | 0092 | 0.009 | 0008 | 0018 [ 0.008 N/A 0.006 | 0.596
Feb-908 | 0.032 | 0.005 | 0008 | 0018 | 0.009 N/A 0.006 | 0.560
Mar-98 | 0.032 | 0.004 | 0.020 | 0018 | 0.028 N/A 0.020 | 1.006
Apr-98 | 0.842 | 0.021 | 0.142 | 0.171 | 0238 N/A 0.184 | 6.632
May-98 | 1.004 | 0056 | 0055 | 0063 | 0.099 N/A 0071 | 4.098

Figure 5.24 displays flow rates versus time for the sumps and Getty Creek Pond for the

modelling period.
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Figure 5.24  Sump flow rates for the study period.

There are two characteristic increases in the flow rates due to spring runoff and the fall

rainy season.

5.4.7 ARD Weirs

A series of v-notch weirs have been installed in various locations in the ARD ditches for
instrumentation purposes and can be seen in Figure 5.22. Table 5.12 summarizes the

coordinates for the weirs and Table 5.13 includes flow rates for the study period.
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Table 5.12 Weir coordinates.

Weir Approximate coordinates
Easting Northing

(m) (m)
C3 7480 7000
C5 7221 7165
C6 7265 7590
Cc7 7435 7760
C8 7430 7840
C9 7585 7880
Cl1 7635 8010
C13 7820 8630
Bessemer 7700 7890
5T 7855 6755

Table 5.13 Weir flow data.

Date Weir flow rates

C7 C8 C9 Clt ST

(L/s) (L/s) (L/s) {L/s) (L/s)
Jun-97 8.95 47.90 37.00 2.75 5.30
Jul-97 4,20 15.10 10.20 1.50 2.830
Aug-97 2.65 10.00 6.80 1.15 0.90
Sep-97 3.50 18.80 13.60 17.20 1.20
Oct-97 1.03 29.90 17.60 2.60 4,90
Nov-97 5.45 19.70 13.00 0.45 3.20
Dec-97 5.75 10.10 3.10 0.55 1.00
Jan-98 2.95 7.86 4.30 0.40 0.60
Feb-98 3.00 15.22 11.60 0.70 0.60
Mar-98 3.50 16.94 12.50 1.80 0.50
Apr-98 8.83 34.25 18.80 9.08 0.50
May-08 17.85 71.53 49.40 6.10 13.00
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Figure 5.25  Weir flow rates for the study period.

5.5 Groundwater

A series of piezometers have been installed throughout the mine area in the past to
monitor the groundwater levels. Five additional piezometers were installed in the waste

rock dump to determine hydraulic heads within the waste rock.

This section deals with a series of regional piezometers surrounding the mine which were
installed in the past as well as the piezometers that were installed in the waste rock dump

(see Chapter 4).
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5.5.1 Regional Piezometers

Table 5.15 lists the water level data for the regional piezometers. Piezometers RH 82-02,
RH 82-03, RH 82-06-01, RH 82-06 and RH 82-06A are flowing artesian with the
following approximate flow rates: 42 mL/s, (capped), 0.70 mL/s, 0.28 mL/s and 0.063
mL/s, respectively (Aziz, 1998). The remaining piezometers in the RH 82 series are dry.
Piezometer numbers RH 90-13, 21, 22 and 23 are dry and RH 90-17, 18 and 19 were
lost when a nearby road was relocated. There is recent data for the diamond drill hole
piezometer 90CH403 and none for 90CH404 and 90CHA405. Past data would not be
reliable due to the hydraulic influences of the rising water elevation in the nearby Main

Zone Pit. There is no record for the tip elevations for the diamond drill hole piezometers.

The locations of the regional piezometers are shown in Figure 5.26.

Table 5.14 provides the coordinates and elevations for the regional piezometers.
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Table 5.14

Regional piezometers coordinates.

Piezometer Coordinates
Easting | Northing | Casing * | Tip **

(m) (m) (m) (m)
RH 82-01-01 6927.328| 9914.492 | 1280.280 | 1242.800
RH 82-01-02 [6927.328| 9914.492 | 1280.280 1 1250.300
RH 82-01-03 6927.328| 9914.492 | 1280.280 | 1269.900
RH 82-02-01 7307.021| 7488.083 | 1237.660 | 1225.560
RH 82-03-01 T192.513| 6687.648 | 1123.110[1104.510
RH 82-03-02 |7192.513]| 6687.648 ) 1123.110|1108.710
RH 82-04-02 | 8961.647| 7663.704 | 1359.520 | 1331.520
RH 82-05-01 6765.500| 6046.500 | 260.600 | 881.700
RH 82-05-02 6765.500| 6046.500 | 960.600 | 901.200
RH 82-05-03 | 6765.500| 6046.500 | 960.600 { 938.700
RH 82-05-04 |6765.500] 6046.500 | 960.600 § 944,100
RH 82-06-01 8885.688|10383.202| 1227.150 | 1182.850
RH 82-06-02 | 8885.688110383.202| 1227.150 | 1207.450
RH 82-06A-01 | 8884.963| 10387.282| 1227.91G | 1216.410
RH 82-07-01 Abandoned
RH 82-08-01 8716.102| 8305.624 | 1331.750 | 1183.350
RH 82-08-02 8716.102] 8305.624 | 1331.750 | 1269.350
RH 82-08-03 8716.102{ 8305.624 | 1331.750 | 1292.950
RH 90-11 72229901 7677.640 | 1191.260 | 1171.060
RH 90-12 7141.470) 7612.450 | 1180.960 | 1175.040
RH 90-13 7092.7601 7549.240 | 1182.820}1172.900
RH 90-14 7076.730) 7371.580 | 1176.410 | 1153.810
RH 90-15 7064.220] 7193.560 | 1155.320 | 1137.400
RH 90-16 7064.2204 7193.560 | 1155.370 | 1152.350
RH 90-17 7096.290% 6985.690 | 1130.630[1112.430
RH 90-18 7096.2901 6985.690 | 1130.300 | 1120.020
RH 90-19 7096.290} 6985.690 | 1130.270|1124.210
RH 90-20 7107.9801 7020.270 | 1158.440 | 1155.900
RH 90-21 7121.5401 6994.830 | 1156.050 | 1149.290
RH 90-22 7124920} 6984.750 | 1155.470 | 1145.200
RH 90-23 7129.100| 6974.220 | 1153.950 | 1143.680
90CH403 8401.7 7500.3 1318.0 N/A
90CHA404 8401.9 7558.9 1309.7 N/A
90CH405 8350.7 7559.8 1306.9 N/A

* Top of casing clevation.

** Piczometer tip elevation.
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Table 5.15  Regional piezometer water level elevations.
Date Piezometer water level elevation
90CH403 | RH 99-11 | RH 90-12 } RH 90-14 | RH 90-15 | RH 90-16 | RH 90-20
(m) (m) (m) (m) {m) (m) (m)
24-Jan-91 N/A 1191.26 1179.76 1157.31 1141.72 1152.47 1157.34
23-Apr-91 N/A 1191.18 1180.88 1158.24 1141.95 1152.99 1157.36
05-Jun-91 N/A 1191.26 1179.93 1158.02 1157.69
30-Oct-91 N/A 1191.26 1179.74 1158.52 1157.34
24-Jun-92 N/A 1191.26 1180.41 1158.53 1142.57 1153.73 1157.44
02-Nov-92 N/A 1191.26 1179.80 1158.40 1142.67 1153.87 1157.41
26-May-93 N/A 1191.26 1179.93 1158.68 1142.44 1154.71 1157.60
19-Oct-93 N/A 1191.26 1180.13 1158.54 1142.63 1153.08 1157.69
22-Jun-94 N/A 1191.26 1180.45 1158.65 1142.49 1154.59 1157.71
19-Dec-94 N/A 1191.26 1180.44 1158.77 1154.62 1157.74
03-Jul-95 N/A 1191.26 1180.52 1158.78 1142.34 1153.73 1157.74
21-Dec-95 N/A 1191.26 1179.89 1158.59 1142.21 1153.67 1157.70
28-Jun-96 N/A 1191.26 1180.62 1158.79 1142.19 1153.41 1157.66
04-Nov-96 N/A 1191.26 1180.60 1158.58 1142.33 1157.71
30-Jun-97 N/A 1191.26 1180.96 1158.78 1143.10 1154.36 1157.68
29-Dec-97 N/A 1191.26 1180.66 1158.63 1142.73 1154.33 1157.64
30-Jun-98 1276.40 1191.26 1180.40 1158.72 1142.45 1154.14 1157.54

Blank vatue indicates a dry piezometer,

Figure 5.27 displays the water levels versus time for the regional piezometers.
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Figure 5.27  Water levels versus time for the regional piezometers.

5.5.2 Waste Rock Dump Piezometers

A total of five piezometers were installed in the waste rock dump (see Chapter 4) as

shown in Figure 5.28.

Table 5.16 lists the coordinates for the waste rock dump piezometers and Table 5.17 lists

the water level elevations.
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Figure 5.28  Waste rock dump piezometer locations.
Table 5.16 ~ Waste rock dump piezometer coordinates.
Piezometer | - - Coordinates
Easting | Northing | Casing * | Tip **
(m) | (m) (m) (m)
P 97-01 8047.501| 7696.383 | 1292.018 | 1271.673
P 97-02 7811.257| 6995.958 | 1281.486 | 1266.002
P 97-03 7654.608| 7019.440 | 1259.485 | 1244.728
P 97-04 7917.660| 7404.033 | 1327.369 | 1288.507
P 97-05 8020.126| 7528.878 | 1326.307 | 1297.326

* Top of casing elevation.

** Piezometer tip elevation.
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Table 5.17  Waste rock dump piezometer water level elevations.

Date Piezometer
P97-01 | P97-02 | P97-03 ] P97-04 | P97-05

(m) (m) (m) {m) (m)

17-Sep-97 | 1271.838 1244 885
19-Sep-97 | 1272478 1244865
14-Oct-97 [1271.918 1245.075
12-Nov-97 [1271.948 1245.205
30-Dec-97 [1271.968 1245.305( 1288.44911297.237
16-Feb-98 (1271948 1245.265| 1288.479} 1297.197
31-Mar-98 [1271.938 1245.275] 1288.449| 1297.217

18-Apr-98 [1271.968{1266.186] 1245.285) 1288.469
19-Apr-98 |1271.968]1266.226] 1245.285] 1288.469
20-Apr-98 | 1271.968}1266.216| 1245.295] 1288.519
21-Apr-98 | 1271.968]1266.206] 1245.305| 1288.569
22-Apr-98 |1271.96811266.206] 1245.305| 1288.569
23-Apr-98 [1271.968]1266.206| 1245.305] 1288.569
24-Apr-98 [1271.96851266.206| 1245.305] 1288.569
25-Apr-98 [1271.968]1266.186| 1245.285] 1288.469
27-Apr-98 [1271.97811266.236| 1245.295] 1288.869
29-Apr-98 | 1271.978{1266.316] 1245.305( 1289.229]1297.367
01-May-98 | 1272.008|1266.316] 1245.315( 1288.589] 1297.367
04-May-98 | 1272.008|1266.306] 1245.325( 1288.589] 1297.367
06-May-98 [ 1272.008]11266.306| 1245.325| 1288.579] 1297.367
08-May-98 [ 1272.008]1266.316| 1245.325] 1288.589] 1297.367
09-May-98 [ 1272.008]1266.316| 1245.315| 1288.579] 1297.367
11-May-98 [1272.008]1266.316| 1245.315] 1288.579] 1297.367
13-May-98 | 1272.003]1266.296] 1245.315| 1289.569| 1297.357
15-May-98 [1271.998]1266.306| 1245.305] 1288.579] 1297.357
19-May-98 [ 1271.988]1266.306| 1245.275| 1288.579] 1297.357
21-May-98 | 1271.988|1266.306] 1245.255( 1288.579] 1297.357
01-Jun-98 [1271.968]1266.286] 1245.195] 1288.579] 1297.327

Blank value indicates a dry piezometer.

Figure 5.29 shows the water levels versus time for the waste rock dump piezometers.
There are numerous sample points for the spring of 1998 during Phase Il of the field

program (see Section 4.3).
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Figure 5.29  Water levels versus time for the waste rock dump piezometers.

5.6 Water Chemistry

The chemistry of the water offers an indication of the geochemical reactions that have
taken place along the groundwater flow path. The reactions are dependent upon many
variables such as the minerals present, chemical stability of the system, flow length and
time. The evolution of groundwater may be mapped and areas of recharge and discharge
may be identified. The water chemistry is explained for each of the components that

pertain to Equity Silver Mine.
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The following subsections tabulate only the most abundant constituents; however, a
detailed chemical analysis was completed on some of the samples and is included in

Appendix A.

5.6.1 Surface Water

The location for the collection of surface water samples can be seen in Figure 5.13. Table
5.18 lists the water chemistry for the surface water arcas (see Table 5.7 for approximate
locations). The chemical water quality data for the ARD Storage Pond is the same as the

Main ARD Pond since the acid water is simply pumped to that location.

A detailed chemical analysis is also included m Appendix A, Table A.1.
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Table 5.18

Surface water chemistry.

Surface pH | Acidity *{ Dissolved constituents
water Cu Fe In
location (mg/L) | (mg/L)| (mg/L}} (mg/L)
Getty Creek Pond
27-Jun-97(3.28 158 2.23 2.80 1.83
29-Aug-97]3.17 146 1.28 4.48 1.02
30-Oct-97] 3.06 184 2.72 4.50 2.45
24-Dec-97| 3.04 114 0.8 1.0 0.8
27-Feb-98]3.19 105 0.5 3.0 0.6
23-Apr-98[ 2.98 225 3.1 3.2 2.8
04-Jun-98| 3.20 117 0.9 1.6 0.7
Surge Pond (C9)
27-Jun-97|2.67] 3330 37.2 350 147
29-Aug-9712.64| 5080 45.0 510 204
30-Oct-97]2.59| 3683 34.6 410 153
24-Dec-97(2.47] 6677 56.4 595 275
27-Feb-9812.65] 7194 51.2 670 300
23-Apr-98(2.56] 7280 52.3 770 292
04-Jun-9812.67] 4148 39.8 365 172
Main ARD Pond (C8)
27-Jun-97}2.45] 5680 74 696 124
29-Aug-97]2.51] 8330 98 1088 154
30-Oct-97| 2.41] 4704 52 635 107
24-Dec-9712.311 11127 120 1480 178
27-Feb-98|2.43] 14220 141 2080 256
23-Apr-9812.411 9970 100 1560 168
04-Jun-98|2.45] 6265 70 673 108

* As calcium carbonate CaCQO,.
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Table 5.18 Surface water chemistry, continued.

Surface pH | Alkalinity * | Acidity * Dissolved constituents
water 50, Cu Fe Zn
location (mg/L) (mg/L) | (mg/L)|{(mg/L)| (mg/L)]| (mg/L)
Waterline Zone Pit
19-Jun-97| 6.62 N/A <10 N/A | <003 | 0.33 0.55
29-Aug-97| 6.82 N/A <10 N/A | <0.03 | 0.01 0.47
30-Oct-97] 6.55 N/A <10 N/A | <0.01 1 0.10 0.58
24-Dec-97{6.55 N/A <10 N/A | <0.01 | <0.03 | 0.26
27-Feb-98|7.20 N/A <10 N/A <0.03 0.03 0.50
21-May-98/ 6.67 N/A <10 N/A | <001 | 040 0.33
Tailings Pond
27-Jun-97(7.27 24 N/A 1400 | 0.012 | N/A | 0.056
25-Aug-9717.46 23 N/A 1360 | 0.007 N/A 0.051
27-0ct-97] 6.96 18 N/A 1560 | 0,023 | N/A | 0.090
29-Dec-97(7.08 23 N/A 1600 | 0.039 N/A 0.106
23-Feb-98| 6.88 20 N/A 1430 | 0.026 | N/A | 0.110
27-Apr-98(7.18 20 N/A 1650 | 0.030 N/A 0.128
Diversion Pond
27-Jun-97| 7.45 56 N/A 2200 | 0.005 N/A 0.018
25-Aug-97|7.37 29 N/A 1800 | 0.002 | N/A | 0.0l6
27-0ct-97| 7.25 33 N/A 1770 | 0.006 N/A 0.029
29-Dec-97| 7.04 31 N/A 1980 | 0.006 | N/A | 0.062
23-Feb-98| 6.94 46 N/A 1780 | 0.011 N/A 0.094
27-Apr-98| 7.33 27 N/A 2610 | 0.004 | N/A | 0.020
04-May-98( 7.31 16 N/A 2450 | 0.005 N/A 0.035
Main Zone Pit
27-Jun-97] 7.95 28 N/A 1660 | 0.003 N/A | <0.005
25-Aug-97| 8.37 34 N/A 1870 | 0.002 | N/A | <0.005
27-Oct-97]7.71 34 N/A 1730 | 0.004 | N/A | 0.022
29-Dec-97| 7.16 69 N/A 1520 | 0.014 | N/A | 0426
23-Feb-98|7.22 104 N/A 1220 | 0.026 | N/A 1.07
30-Mar-98(6.75 90 N/A 1230 | 0.040 | N/A 1.22

* As calcium carbonate CaCOs.
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5.6.2 Creeks and Diversion Channels

A diagram of the creeks and diversion channels can be seen in Figure 5.13 (or Figure
5.11 for conditions prior to any mining activity). Table 5.19 lists the water chemistry for
the surrounding creeks and diversion channels for September 15, 1997 (see Table 5.7 for

approximate locations).

Table 5.19  Creek and diversion channel water chemistry.

River pH | Temp.| Conductivity | TDS Major anions Major cations
Cl 80, | HCO;| Na K Ca
(°C) | (mmhos/em) | (mg/L) | {mg/L)| (mg/L) | (mg/L) | (mg/L) | (mg/L} | (mg/L}

East Bessemer 6.85] 94 82.7 64 0 9.5 32.5 28.8 23.0 36
Bessemer Creck Bypass 7.04] 9.3 87.7 60 0 10.7 36.5 28.8 17.3 32
Berzelius Creek 6.83| 11.0 186.8 124 0 46.1 44.7 36.0 9.4 84
Lu Creek 6.82| 7.6 79.6 64 0 29 46,7 64.8 15.1 32
Foxy Creek 6.97| 7.6 53.6 65 0 0.0 31.2 50.4 21.6 24
Bessemer Creek 7231 9.6 719 551 0 3172 | 416 | 2376 | 63.4 332
Buck Creek 7.33] 9.3 136.6 99 0 2.9 79.2 64.8 24.5 64
Getty Creek 7.31] 9.4 276 216 0 116.2 4.3 72.0 45.4 108
Bessemer Creck Bypass 7.26] 9.2 343 260 0 1388 | 173 36.0 54.0 140
5.6.3 Seepage Water

Figure 5.20 is a drawing of the waste rock dump seepage while Table 5.20 lists the water

chemistry for the seeps (see Table 5.7 for locations).

A detailed summary of the water quality is also included in Appendix A - Table A.2,
Table A.3, Table A.4 and Table A.5.
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Table 5.20

Water quality for seepage discharge.

Seep pH | Temp.} Conductivity } Acidity * | Potential Dissclved Constituents
Cu ke Zn Mg
(°C) [{mmitos/em) | (mg/d) | (mV} |(me/L)| (mg/L) i (mg/L)| (mg/L}
Seep 97-01
25-1un-97[ 5451 N/A 2.85 66 NiA 014 40.4 | O 541 N/A
16-Sep-97]6.33{ 11.0 311 N/A NiA N/A 3 N/A 20
19-Apr-98[6.20] 4.5 284 35 +120 0.08 246 [ 0757 154
Seep 97-02
25-Jun-S7| 2.88 | N/A 367 638 N/A 1.49 160 1.97 N/A
16-Sep-971 2.70[ 105 3.7 N/A N/A N/A 50 N/A 25
19-Apr-98]2.70¢ 3.4 5.14 3280 1440 7.07 921 456 171
Seep 97-03
25-Jun-97( 2,401 N/A 11.9 17500 N/A 946 | 3940 | 540 N/A
16-Sep-97] 2.37| 102 11.81 N/A N/A N/A 2480 NVA 80
19 Apr 98] 2.90| 2.4 10.84 14400 +4120 78.7 2590 50.1 547
Seep 97-04
25-Jun-97{ 2.31] N/A 132 21300 N/A 153 5500 | 781 N/A
16-Sep-57) 2.31] 10.1 15.22 N/A N/A N/A | 4670 | N/A 130
19-Apr-98| 250 6.4 14.14 21100 +5320 269 6150 109 810
Seep 97-05
25-Jun-97| 238} N/A 49.3 40200 N/A 403 6630 | 403 N/A
16-5ep-971 2.17] 19.9 26.4 N/A N/A N/A | 5860 [ N/A 600
19-Apr-98| 2.30| 16.7 27.8 50500 +450 474 9680 | 345 2600
Seep 97-06
25-Jun-97[ 2.36| N/A 50.1 42800 N/A 419 6880 413 N/A
16-Sep-97| - - - - NIA - - - -
19-Apr-98{ 2,40 13.8 25.8 45400 +430 431 9330 324 2340
Seep 97-07
25-Jun-97[ 2.25| N/A 58.1 56200 N/A 609 7780 492 N/A
16-Sep-97] 2.07| 13.3 32.1 N/A N/A N/A | 10890 | N/A 510
19-Apr-98( 2.50] 11.7 24,7 43800 +480 422 6910 312 2510
Seep 97-08
25-Jun-9712.26] N/A 54.6 42400 N/A 202 | 3790 537 N/A
16-Sep-57(2.11] 182 318 N/A N/A N/A | 3350 | N/A 600
19-Apr 98| 2.20] 20.3 27.6 36300 +4420 356 4310 459 3960
Seep 97-09
25-Jun-97; 2.55] N/A 17.3 17900 NIA 8§75 1050 342 N/A
16-8¢p-97§2.47} 12.2 15.8 N/A N/A N/A 610 N/A 293
19-Apr-98|2.80| 1.4 14.5 15100 +410 133 1120 250 1820
Seep 97-10
25-Jun-97| 2.08] N/A 49.6 62500 N/A 19.2 | 13600 237 N/A
16-Sep971 2,121 11.4 228 NIA N/A N/A | 10100} N/A 260
19-Apr-98§2.401 8.8 15.3 32100 +450 355 7320 117 1110
Seep 97-11
25-Jun-97[2.08| N/A 67.9 83100 N/A 927 | 13200 [ 478 N/A
16-Sep-97| 2.04| 304 12.5 N/A N/A N/A | 10600 | NA 420
19-Apr-98{ 2.50] 2.0 20.8 45900 +460 335 9780 151 1430
§-1
05-Mar-91| N/A L N/A N/A 63700 N/A 1220 | 108001 774 N/A
14-Jul-94{ 1.46 | N/A N/A 78230 N/A 460 5940 384 N/A
27-0ct-95[ 2.53 | N/A N/A 30000 N/A 336 3430 445 N/A
14-Feb-97} 2.05| N/A N/A 47700 N/A 692 6450 534 N/A
25-Apr-97) 2.15] N/A N/A 52000 N/A 300 1538 555 N/A
5-2
27-0ct-95( 2.53 | N/A N/A 35700 N/A 576 7570 440 N/A
14-Feb-97] 2.04| N/A N/A 38500 N/A 460 4960 548 N/A
25-Apr-97] 2.15| N/A N/A 35300 N/A 604 | 10600 | 488 N/A
S§-3
05-Mar-91| N/A | N/A /A 101000 N/A 1910 | 16800 | 742 N/A
27-0ct-95) 2.61 [ N/A N/A 46200 N/A 336 4320 592 N/A
14-Feb-97) 202 NA N/A 65500 N/A 682 | 10700 | 562 N/A
25-Apr-97[ 2.04| N/A N/A 58600 N/A 115 1863 151 N/A
* As calcum carbonate CaC0.

- Inchcates no data since there was no flow,
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5.6.4 ARD Collection Water

Figure 5.22 shows the location of the ARD collection channels and Table 5.21 lists the
water chemistry for the ARD collection channels. The water chemistry for C9 {Surge
Pond) and C& {Main ARD Pond) are given in Table 5.18 as they are essentially surface

water data (see Table 5.12 for the weir coordinates).

Table 5.21 Water quality analysis for the ARD collection channeis.

Weir pH | Acidity * | Dissoived Constituents
Location Cu Fe Zn
(mg/L) {(mg/L)]| (mg/L)]| (mg/L)
C7
27-Jun-97(2.341 10100 129.00 | 1370 | 136.0
29-Aug-97(2.38] 15100 184.0 | 2224 | 177.0
30-0ct-9712.35| 5419 67.7 830 6i.5
24-Dec-97(2.42] 4574 504 595 51.2
27-Feb-98]2.25| 27376 292.0 | 4700 | 2638.0
23-Apr-98(2.33] 13200 140.0 | 2430 | 106.0
04-Jun-97|2.39| 8895 97.5 1055 | 103.0
Cl1
27-Jun-97(2.96 220 4.80 1510 | 9.55
29-Aug-97|2.97 226 2.30 19.80 | 5.70
30-Oct-97] 2.80 297 2.39 | 5830 | 3.25
24-Dec-97]3.19 147 1.6 21.8 4.3
27-Feb-9814.21 132 0.3 41.0 2.8
23-Apr-98)2.96 202 3.8 7.3 35
04-Jun-97(3.59 216 1.3 6.0 378
ST
27-Jun-97( 6,25 <10 0.14 0.48 9.9
29-Aug-97|6.62 <10 0.05 0.01 5.4
30-Oct-97| 6.05 4 0.02 0.18 14.4
24-Dec-97(6.53 <10 0.01 0.03 9.13
27-Feb-98| 6.80 <10 0.03 0.08 ] 10.10
23-Apr-98]6.33 <10 0.01 0.05 13.80
04-Jun-97/6.19 <0 0.01 0.05 11.80

* As calcium carbonate CaCO;.

A detailed summary of the water quality is also included in Appendix A, Table A.6.
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5.6.5

ARD Sump Water

The location of the sumps can be seen in Figure 5.28. Table 5.22 lists the water quality

for the sumps (see Table 5.9 for locations).

Table 5.22

Sump water quality.
Sump pH | Acidity *| Dissolved Constitnents
Cu Fe Zn
{mg/L) | (mg/L)| (mg/L)| (mg/L)
Sump #1
24-0ct-96| 2.85| 344 880 | 3200 | 52
26-Jun-97|2.94| 334 5.83 | 9.20 4.7
21-Dec-97| 2.98 492 8.69 10.90 8.1
Sump #2
24-0ct-96|4.11} 222 440 | 2.86 8.8
29-Aug-97|3.23} 215 393 | 2.08 5.3
19-Sep-97]|3.09] 2433 373 | 248 { 5.15
21-Dec-97|3.54) 1794 16.3 363 | 269
Sump #3
26-Jun-97|2.50{ 8000 | 146.00] 996 78.5
21-Dec-97]2.35] 25964 360 | 3620 | 244
Sump #4
24-Oct-96] 2.47| 9840 164 916 83
14-Feb-97] 2.46| 16300 269 1660 136
26-Jun-9712.47| 8070 142 370 78
19-Sep-97{2.41] 10960 175 1020 103
21-Dec-97[2.28| 32623 432 | 4560 | 280
Sump #5
24-0ct-96( 4.66 36.0 1.34 0.14 1.46
14-Feb-97| 5.50 15.0 1.40 | 24.60 1.56
19-Sep-97| 4.45 32.1 2.00 0.08 2.32
21-Dec-97| 5.43 22 1.40 { 031 2.73
Sump #6
04-0ct-95|7.29] <10 0.02 | 002 | 002
Sump #7
24-Oct-96} 4.06 77 060 | 056 | 0.64
19-Sep-97t 3.96 28.1 0.40 0.28 0.58

* As calciumn carbonate CaCO;.
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5.6.6 Piezometer Water

The foliowing subsections provides the water quality analysis of groundwater from the

regional and waste rock dump piezometers.
5.6.6.1 Regional Piezometers

The location of the regtonal piezometers can be seen in Figure 5.26. Table 5.23 lists the

water chemistry for these piezometers (see Table 5.14 for locations).
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Table 5.23 Regional piezometer water chemistry data.

Piezometer pH | Conductivity | Alkalinity * Dissolved Constituents

S0, Cu Al Zn
(pmhos/cm) (mg/l) | (mg/L)| (mg/L) | (mg/L) | (mg/L)

RH §2-02-01
28-Jun-96| 7.66 529 N/A 92,1 | 0.001 | 0.007 | <0.005
23-Sep-96| 7.62 508 N/A 91.3 | <0.001]| 0.007 | <0.005

RH 82-03-01
25-Mar-96| 5.62 1000 N/A 518 | <0.001] 0.075 | 0.172
28-Jun-96| 5.80 984 N/A 482 | <0.001] 0.062 | 0.170
23-Sep-96| 6.03 1010 N/A 578 | 0.009 | 0.093 | 0.175
04-Nov-96| 5.96 1060 N/A 456 | <0.005| 0.078 | 0.165
31-Mar-97| 5.84 1020 N/A 553 0.002 | 0.184 | 0.164
30-Jun-97} 5.19 990 N/A 494 | 0.002 | 0.070 | 0.169
29-Sep-97) 5.83 1010 N/A 550 | 0.004 | 0.061 | 0.184
22-Dec-97] 5.65 945 N/A 478 | 0.001 | 0.060 | 0.167

RH 82-05-03
28-Jun-96| 6.92 767 N/A 314 | 0.003 | 0.005 [ 0.607
04-Nov-96| 6.64 785 N/A 299 | <0.001] 0.010 | <0.005
22-Dec-97| 6.65 662 N/A 200 | <0.001] 0.017 | <0.005

RH 82-06-01
28-Jun-96| 7.58 1090 N/A 164 | 0.001 | <0.005| <0.005
11-Apr-96] N/A N/A N/A N/A | <0.001] 0.009 [ <0.005
30-Jun-97| 7.55 1060 N/A 166 | <0.001] <0.02 | 0.073
22-Dec-97| 7.31 988 N/A 176 | <0.001] <0.02 | <0.005

RH 82-06-02
28-Jun-96]| 7.78 1150 N/A 164 | 0.001 | <0.005 | <0.005
1}1-Apr-96| 7.59 1200 N/A N/A | <0.001] 0.008 | <0.005
30-Jun-97| 7.65 1150 N/A 249 | <0.001| <0.02 | <0.005
22-Dec-97| 7.44 1670 N/A 257 | <0.001 ] <0.005 | <0.005

RH 82-06A-01
28-Jun-96| 7.54 994 N/A 144 | <0.001] 0.009 | <0.005
11-Apr-96] 7.36 1040 N/A 155 0.003 | 0.012 | <0.005
30-Jun-97{ 7.39 978 N/A 156 | 0.002 | <0.02 | <0.005
22-Dec-97¢ 7.29 909 N/A 164 | <0.001 | <0.005 | <0.005

* As calcium carbonate CaCOs;.
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Table 5.23  Regional piezometer water chemistry data, continued.
Piezometer pH | Conductivity | Alkalinity * Dissolved Constituents

SO, | Cu Al Zn
(pmhos/cm) (mg/l) | (mg/L)} (mg/L) | (ng/L) | {mg/l)

RH 90-10
28-Jun-96| 7.66 665 N/A 83.7 | 0.003 | 0.010 | 0.012
04-Nov-96| 7.59 677 N/A 85.5 | 0.008 | 0.022 | 0.018
30-Jun-97] 7.62 655 N/A 81 <0.001 | <0.02 | 0.009

RH 90-11
28-Jun-96| 7.63 1100 N/A 365 0.007 | 0.016 | 0.012
30-Jun-97[ 7.43 1090 N/A 410 | <0.001] <0.01 | 0.005

RH 90-12
28-Jun-96§ 7.80 595 N/A 101 0.002 | 6.013 | 0.014
04-Nov-96| 7.73 618 N/A 103 0.002 | 0.020 | <0.005
30-Jun-97{ 7.57 621 N/A 118 0.002 | 0.01 0.02

RH 90-13
05-Jun-911{ 7.50 N/A 274 215 0.038 | 0.04%9 | 0.008

RH 90-14
28-Jun-96{11.30 1860 N/A 555 0.008 | 0.09 | 0.009
04-Nov-96{11.40 1880 N/A 099 0.011 | 0.166 | 0.016
30-Jun-97{11.40 1840 N/A 720 0.018 | 0.15 0.02
29-Dec-97]1 11.0 1590 N/A 775 0.003 | 0.011 | <0.005

RH 90-15
21-Dec-95{11.80 3590 N/A 213 0.036 | 0.046 | <0.005
28-Jun-96{11.20 1510 N/A 7.1 0.046 | 0.065 | 0.06%
30-Jun-97{11.80 2080 N/A 19 0.246 | 20.10 0.17
29-Dec-97{ 11.6 3970 N/A 33 0308 | 1.25 | 0.160

RH 90-16
29-Jun-95| N/A N/A N/A N/A | 0.001 | 0.069 | <0.005
29-Dec-97| 6.7 255 N/A 70 0.013 | 0.042 | 0.192

RH 90-20
04-Nov-96] 7.40 1270 N/A 422 | <0.001| 0.069 | 0.010
30-Jun-97{ 7.43 1080 N/A 489 | <0.001 | 0.023 | <0.005
29-Dec-97{ 6.94 1110 N/A 424 N/A N/A N/A

* As calcium carbonate CaCQs.
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5.6.6.2

Waste Rock Dump Piezometers

The locations of the waste rock dump piezometers are shown in Figure 5.28. Table 5.24

lists the water chemistry for water samples collected from these piezometers (see Table
5.16 for locations). Samples for P 97-02, P 97-04 and P 97-05 could not be obtained for

analysis as the water levels were too low.

Table 5.24  Waste rock dump piezometer water chemistry.
Piezometer | pH | Temp. | Conductivity | Acidity * | Potential Dissolved Constituents
Cu Fe Zn Mg
(°C) | (mmhos/cm) (mEfL) (mV) | (mg/L) (_mg/L) (mgfl.,) (mgf_l__,-)_
P 97-01
17-Sep-97|3.53] 8.7 13.67 N/A N/A N/A 610 N/A 249
13-Apr-98(2.70] 9.0 17.26 19700 +400 203 2900 405 2000
P 97-03
17-8Sep-97|3.211 17.1 25.5 N/A N/A N/A 2830 | N/A 352
18-Apr-9812.50] 10.7 37.5 48700 +400 549 10500 | 717 4820

* As calcium carbonate CaCO;.

A detailed summary of the water quality is also included in Appendix A, Table A.7.

5.6.7

Runoff Water

The runoff was sampled for the 1998 freshet and the results are shown in Table 5.25. A

detailed summary of the water quality is also included in Appendix A, Table A.8.

Table 525  Runoff water chemistry.
Sample pH | Temp.] Conductivity | Acidity * | Potential Dissolved Constituents
Ca Mg K Na
(°C) | (umhos/em) | (mg/L) | (mV) | (mg/L)| (mg/L)| (mg/L) | (mg/L)
Runoff
19-Apr-98[ 5.20( 2.2 323 25 +210 36.60 | 11.2 3 <2

* As calcium carbonate CaCO;.
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6.1 Introduction

The groundwater flow regime system was modelled for the Equity Silver Mine site using
GMS (Groundwater Modelling System) and FEMWATER. GMS is a graphical interface
for performing groundwater simulations (ECGL, 1998) and was developed by the
Department of Defense (USA). FEMWATER is an analysis code that is supported by
GMS for performing groundwater flow and transport simulations (Lin ef al., 1997). The
three dimensional finite element program models flow and transport in the saturated and
the unsaturated zone. FEMWATER can do simulations of flow only, transport only,
combined sequential flow and transport and coupled density-dependent flow and
transport. The model is capable of handling heterogeneous and anisotropic media.

Analysis modes include both steady state and transient conditions.

6.2 Three Dimensional Mesh Generation

The generation of the three dimensional finite element mesh required four steps. The first
step involved the development of a conceptual model which was created to form a two

dimensional mesh. Three dimensional iso-surfaces termed TIN’s (Triangulated Irregular

Page 144
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Network) representing the hydrostratigraphy were developed into a three dimensional

mesh by projection to the two dimensional mesh.

6.2.1 Conceptual Model

The conceptual model consisted of a series of nodes and arcs. The arcs are defined by a
series of nodes and represent specific characteristics that are to be preserved in the mesh.
The red arcs define the study area, waste rock dump and the open pits. The remaining
arcs represent the geology, piezometers, sumps, creeks and ponds that are also conserved
in the two dimensional mesh. The conceptual model used to represent the mine site is

shown in Figure 6.1.

Scale: 1:25 000

Figure 6.1 Conceptual model.
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The five green triangles represent refine points for sump #1, #2, #4, #5 and #7. The mesh
must be refined around a source or sink area due to the steep hydraulic gradients. The

conceptual model consists of 440 nodes, 35 arcs and 5 refine points.
6.2.2 Two Dimensional Mesh
A two dimensional mesh was generated from the conceptual model. This algorithm

honors the nodes and the refine points in the conceptual model. The two dimensional

mesh is shown in Figure 6.2.

Scale: 1:25 000

Om  500m

Figure 6.2 Two dimensional mesh.
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Triangular elements are preferred over quadrilateral elements due to the planar surface of
a triangular face in three dimensions, which may not be the case for quadrilateral

elements. Element configuration is explained further in Section 6.2.4.

The mesh consists of 864 nodes, a maximum node half band width of 58 and 1,667

triangular elements.

A two dimensional mesh that covers only the waste rock dump was derived from the
mesh in Figure 6.2 by removing all of the elements outside of the area in order to
produce the waste rock three dimensional finite elements. The waste rock dump mesh
consists of 201 nodes, a maximum node half band width of 23 and 336 triangular

elements.

6.2.3 Triangulated Irregular Network (TIN)

The Triangulated Irregular Network’s (TEN’s) were derived from the isopachs in Section
5.2 and the topographical maps in Section 5.3. The lower boundary of the modelled area
is located at an elevation of 800 m and is termed the Baseline TIN. The Bedrock TIN is
located at the current topographical map (without the waste rock dump) minus the till
isopach and 10 m of fractured bedrock. The fractured bedrock TIN (termed
Frac_Bedrock) is simply the Bedrock TIN plus 10 m in elevation since the upper 10 m of
the bedrock is believed to be fractured. The Till TIN is the topographical map (without
the waste rock dump). The waste rock TIN (termed Waste_Rock) is the topographical
map with the waste rock dump included. Three intermediate TIN’s have been included
between the waste rock TIN and the Till TIN due to the four orders of magnitude
difference of hydraulic conductivity between the two materials. The intermediate TIN’s
are termed Intermediate 1, Intermediate 2 and Intermediate 3 and are located 1, 2 and 3
meters above the till TIN respectively. The intermediate TIN’s reduce the maximum
difference in hydraulic conductivity to one order of magnitude between materials. All of

the intermediate and waste rock TIN’s are projected over the waste rock dump area and
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not the total area as described in Figure 6.2. The Cover TIN represents the soil cover

that was placed on the waste rock dump and is 0.8 m above the Waste_Rock TIN.

6.2.4 Three Dimensional Mesh

The three dimensional mesh was developed from the projection of all of the TIN’s onto
the two dimensional mesh. The elements between the TIN's are subdivided into a
prescribed amount that defines the number of internal layers of elements in a specific
material. The horizontal layers of elements have vertical boundaries with different
material properties where the geology changes. This is the case for the bedrock and the
fractured bedrock which both contain five different geological units within the layers.
The till layer is assumed to be homogenous throughout the mine area. The 1 m
intermediate layers represent a gradual change of hydraulic conductivity of the waste
rock to approach that of the glacial till in three steps and is also assumed to be
homogeneous. This gives rise to 15 separate materials (the three intermediate layers are
artificial and have properties that vary in succession between the till and the waste rock).
The pits result in non-continuous hydrostratigraphy of the fractured bedrock and the till
layers; thus, the number of two dimensional elements reduces to 1,478 from 1,667. A
portion of the elements in these layers were eliminated in the Main Zone Pit area. The
clements that extend over the Southern Tails area were simply renamed to the
Intermediate 1 layer which represents the first waste rock layer. Table 6.1 describes the

distribution of the three dimensional elements.

The mesh consists of 8,071 nodes, a maximum node half bandwidth of 996 and 13,202
wedge elements. Wedge elements are preferred over hexahedral elements due to the
planer surfaces on all sides of the wedge, which may not be the case for hexahedral
elements. The particle tracking algorithm may break down in FEMWATER if a particle
crosses a non-planer face (ECGL, 1998). This is a particular concern when mass

transport is modelled.
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Table 6.1 Description of the three dimensional elements.
Layer 2D Mesh TIN's Number of | Number of
elements Lower Upper layers elements
Bedrock 1667 Baseline Frac Bedrock 2 3334
Fractured bedrock 1478 Frac Bedrock Bedrock 2 2956
Till 1478 Bedrock Till 2 2956
Southern Tails fill 65 N/A N/A 4 260
Intermediate 1 336 Till Till+1 1 336
Intermediate 2 336 Till+1 Till+2 1 336
Intermediate 3 336 Till+2 Till+3 1 336
Waste rock 336 Till+3 Waste Rock 6 2016
Soil Cover 336 Waste Rock Cover 2 672
Total number of elements: 13202

A three dimensional representation of the finite element mesh with a vertical

exaggeration of 2.6 is shown in Figure 6.3.
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Figure 6.3 Three dimensional mesh.
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6.3 Boundary Conditions

The boundary conditions at the mine site consist of constant head, infiltration rates and

pumping rates which are shown in Figure 6.4.
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Figure 6.4 Boundary conditions.

The diamonds in Figure 6.4 represent constant head. The string of diamonds on the west
side represent Bessemer Creek. The individual strings of diamonds in the center region
represent the acid rock drainage collection ditches. The south and west end of the waste

rock dump is also set to a constant head boundary. The Main Zone Pit and Waterline
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Zone Pit are constant head locations and are seen in the northeastern area. The diamonds
on the north side of the map area represent the Tailings Pond. The heads for the creek,
seepage faces on the waste rock dump and the ARD ditches are set at the elevation head.

The pit and pond water are set in accordance to the values presented in Chapter 5.

Variable flux rates are applied to the ground surface and are described in Chapter 3. The
flux rate for the waste rock dump was found to be 6 % of the total precipitation or a rate
of 1.1 x 10° m/s. A flux of 2 x 10" m/s or 10 % of the total precipitation was arbitrarily
set to regions outside of the waste rock dump. Regional recharge rates of 10, 20 and 30

% were also simulated in order to gain a sense of sensitivity of infiltration rates.

The black squares represent the groundwater sumps. The sumps pump from the fractured

bedrock.

The outer limits of the modelled area represent groundwater divides. The groundwater is
divided along these lines due to topography and represent a zero flow boundary. These

boundary conditions are set in the model.

6.4 FEMWATER Run Options

A steady state, flow only simulation was used for the model presented herein. A transient
model was not used as steady state conditions exist in the field (see Section 5.4.1). Mass
lumping was used which indicates if the mass matrix should be lumped. The solution is
less accurate but potentially more stable (Lin et a/., 1997). The solving method was the
pointwise iterative matrix solver which uses the basic successive iterative method. The
quadrature defines the technique of numerical integration. The quadrature used was a
gaussian / gaussian which is used for both element and surface integration. The weighting
factor used was a backward difference one. The relaxation parameter for solving the non-
linear flow equations was set to 0.050 and 1.00 for the linear equations. A transient

simulation was performed in order to aid in the convergence of the model.
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Iteration and convergence criterion were also specified. The number of iterations for
non-linear flow was set to 100 and 500 for linear flow. Ten cycles for the rain / seepage
boundary were set. The steady state convergence criteria was set to 0.020 m and 0.001]

m for transient simulations.




Chapter 7 Data Analysis and Discussion

7.1 Introduction

The objective of this thesis was to determine the water balance for the waste rock dump.
Hydrological characterization of the waste rock dump was performed in order to assess
all of the hydrological parameters. This chapter analyzes the hydrological data collected

during the thesis program.

7.2 Spring Freshet

Measurements from the 1998 freshet offer information on the flow patterns and drainage
characteristics of the waste rock dump. The runoff was measured along with the waste

rock dump piezometric water levels and seepage flow rate hydrographs.

7.2.1 Runoff

The runoff was measured at three of the five stations for the waste rock dump and is
described in Section 4.3.1. Table 7.1 summarizes the results from the runoff flow

measurements.
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Table 7.1 Summary of the runoft flow measurements.
Contributing Area Cumulative Equivalent Portion of
area flow water depth total area
(ha) (m’) {mm)
R 98-01 94.2 72625 77 42.4%
R 98-02 9.1 3054 34 4.1%
R 98-03 8.2 3236 39 3.7%
R 98-04 4.9 N/A N/A 2.2%
R 68-05 42.5 N/A N/A 19.1%
Outside catchment 63.1 N/A N/A 28.4%
Total 2220 78,915 71 100.0%

The total snowfall less sublimation and mass transfer was an equivalent of 84 mm of
water for the start of the 1998 spring freshet (see Section 5.4.1.2). An additional 15 mm
of rain fell during the freezing period and was added to the snow equivalent. Thus, the
total input of water into the system is 99 mm of equivalent water. With the use of
SoilCover, infiltration during the freshet period was calculated to be 55 mm of water and
53 mm of changes in storage. The change in storage term is high due to drying periods in
the previous season and the thawing process of the soil. The net infiltration during the
runoff period is 2 mm. The evaporation was not calculated by SoilCover but is assumed
to be negligible during this period. Thus, the total equivalent water available for runoff
calculated by SotlCover was 44 mm, or 15 % of the total snowfall. The amount of runoff
is dependant on the amount of storage that must be displaced prior to runoff. This term is
highly sensitive to porosity and hydraulic conductivity of the non-compacted till. The
value calculated by SoilCover does however fall within the range measured in the field.
The amount of water that is able to runoff from the total precipitation during the freezing

period is illustrated in Figure 7.1.

The measured runoff at the R 98-01 station was 77 mm of equivalent water depth. The
topography of the R 98-01 catchment area consists mainly of valleys, valley slopes and

some portion of level plains. The snow accumulation rates in the valleys and valley slopes
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are higher than that of level plains. This would explain the higher value of runoff

measured at this particular station.
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Figure 7.1 Available runoff from total precipitation during the freezing period.

The catchment areas for the R 98-02 and R 98-03 stations are similar in terms of
topographical features. The equivalent water depths for these two stations were 34 mm
and 39 mm respectively. These similarly low values are due to the mainly ridge and level

plain topography of the catchment areas.

In summary, the total catchment area of the instrumented runoff is apparently an over
estimate of the runoff of the total site due to the large area of valleys and valley slopes in
the R 98-01 catchment area. The total runoff for the catchment area is likely between 34

mm and 71 mm. The estimate provided by the SoilCover model is considered reasonable.
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The runoff flow rates exhibited a definite diurnal variation in response to incoming
radiation and the associated air temperature. Figure 7.2 illustrates a typical plot of daily
variations in incoming radiation, air temperature and the runoff flow rate at the R 98-02
station. The ordinate axis is normalized to compare the characteristics of the individual

components.
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Figure 7.2 Comparison between daily air temperature, incoming radiation and R 98-

02 flow rate.
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The incoming radiation acts as an energy input into the system and peaks at about 1:00
p.m. The air temperature reacts to the increase in energy input and peaks four hours
later, at 5:00 p.m. The delay is the result of heat storage components in the air, land,
water and snow. The flow rate in the R 98-02 station is the result of the melting snow
and peaks at 7:00 p.m. The delayed peak is due to storage components of heat in the

snow pack and storage in the draining water within the catchment area.

7.2.2 Waste Rock Dump Piezometers

The rise of water level within the waste rock dump piezometers were observed during
the 1998 freshet period and the results are explained in Section 4.3.2. The rise in water
levels were extremely small and difficult to measure; thus, it is questionable to attribute
the response to groundwater. The low heads in the piezometers suggest that a water
table in the waste rock does not exist. The source of water is apparently ponded water
within depressions in the underlying glacial till or perched water tables due to the

presence of fine material.

The source of water for P 97-02 seems to be from the Southern Tails Zone Pit. This pit
acts as a hydraulic connection between the fractured rock and the waste rock.
Groundwater flow in the fractured rock enters the pit from exposed fractured rock in the
highlands to the east (Golder Associates, 1983). The source of the increase in
groundwater is from the snowmelt. The water level in the pit increases due to this
response and thus affects the water level in P 97-02. The Southern Tails Zone Pit
spillway is only 4 m below the tip of P 97-02, which may explain the more rapid

response.

A similar process near P 97-02 is seemingly occurring near P 97-03. The southwest
portion of the Main Dump is on a very thin or nonexistent layer of glacial till. A hydraulic
connection between the fractured bedrock and the waste rock will result if the till is non-

continuous in certain areas. The long delay time in P 97-03 may be a result of this area
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being recharged from other areas other than the Southern Tails Dump and possibly

regions north and east of the Southern Tails Zone Pit.

The rise in water levels for the remaining piezometers to the north of P 97-02 and P 97-
03 are the result of groundwater also. The source for groundwater is apparently from the
fault line beneath the Bessemer Dump (Klohn Leonoff, 1984). The water levels in P 97-
01, P 97-04 and P 97-05 all peak around the same time period (see Table 4.8); which
leads to the assumption that they are all related to the same process of groundwater
discharge. The source of water in the fault zone is seemingly a part of a regional
groundwater flow regime system that is recharged from areas north and east of the
Bessemer Dump. These areas include the Tailings Pond and areas surrounding the Main

Zone Pit.

7.2.3 Seepage Faces

The seepage face flow rates for the 1998 freshet are described in Section 4.3.3 and
ilustrated in Figure 4.17. The seeps all appear to peak around the same time period and
do so before the waste rock dump piezometers since they are lower in elevation and will
thus respond to the increases in the regional groundwater. All of the seeps on the south
and southwest side of the Main Dump are apparently fed by regional groundwater in the
exposed fractured rock in the southwest corner of the Mam Dump and the Southern

Tails Zone Pit.

The long duration peak in Seep 97-09 is the result of runoff water that is mixed with
groundwater. The seepage collection consists of a long ditch in which runoff may easily
enter. The runoff in this area may be prolonged due to trees lining the ditch which restrict

the radiation necessary for snowmelt.
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7.3 FEMWATER Results

The waste rock dump and surrounding area was modelled using FEMWATER and was
described in Chapter 6. The system was initially modelled with a continuous glacial till
layer beneath the waste rock and absence of any fault zones or groundwater discharge
points. The model calculated a total of 46 mm/year of water over the area of the waste
rock dump discharging from the seeps during the study period under a 10 % of total
precipitation recharge rate to the regional system. This value is slightly above the

infiltration rate of 36 mm/year which was applied to the surface of the waste rock dump.

The waste rock drainage flow discharged through the seeps can be calculated using the
Getty Creek Pond water and the sump water (shown m Figure 5.24) subtracted from the
weir flow (shown in Figure 5.25). This value is calculated at 318 mm/year of water over
the study area. The results of the FEMWATER model suggests the waste rock dump
behaves as a closed system that drains all of the water that has infiltrated. This does not
appear correct since a low rate of groundwater discharge is computed from the waste
rock dump if a continuous glacial till base is assumed to exist under the dump. The
glacial till base acts as a liner which drains the water above it. The large discrepancy
between the flow rates observed in the waste rock dump seepage faces and the
infiltration through the soil cover and into the waste rock forms the key question for this
study. The hypothesis which is proposed is that the large portion of seepage from the
waste rock dump which can not be attributed to infiltration must be derived from

regional groundwater discharge.

The magnitude of groundwater flow is contributed by geologic structure. The fault zone
beneath Bessemer Dump described in Section 5.2.1 was identified as a source of
groundwater discharge which may contribute to the water balance problem. Another
source of groundwater discharge may be due to non-continuous glacial till beneath the

Main Dump described in Section 5.2.6.
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The waste rock dump was modelled with a discontinuous glacial till in the southwest
portion of the Main Dump and a fault zone inserted beneath the Bessemer Dump. The
model calculated 111 mm/year of water to drain from the waste rock dump with a 10 %
of total precipitation recharge rate to the regional system. This value is still somewhat
lower than the drainage measured from the dump. The model simulations were run for
recharge rates of 20 and 30 % which generated seepage rates of 208 mm/year and 296
mm/year respectively. The 30 % regional recharge rate is a close match to the observed

drainage and may represent actual field conditions.

Figure 7.3 illustrates the computed pressure heads in the waste rock dump for a regional
recharge rate of 30 % of precipitation. The model shows that the highlands to the east
and northwest are unsaturated while portions in the center of the map area are saturated.
Bessemer Creek and the ARD collection ditches are in this area and represent constant
head. High pressures were calculated south of the Main Dump near Getty Creek. These
ambient factors match the field conditions as the Getty Creek area is known to be a
groundwater discharge area. The existence of minor land slides in this area further

reinforce that there is groundwater discharge.

Figure 7.4 shows the total head in the fractured rock which is the main flow avenue for

the system. The open areas represent the open pits, where the media is non-continuous.

The flow in the fractured rock originates in the highlands to the east and near the Tailings
Pond in the north. Groundwater passes through the waste rock dump area then into the
lowland in the southwest valley. This plot shows that the waste rock dump may
experience high amounts of groundwater discharge if there i1s a hydraulic link between
the fractured rock and the waste rock. It should be recalled that a hydraulic link may
exist between the Southern Tails Zone Pit, non-continuous glacial till areas and the fault
zone in the Bessemer Dump area. Figure 7.5 shows the total head in the glacial till. The

open areas represent the fault zone and the area of non-continuous glacial till.
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Figure 7.3 Computed pressure heads in the waste rock dump area for non-

continuous till and 30 % of precipitation recharge rate.
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precipitation recharge rate.




Chapter 7

Data Analysis and Discussion Page 162

Total head (m)
1350

Figure 7.5

/\

VAVAVAVATA?

D AATAVAV AT
LA TINONNTKIAN

“.«1“- v )

A ASDAHA AN

SRS ANPKTT

B4

4

9

Y,
AN

AT
KT

Total head in the glacial till for non-continuous till and 30 % of

precipitation recharge rate.

The total head characteristics in the glacial till are similar to that in the fractured rock.

The hydraulic conductivity in the glacial till is much lower than that of the fractured rock;

thus, the fluxes through this media are small compared to the flow in the fractured rock.

The total head in the glacial till is lower than the total head in the fractured rock in the

waste rock dump area, which suggests an upward gradient and groundwater discharge.

Figure 7.6 shows the total head in the waste rock. Groundwater flow in the waste rock

drains to the southwest. This corresponds to actual field conditions with the seepage

faces in this region which is shown in Figure 7.6.

The fault line beneath the Bessemer Dump and the Southern Tails Zone Pit is partly

responsible for the flow pattern predicted by FEMWATER. Groundwater discharge into
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the waste rock dump flows to the southwest portion of the dump. This prediction is
supported by the seepage faces that exist in the field.
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Total head in the waste rock for non-continuous till and 30 % of

precipitation recharge rate.

Further evidence for verification includes the absence of a water table within the waste

rock dump predicted by FEMWATER. Water contents in the waste rock were computed

to be in the range of 2 % and 5 % which is close to the measured values seen in Figure
4.7.

The predicted flow characteristics for the mine site are in accordance to the hypothesis
that significant amounts of groundwater discharge are discharging to the foundation of
the waste rock dump. The flows in the fractured rock suggest that groundwater

discharge occurs in the waste rock dump area. The flows within the waste rock shows
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that the infiltrating water and groundwater discharge exits the waste rock dump in the

southwest portion of the dump.

7.4 Water Chemistry

The water chemistry offers additional insight to groundwater flow paths. Sulfate, SO,
and the pH of water is an indication of the oxidation process of sulphide minerals. These
two major water quality parameters may be used to track groundwater flow from the
waste rock dump. Other parameters such as acidity, conductivity and total dissolved
solids may also be used as an aid in describing groundwater flow and are also related to

the sulphide oxidation process.

There are numerous components that facilitate the ARD collection system as shown in
Figure 5.13. Getty Creek Pond drains the groundwater and surface water directly south
of the Main Dump. The water quality typically exhibits a pH of about 3.1 suggestimg that
the water is a direct result of acid water in the waste rock dump. The FEMWATER
medelling showed this area to be a groundwater discharge area which is recharged from
areas in the waste rock dump. Acid water flow may be possible through the exposed
fractured rock beneath the waste rock. The slightly higher pH values of 3.3 in the spring
opposed to a pH of 3.0 in the winter suggests that the acid water is mixed with some
amount of groundwater upon discharge in the Getty Creek area during the freshet. The
sumps west of the Main Dump are similar in nature to the characteristics of Getty Creek

Pond and are assumed to be part of the same hydrologic system.

The Surge Pond and ARD Pond contain typical acid water that is formed from a mixture
of all of the drained water from the waste rock dump and the pumped water from the
sumps and Getty Creek. The pH increases about 0.2 pH units during the spring freshet
and during the fall rainy season. This contributes to the theory that fresh water enters the

ARD collection system by means of runoff water and that groundwater enters the waste
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rock dump. The peak in the spring is larger than that in the fall suggesting increased

mixing effects of fresh water in the spring.

The Waterline Zone Pit is slightly acidic and has low heavy metal contents which 1s
typical for a groundwater discharge. The slight acidity may be the result of minor
sulphide oxidation on the pit walls conversely the Main Zone Pit is slightly basic with
high sulfate concentrations which is due to water and sludge that is pumped from the

water treatment process into the Main Zone Pit.

The creeks and diversion channels are typical in terms of pH and dissolved chemical
constituents, which may be partly due to the high rates of precipitation and runoff. Major

confamination to these water sources are not an issue.

The seepage discharge out of the waste rock is typical acid rock drainage, being low mn
pH and high in sulfate concentrations. Figure 7.7 illustrates the changes in conductivity
with time. The three sample points indicate the summer of 1997, the fall of 1997 and the
1998 spring freshet.

Figure 7.7 shows that the conductivity, which is proportional to the total dissolved
solids, decreases during the high infiltration periods, i.e. the fall rainy season and the
spring freshet. This suggests that fresh groundwater enters into the dump during fall rains
and spring freshet and feeds the seeps. This characteristic is in accordance to the

proposed flow model in the southwest portion of the dump.

The water quality at the weir stations was also investigated. Wetrs C7 and C11 contain
typical acid water that is derived from a mixture of the water that exists in the collection
ditch. They are similar to the collection ponds in that they exhibit slightly higher pH
water in the fall rainy season and spring freshet. The water quality for the weir stations

can be reviewed in Table 5.21.
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Figure 7.7 Conductivity of seepage discharge.

The Southern Tails (ST) weir exhibits pH values slightly acidic as well as high zinc levels.
The pH is typically 6.3 and zinc concentrations of about 10 mg/L. The high
concentrations of zinc exist due to the ability to be stable in near neutral pH waters. The
Southern Tails weir is at the extreme southeast portion of the dump and drains directly
out of the dump. The waste rock may be hydraulically connected to the fractured rock in
the area of the Southern Tails Zone Pit. This flow is mostly groundwater that is derived
from discharge out of the exposed fractured rock within the pit. The drainage that occurs

out of this pit is caused by the spilling over of groundwater out of the pit.

The water quality in the regional piezometers is typical of groundwater, with slightly
elevated levels of sulfate. The water in these piezometers originates in the local uplands

to the west, thus having no acid water characteristics. The FEMWATER model also
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supports this observation. The water quality for the regional piezometers may be

reviewed i Table 5.23.

Water samples from two of the five waste rock dump piezometers (P 97-01 and P 97-03)
exhibited slightly higher pH values than the seepage water. The pH of the seepage water
was typically near 2.3 while the waste rock dump piezometers are closer to 2.9. This may
occur due to additional sulphide oxidation occurring between the interior of the waste
rock dump and the seepage face. The pH decreases and the conductivity increases during
the spring freshet which is in contradiction to the characteristics of the seepage water.
This may occur due to the oxidation which occurs directly above the piezometers and

subsequent flushing the spring freshet.

7.5 Water Budget

The water balance approach described in Section 3.2.2 may be applied to the waste rock

dump. The water balance equation is as follows:

Qqty
A

Wr

=vyR+GD+B+AS [7.1]

Where:  Qq = Flow in the collection ditch (L/s)
tq = Time that the flow in the collection ditch occurs (s)
Ay = Area of the waste rock dump (mz)
¥ = Runoff collection coefficient
R = Runoff (mm)
GD = Groundwater discharge component {mm)
B = Base flow (mm)

AS = Change in storage (mm)
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The ARD flow on the left hand side of Equation [7.1] is calculated from the total weir
flows minus the sump flow and the Getty Creek Pond flow. These components pump
groundwater and surface water into the ARD collection facility. The waste rock dump

flow rates for the study period are shown in Figure 7.8.

The average flow rate for the study period was 22.4 L/s and the total volume of acid
rock drainage from the Waste rock dump was 705,960 m’/year. These figures translate

into 318 mm of water per year over the area of the waste rock dump.

The runoff collection coefficient was determined using the runoff catchment areas shown
in Figure 4.9. An area of 63.1 ha out of a total area of 222 ha (28.4 %) was not collected
off the waste rock dump and was allowed to flow into the ARD collection system. Thus,
the runoff collection coefficient is 0.284. The runoff for the study period was calculated,
using SoilCover, at 94 mm (see Section 5.4.1.3). Hence, the runoff contribution to the

ARD collection facility is computed to be 27 mm/year or 59,940 m’/year.

The net infiltration into the waste rock dump due to precipitation on the soil cover is the
sum of groundwater seepage and the base flow. This was described in Section 3.2.2 and

shown as Equation [7.2].

NI =B +GS [7.2]

Where: NI = Net infiltration (mm)

GS = Groundwater seepage component (mm)

Groundwater seepage to the waste rock through the glacial till occurs as there is an
upward gradient in the underlying fractured rock (i.e. as determined by the FEMWATER
model). A net infiltration of 36 mm/year was calculated using SoilCover. Therefore, the
base flow from precipitation on the soil cover that reports to the ARD collection ditches

is equal to the net infiltration which was shown to be 36 mm/year or 79,920 m® per year.
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Figure 7.8 Acid rock drainage flow rates out of the waste rock dump.

The changes in storage for the dump based on a system that is slowly being drained was
calculated as 3 mm or 6,660 m’ per year. The flow due to changes in storage can be

reviewed in Figure 5.19.

The analysis and estimates provided above show that the runoff component, 27 mm/year
(9 %), infiltration, 36 mm/year (11 %) and the changes in storage, 3 mm/year (1 %)
account for approximately 21 % of the total 318 mm/year ARD flow. The remaining flow
must be derived from groundwater discharge from the regional groundwater flow
discharging to the foundation of the waste rock dump. This flow is computed to be 252
mm/year, which is a volume of 559,440 m’ or a flow rate of 17.7 L/s. The partitioning of
the ARD flow is illustrated in Figure 7.9. The results of the FEMWATER modelling
showed that for a regional recharge rate of 30 %, 193 mm/year, and a waste rock dump



Chapter 7 Data Analysis and Discussion Page 170

infiltration rate of 5 %, 36 mmvyear, of total precipitation, the discharge from the waste

rock dump is equal to 296 mnvyear which is similar to the value computed above.

Changes in
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ny % %
Groundwater
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79%

Figure 7.9 Water balance components of the acid rock drainage.

7.6 Summary

The proposed drainage quantities and characteristics are described in this chapter. The
basis for this hypothesis is derived from the hydrological characterization. In other words
the system may be explained based on the results from: geologic structure, topography,
surface hydrology, groundwater and water chemistry. A flow model may be proposed

with the comprehensive characterization of these elements.



Chapter 8  Summary and Conclusions

8.1 Summary of Thesis Objectives

The main objective of this thesis was to completely characterize the hydrologic system at
Equity Silver Mine Ltd. The waste rock dump has experienced a water imbalance since
the placement of the engineering soil cover system. The amount of acid rock drainage
was approximately 30 % of total precipitation while only 6 % was infiltrating through the
soil cover system. The water imbalance was evaluated by use of this hydrologic

characterization technique proposed in this thesis.

This thesis included a general background and a brief description of the mine site. The
history and general operation of the mine site is overviewed. A literature review provided
an insight into some of the physical processes observed at the mine site. Previous studies
pertaining to site characterization at the mine site were discussed. There have been
numerous studies performed for Equity Silver Mine due to the high rate of sulphide
oxidation and toe seepage flow rates. Literature pertaining to hydrogeologic and
hydrologic characterization of waste rock dumps was also examined. The literature
review showed that there is a lack of understanding regarding the quantity and

characteristics of water flow through waste rock dumps. Some of the theoretical

Page 171
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processes that pertained to this study were examined. The hydrologic budget equation at
the soil-atmosphere interface and for a regional system were considered. The formulation
of three dimensional groundwater flow was used as an introduction to the formulae used
by FEMWATER, the groundwater model used in this thesis. The method of solution
used by FEMWATER was also considered. A two phase field program was initiated
during this study. Piezometers were installed in the waste rock dump and the spring
freshet was also characterized. The spring freshet characterization entailed the
measurement of surface runoff, piezometer water level hydrograph and seepage flow rate
hydrograph. The hydrologic characterization included the investigation of five main
elements: geologic structure, topography, surface hydrology, groundwater and water
chemustry. The computer modelling program is also investigated in terms of background,
mesh generation, boundary conditions and run options. The spring freshet was analyzed
on the basis of field observations and measurements. The groundwater flow model and
the water chemistry was also analyzed. These observations reflect the use of the five

elements of hydrological characterization.

The methodology used in this thesis follows the classic scientific method, which is
observe, measure, explain and verify. The flows out of the waste rock were observed and
a water balance problem seemed evident. The components of flow and other hydrological
parameters were measured in this thesis study. With this information, an explanation of
all of the hydrological components was proposed. The general hypothesis was that a
significant portion of the acid rock drainage was due to groundwater discharge to the
base of the waste rock dump. The hypothesis was verified by use of the hydrologic
budget equation for a regional system and other water balance relationships. The water

chemistry and spring freshet characteristics were also used to verify the hypothesis.
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8.2

Conclusions

This section lLists the conclusions that were drawn from this thesis study.

The waste rock dump produces a quantity of seepage equal to 50 % of
the total precipitation {642 mm/year) which is approximately an order
of magnitude greater than what was previously believed to infiltrate
through the soil cover. Previous estimates of infiltration suggested a
rate less than 5 % of total precipitation. This imbalance formed the main

objective of this study.

A one year study period was investigated from June 1, 1997 until June
1, 1998. During this time 363 mm of water fell as rain and 279 mm of
snow water equivalent; for a total of 642 mm of precipitation. The
remaining hydrological components were calculated using SoilCover
and are as follows: 15 % runoff, 51 % evapotranspiration and 4 %
infiltration. Snow relocation was estimated at 15 % sublimation, 15 %
mass transfer. The change in storage for this time period was -9 mm;
thus the net infiltration was 6 % of total precipitation. This value agrees

with lysimeters installed in the field.

The time for equilibrium with respect to change in storage due to
drainage in the waste rock dump was determined to be 9 years. The
waste rock experienced elevated rates of infiltration during uncovered
conditions. The fhixes were rapidly decreased with the construction of
the soil cover, hence the waste rock will continue to dramn water for this
period of time. However, the flow out of the waste rock at the current

time was 3 mm/year (1 %) of the total acid rock drainage.
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4. Sources of groundwater discharge were identified as: the exposed
fractured rock within the Southern Tails Zone Pit, exposed fractured
rock at the base of the southwest corner of the Main Dump and the
fault zone beneath the Bessemer Dump. Regional groundwater recharge
areas are exist to the east and northeast of the waste rock dump and the

Tailings Pond.

5. The hydrographs for the freshet seepage flow rates and waste rock
dump piezometer levels are a response to increases in groundwater
discharge from an area of exposed fractured rock in the recharge areas.
The results from FEMWATER support the proposed hydrological flow
system. Areas of groundwater recharge and discharge calculated by the
model match field observations and the proposed hypothesis. The water
chemistry also supports the proposed hydrological flow system.
Characteristically, low values of conductivity and increases in pH during
the fall rainy season and spring freshet indicate a process of dilution of
the acid water. The dilution is the result of the mixing of fresh

groundwater and acid water.

6.  An analysis on the ARD collection ditch showed that a total of 705,960
m’ drained from the dump during the one year study period. This is an
equivalent of 318 mm per year of water over the waste rock dump area.
The runoff component was calculated from the hydrological
characterization as 9 % of the total drainage from the waste rock dump.
The infiltration contribution was analyzed in the same manner and
accounts for 11 % of the total drainage. The change in storage in the
waste rock was discussed previously and accounts for only 1 % of the
drainage. The remaining 79 % is attributed to the groundwater

discharge component.
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8.3 Recommendations

The runoff and infiltration water entering the ARD collection system at the mine site is
difficult to effectively reduce. This is partly due to the low contribution these components
make. It would also be difficult to effectively reduce these components. The major
problem regarding the acid rock drainage is the groundwater discharge into the waste
rock. Unfortunately, changes to groundwater flow regime systems are extremely difficult

to undertake; however, some recommendations are provided:

I.  Conduct a more detailed study to ensure the infiltration rates through

the soil cover are correct.

2. The groundwater in the fractured bedrock in the areas surrounding the
Southern Tails Dump may be pumped with wells to lower the flux rate

into the waste rock.

3. A form of cutoff wall or grouting of the fractured bedrock may also

decrease discharge rates into the waste rock dump.

4.  Pumping water from the Main Zone Pit may produce a groundwater

sink and portions of the groundwater flow may be intercepted there.

8.4 Future Research

The objectives of this thesis project were met by characterizing the hydrological system
of the waste rock dump at Equity Silver Mine. The methodology presented herein will
act as an assessment tool to predict water movement through waste rock dumps. Even

though objectives herein were met, some future research efforts may be made:
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1.  Continuous monitoring on toe seepage would be a useful tool in

understanding the flow through the waste rock dump.

2. Monitoring of flow rates at the remaining runoff stations coupled with
toe seepage flow rates may offer more insight to the surface

hydrological components.

3. Measuring the water content profile throughout the waste rock would
be beneficial and provide a more thorough understanding of the

infiltration characteristics during rain events.

4. A regional groundwater investigation would be beneficial in terms of
accurately describing the regional groundwater flow regime system. The

FEMWATER model would then be able to expand to include this data.

5. The FEMWATER model could be used to predict the decrease in
groundwater discharge through the waste rock dump for the following
alternatives: pumping water out of the fractured bedrock, construction

of a cutoff wall of lowering of the water table in the Main Zone Pit.
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Appendix A Detailed Water Quality Analysis

A.l Introduction

The following detailed water quality analysis was performed by Analytical Service
Laboratories I.td. (ASL), located at 1988 Triumph Street, Vancouver, BC, V5L 1K5,
phone: (604) 253-4188, fax: (604} 253-6700. ASL stated that the samples had to be
diluted prior to being tested due to the complex nature of the samples (i.e. low pH and
high solids content). Upon dilution a precipitate formed causing changes in the levels of
some of the constituents, mainly sulfate. Thus the data had to be adjusted and the

corrected form is included herein.

Table A.1 contains chemical data for the surface water. Table A.2, A.3 and A.4 contain
chemical data of the waste rock dump seeps (Seep 97-01 to Seep 97-11). Table A.5
contains past chemical data of the waste rock dump seeps (S -1, S -2 and S - 3). Table

A.6 contains chemical data for the ARD collection system.

Page A-1
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Table A.1

Detailed chemical data for the surface water areas.

Surge
05-Mar-91
(mg) [ (megl)
Physical tests
Conductivity (umhaos / cm) N/A N/A
cH NIA N/A
Total Dissalved Solids N/A N/A
Acidity and alkalinity
Acidity (23 CaCO;) 9920 NiA
Alkalinity (a3 CaCO,) <1.0 N/A
¥ajor anicns
Bicarbonate, HCO,' N/A N/A
Carbonate, CO;~ N/A NiA
Bromide, Br N/A N/A
Flugride, F° 0.13 0.01
Chicride, €T 900 25.39
Sulfate, 5O,” 16200 | 33728
Nutrients
Ammania Nitrogen, N N/A N7A
Nitrate Nisrogen, N NiA N/A
Nitrite Nitrogen, N N/A N/A
Total Dussolved Phasphate, P 161 NIA
Major cations
Aluminum, A" 815 90.62
Antimany, S$b™ <0.20 0.00
Arsenic, As” 694 028
Barium, Ba”’ | <0010 | o000
Beryilium, Be® 0.200 0.04
Bismuth, Bi"" <0.10 | 000
Boren, B <0.10 0.00
Cadmium, Cd* 328 016
Calcium, Ca®' 319 1592
Chromium, Cr’” <0015 | 000
Cobalt, Co™ 527 018
Copper, Cu®’ 119 375
Tron, Fe® 1320 | 17
Lead, P <0050 | 000
Lithium, Li’ N/A N/A
Magnesium, Mg 1450 | 11849
Maganese, Ma™ 345 12 56
Malybdenum, Mo® 0.497 003
Nickel, Ni** 903 031
Phosphorous, P™ 47.7 7.70
Potassium, K~ N/A NiA
Selenium, Se*’ <0.20 000
Silican, i 367 523
Silver, Ag’ <0015 000
Sodium, Ma" N/A N/A
Strostium, Sr°' 347 0.08
Thallium, TI' N/A N/A
Tin, 82" N/A N/A
Titanium, Ti"" N/A NiA
Vanadium, V> <¢030 | 000
Zinc, Zn™ 301 921
Major catiens| 4772 31182
Major anions] 17100 | 36267
Toway| 21572 N/A
Ion batance difference -7 54%
TDS difference NIA
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Table A.2 Detailed chemical data for the waste rock dump seeps (Seep 97-01 to
Seep 97-04).

Seep #1-01 Seep 97-02 Seep 97-03 Seep 97-04
25 Jun-97 16-Apr-98 25 dun-37 16-Apr-98 25 Jun-97 16-Apr-9% 15-Jun-97 L6-Apr-98
(g ] (meg/H] (mg) [ imeats| ime) [imegt] imgD ] (mea/l) | (me ] (meq/ | ima: [ imegH] may] (megy fimp)] tmeq/ly
Physica tesis
Conductivity (umhos / em) 2850 | N/A N/A N/A | 3670 { N/A [ N/A [ N/A (1i900] nNa | N/A [ ON/A J13206) N/A f NAA | N/A
pH 545 N/A WN/A N/A 238 N/A N/A N/A 2.40 N/A NiA NiA | 231 NIA N/A NIA
Total Dissol ved Sotidg 3080 N/A 2440 N/A 3240 | NA | 6170 ] N/A {29R00] N/A 210007 N/A 35900 N/A |36100] N/A
Acidity and atkalinity
Acdisy {as CaCy) 66 Nia 15 N/A 638 N/AA | 3280 ] N/A 117500) N/A 14400 N/A 21300] N/A |21 102—[ NFA
Alkalinity (as CaCy) L] N/A 180 N/A <1 N/A <1 N/A <1 N/A <] N/A <l N/A <li MN/A
Major anions
Bicarbonate, HCOy 9.75% 0.l | 180.00] 295 <1 0.00 <1 000 <1 0.00 <1 0.00 <] 0.00 - Q.00
Carbonate, COy* <l Q50 <1 0.00 <} 0.00 <1 H60 <] 0.80 <1 Q.60 <] 060 - [EXeD]
Chloride, CT° 2.6 0.07 21 006 1.7 0.05 24 0.07 6.1 .17 48 .14 59 0.25 65 019
Sulfte, SO.Z' 1900 | 3956 | 1780 | 37.06 | 2190 | 4550 | 4640 | 9660 | 23300[ 48510 181007 376.83  28500| 59336 | 31900 664.14
Major cations
Aluminum, Al 36 040 0.9 Q.10 27 3.00 122 | 1356 § 1390 { 15455 1290 | 14343 | 1580 | 175.68] 1600 | 17790
Antimony, §b” <02 | 000 [ <02 | voo | <0z | ooo | <o2| 000 ] <1 | 000 | <1 Jooo ] <2 [ oo0 ] <2 | 0op
Arsenic, As” <02 | 000 | <02 000 | <02 | 000 07 003 31 1.24 14 .56 59 276 88 3.52
Barium, Ba* ot 000 | <Dy 000 | <001 00D <001 000 J<005| 000 |<G05| 00O | <0 000 | <01 000
Beryllium, Bez. <0.005| 000 §<C.005F 0.00 §<0005| 000 0007 000 009 002 0.09 002 913 0.03 0.16 0.04
Bismuth, B 9.1 000 <01 0.00 Q.1 0.00 <0.1 0.00 9.7 0.01 09 001 <] 0.00 1 001
Boron, B <0.1 0.00 <0.1 0.00 <01 000 | <0.1 000 0 0900 <05 | 090 4] 000 <] 0.00
Cadmium, cd” 1) goQ <081 4.00 Q 000 § 004 ( 040G | 058 Q03 |0401( 002 Jo&42{ 0.03 09 0.04
Calcium, Ca” 463 23 10 488 | 24.35 437 2181 ] 406 | 2026 | 426 | 21.26 ] 338 17.87 | 445 | 2221 388 | 1936
Chromium, cr* <001] 000 | <0.01 0.00 043 000 | 0.14 001 126 | 007 6.95 | 0.05 L6 0.0% 1.4 9,08
Cobalt, Co"' 0.2 0.01 017 001 035 001 0.71 002 5561 016 | 498 | 017 7 0.24 85 029
Copper, Cu? Q.14 0.00 G 0s .00 149 005 7.07 022 94.6 298 787 Z48 153 4382 269 847
fron, Fez' 40.4 1.45 246 0.88 160 571 921 3298 | 394G | 14110 2590 1 9275 | 5500 | 196.97] 6150 | 220.24
Lead, Pb*' <005 000 | <005)] 0.00 | <G05] 0DO0) J<005] 000 <02 000 | <03 | 090 | <05] 00% ] <05] Q.00
Lithium, Li' 0.035 001 0.0% 0901 0.0% 001 0.2 003 135 ] 020 117 | 017 13 026 1.6 0.23
M. um Mgz' 142 11.68 154 12.67 157 12921 171 1407 | 634 | 5217 | 547 | 4501 752 | 6188 § 810 | 66.69
Maganue,an' 166 | 071 16.2 .59 21 076 | 204 074 1895 326 | 835 ] 304 111 404 130 | 4.73
Molybd Mo” <0031 000 | <0031 0O0C J <003 | 008 J<0.03] 000 § <0.1| 000 | <02| 000 |J<03] 000 ] <03] 000
Nickd,Ni" 0.31 0.01 03 0.0 0.67 0.02 1.55 0.05 14.1 048 11.7 040 6.9 0.58 19.7 067
Phospherous, F‘" <03 0.00 <03 000 <{}.3 [ ] 76 040 128 | 20.66 71 11.46 170 | 27.44 158 | 2551
Potassium, K 4 0.10 5 0.13 <2 0.00 <2 Q.00 <0 0.00 <10 000 <20 0,00 <20 0.09
. Selenium, Se*' <0.2 | o000 | <02 000 | <0.2 | 000 | <0.2 | 000 <1 0.00 <1 0.00 <2 0.00 <2 000
i |siticon, si* 120 | 184 {oos | 120§ 136 | 194 | 276 | 393 | 682 | 971 | ses | 852 | 756 [ 1077 ]| 538] 766
Silver, Ag' <(.0] | 0.00 | <0.01 0.00 | <004 | GO0 {<001] 000 |<0.05] 000 <605 0.00 | <0 | 0.00 01 Q.00
Sodium, Na' 17 0.74 17 0.74 17 074 11 048 <L 000 <10 0.00 <20 0.00 <20 000
Strantium, se2 10 023 119 0.27 .54 023 767 18 4.3 010 ) 228 003 251 007 248 0.06
Thallium, TI <0.1 0.00 <0.2 £.00 0.1 0.00 0.2 04aQ <G5 Q.00 <2 000 2 0.01 <5 0.00
Tin, sn' <003 | 0080 | <003 000 | <0.03| 0O0 {<003] 000 <0.1 000 <02 | 000 | <0.3 000 <03 060
Titanium, " <001 | 000 | <DOI 000 | <001] 000 |<001] 000 | 007 001 |<¢0os} 0.00 0] 0.01 <01 0.00
Vanadium, V*' <0.03| 000 | <003] 000 |<003| coo |<003) 000 | 06 ] 006 J<02| 000 | 09 | 009 | 07 ] co7 |
Zine, Zn" 05414 002 ) 0757 | 002 1.57 006 J 456 | 0.14 54 1.65 565.1 153 | 78.1 2.39 109 333
Major cations] 714 | 4030 | 728 | 41.07 ] B47 | 4728 | 170% | 8671 | 6884 | 40975 ) 5165 | 32755 | 8568 | 510.35] 9792 | 538.88
Major anjons] 1932 | 3679 | 1962 | 40.07 | 2182 | 4564 ] 4642 | 6667 | 23306] 485.27 | 1B105) 376 97 | 28509| 593 61 1 31007 66434
Towml] 2626 | NA | 2690 | N/A | 3039 | N/A | 63521 N/A }30190] N/A §23269] N/A [37477] N/A |41699] NiA
Ton batance difference. 0.64% 1.24% 1774 -5.43% -8.44% -7 02% -7.54% -10.43%
TDS difference 15.91% 9.75% 6 40% 2.90% 1.3 10.25% 4 30% 14.39%
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Table A.3 Detailed chemical data for the waste rock dump seeps (Seep 97-05 to

Seep 97-08).
Seep 9705 Seep 9706 Seep 9707 Seep 9708
25-Jun-97 16-Apr-98 23-Jun-97 16-Apr-98 25-Jun-97 16-Apr-98 28-Jun-97 16-Ape-98
D] megh | img) [ tamegD ] imp (meg/) | imiy | (mea ) | ] (meg/) Jimag) | eneg ] gl | ey | impts | imegll)
Phiysical tests
Conductivity {umhes / cm) 49300| WA N/A N/A | SO100] N/A NAA N/A | 38100 N/A NiA N/A | 54600] N/A N/A N/A
oH 238 | N/A | Nia | WA | 236 ] NA | WA | WA | 2251 NIA | Nia L NA | 226 | NJA | NIA | N/iA
Tota) Dissalved Solids 71800)] W/A [112000] N/A |7S100] W/a J97000)] N/A | 96300) NrA | 803003 N/A | TTI00] N/A 862005 N/A
Acidity and atkalinity
[Acidity (as CaCOy) 402000 na | sos00] wNea Jazsoo] mia [as400] wia [se200] wa [a3soo] wea [azaoc] v [3e300] wia
[Alkalinity {as CaCOy) <t jNa | <t [wala | walalwal<a ] walalwal<t] val <] wa
Major anions
Bicarbonate, HCO, <1 | oo - 000 | <t Jooo] - Joee | <1 Jooo} - {oow] <1 ]ow] - | om0
Carbonate, CO,~ <1 | ooo - 000 | <1 | o000 - 0ee | <1 | ooo - Jooo | < | oo - | oo
Chluride, CI 627 017 | 125 [ o3s | 73] o Jnus| o032 J1a7)] oar Ja7| 030 ] 93| 026 |64 048
|sulfate, s0,* 55900] 1163 81 47700 | $93.08 | 57500] 197,12 39760 | 826 54 | s8600] 1428 22] 39300 ] 818.21 | 65000 1353 27] 48300 1005 58
Major cations
Aluminam, A" 4200 | 46699 | 4710 | 52369 | 4410 | 490 34 | 4420 | 491 45 | 5450 | 605.97] 3890 | 432,52 ] 4180 | 464 76 | 4100 | 45587
Antmony, Sb™ <2 | 000 2 00s | <z | 000 | <2 4 000 fo783) cO2 t | eo2 foise] goo | <2 | o
Arsenic, As” 33 | 132 ] 90 | 360 | 35 | 140 | 87 ] 348 | 50§ 236 | 55 { 220 | 24 | ege | 34 | 136
Barium, Ba®’ <04 | 000 J<00s]| o000 { 01 | 000 J<ot| ooo <01 000 |<0o0s{ ooo | <00} ooo | <01 | oo
Beryllium, Be™ 053] 012 | oss | o012 Joss ] 012 Jos | on Jorm| 016 Jo4s | 011 [oss ]| 014 057 ] 013
Bismuth, Bi*” 2 | oos | <05 | oo 1| ool 2 oo | 3+ Joor J<es] oo ] 2 [oas ] 2 | om
Boron, BY 9 | 000 | <05 ]| o000 f <t Jooo ] <1 [ o000 | <1 ] 000 f<es]| coo] <1 | 0oe] <1 oo
Cadmium, Cd™ 354 | 018 | 334 | 017 J366 | 018 J 2473 012 | 434 | 022 | 254 eas [ 472 ]| 024 [376] 019
Calcium, Ca” 517 | 2580 | 500 | 2495 | 528 | 2635 | 476 | 2375 | 513 | 2560 | 442 [ 2206 | 540 | 2695 | s40 | 2740
Chromium, Cr'* 13 ) oo f 23] 014 ] ta]oog |22 o2 fozfrisrion]z] oor|1s| cow
Cobalt, Co™ 191 065 | 204 | 07 Jive ] o067 |98 | 067 { 36| 030 J 167 ] 057 | 202 ] 060 | 187} 064
Copper, Cu® 203 | 1268 | 474 | 1492 ] 419 | 1319 | 431 | 1356 ] s0o | 1907 § 422 | 1328 ) 406 ) 1278 | 356 | 1120
Iron, Fe' 6630 | 237.43 | 9680 | 346.66 | 6380 | 24635 | 9330 [ 33413 | 7780 | 27862 ] 69.1 | 2.47 | 37on{ 13573 | 4810 [ 17226
Lead, sz‘ <(}.5 0.00 <3 [1X04] <5 0.0 0.5 Q.00 <0.5 [ <03 200 <05 000 <{.5 0.
Lithium,, Li” 4.2 ¢61 427 0.62 44 0.63 39 0 56 58 0.84 4.06 0 58 58 084 55 079
Magnesium, Mg”" 2700 | 22218 | 2600 | 21395 | 2790 [ 229.58 | 2340 | 19255 | 3760 | 100.40 | 2510 | 20654 | 4730 | 389.22 | 3960 [ 325 86
[Maganese, Mn®* a1l | 1496 | 373 | 1358l 4n L usa3 | 345 | 1256 | So6 § 1842 | 328 | 1194 | 594 | 2182 | 510 | 1857
Molybdenum, Mo™ <03 | 000 | <02 | 000 <03 | 000 F<03] 000 [ <03 ] 000 J<02| 000 | <03] 000 | <03 000
Nickel, i a76 | 162 § 49 | 167 492 168 Jasa| 157 |soe| 206 Fars| tar Isi6] a7 §a4d | Ls1
Phasphorous, P** 168 | 2712 | 344 | sss3 | 1o | 2006 | 320 | 5166 | 284 [ ases | 208 | 3681 ] 135 | 2079 F 149 | 2405
Potassium, K <20} 000 | <10 | 000 | <20 000 | <20 o000 | <20 000 | <10 | 000 | <20 | 000 Y <20 | 0.00
Selenium, Se** <2 | ooo | <1 | coo | <2 ]| o | <2 oo} <2 o000 | <1 [ooo)] <2]o00] 2] 000
Siticon, Si" 688 | 980 | 633 | 902 | 784 | 1117161 | 882 | 750 1070 ] <03| 000 | 954} 1359] 78| 1393
Silver, Ag’ <01 | 000 ] o1 | oco [ <ot} 000 [or | coo |<c1] o000 |oos| 000 <ot 000 |<01] 0oo
Sodium, Na~ <20 ) 000 | <10 | 000 | <20 000 | <20 | ocoo | <20 ) ooo <10 | 000 | <20 | ooo <20 | 000
Strantiuth, Sr*” 034 oot [ 106 | ooz Jost| oo {13 ] 003 o[ 002 foous| ooz [o26] oow | 037 ool
. [mattivm, T 3 | oul 3 001 | 2z Loon <5 | oo ] 3 | oar 3 Joon| 3 [ oo | <5 [ oo
i [Tin, so* <03 | 000 | <02 | 000 f<03]| 000 | <03 ] 000 |<03) 000 <02 000 } <03} 000 | <03 ]| 000
Titanium, T <01} ooo ] oos | vo1 J oz ] ooz o1 oo J<o1) 000 for ) ooo)<ot] oo |<i1]| oo
| Vanadium, V¥ 315 0 34 3.8 037 14 0133 3.1 0.30 29 Q.28 26 026 18 0.18 1.9 ol
P <L Zn™ 403 | 1233 § 345 [ ross | 413 | 1263 | 324 | oo | 402 [ 15051 312 | 954 | 537 | 1642 | 459 | 1404
Major cations| 15619] 1034.25] 19265 [1220.32] 16240] 1079 17] 18216] 1145 40| 19634} 1335.68] 8331 | 740.60 | 15123 1107 79] 15103 ] 1668.10
Major anions| 55906| 1163.99| 47713 | 99344 | 57507) 1197.33| 39712 826 86 | 68615] 1428 64] 39314 813,59 | 65009| 1353 53] 48316 1006 05
{ Total 71525| NiA 66982 W/A |7374%] WNra }37928] N/A | 88248 N/A |47645] N/A | 8G132] N/A | 63420] N/A
Ton balance differeace]  -5.90% 10.25% 51%% 16.15% -3 36% -5 00% 9.98% 2.99%
TUS difference]  0.38% 50.30% 182% 50.48% 8.73% 51.05% 3.86% 30 45%
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Table A4

Seep 97-11).

Detailed chemical data for the waste rock dump seeps (Seep 97-09 to

Seep 7-09 Seep 97-10 Seep 97-11
25 Jun-97 t6-Apr-98 25-Jun-97 16-~Apr-98 15 Jun-97 16-Apr-58
(mg,m {meq) {mg,fljl (meq) (mgﬂ)[ (meg/t) (mgﬂ)[ (meq/1)| (mgsi) I {meg1) [mgﬂ)J {mexgl)
Physical 1ests
Conductivity (umbos/ cm)_ | 17300] N/A | WA | N/A |49600] wva [ N/A | WA | 67900 WA | NA | NiA
pH 255 N/A N/A MNIA 208 NIA N/A N/A 208 N/A N/A NiA
Toual Dissalved Solids 34400] NJA J27400] wA [97500] W/A | SRe00| n/A [128060] WA | 68300| N/A
Acidity and alkalinity
Acidity (as CaCOy) 179001 N/A |15100) N/A |52900] N/A |32100| N/A 83100 N/A {45000 N/A
Alkalinity {as CaCO;) =<1 N/A <] N/A <1 N/A =] WA <] N/A <1 N/A
Major anions
Bicarbonate, HCO, <1 0.00 - .00 <l 000 - 0.00 <l 0.60 - 0.00
Carbonate, CD;Z' <] 0.00 - 0.00 <l 0.00 - 0.00 <1 0.00 - 000
(Chlorde, CI° 717 Q.22 10 028 | 224 0.63 10.1 .28 156 0.44 11.5 | 032
Sul fate, SO.E' 24900| 51841 117200 | 35810 ] 71300 1484 43} 357001 743 26 | 97800 |2036.15] 39800 | 828.62
Major cations
Aluminum, Al 1570 1 174.564 1360 | 151.21 4 3880 | 43141 | 2120 | 235.72 ] 7660 | 851.66 | 2850 | 316 88
Antimm_y. Sb* <] Q.00 <1 0.00 3 2.07 <2 0.00 3 0.07 <2 0.00
Arsenic, As' 3 | o1z f 4 [o1e | 234 037 ] 83 | 332 [ 166 | 665 | B | 324
Barum, Ba® <0.05] 0.00 0.09 000 | <01 0.00 12 0.02 <0.1 0.00 <0.1 000
Beryllium, Bez' 027 0.06 02 0.04 045 0.10 024 005 013 0.18 029 006
Bismuth, Bl} 0.6 .04 08 0.01 <] Q00 <1 000 <1 0.00 2 0.03
Boren, BY <051 0.00 § <0.5| 000 <] 300 <1 0.00 <] Q.00 <] 0.00
Cadmium, Cd* 35 017 Y243 /) 042 | 23 201 ¢9 | 005 a4 022 12 0.06
Calcium, Ca® 430 | 2146 ) 311 [ 1552 ) 515 1 2570 | 356 | 1777 | 553 | 27.60 | 414 | 20.66
Chromium, Cr** 03z ]| 0062 | 0351 002 | 33 019 17 | 010 38 0212 21 012
(Cobalt, ot 875 0.30 7356 025 192 065 10.1 0.34 315 107 12.8 044
Copper, Cu” 154 | 285 | 133 | 410 | 835 | 268 | 355 | 1107 | 927 | 208 | 335 | 1054
Tron, Fe'’ 1050 | 3760 | 1120 | 40.11 [13600] 487 64 | 7320 | 262.14 ] 13200 { 47272 | 9780 | 350.24
Lead, pb* <02 | €00 | <03 0.00 ) <0.5 900 1 <05]| 060 <05 0.00 <0.31{ 00O
Lithium, Li’ 2291 033 Q172 025 | 45 03.65 27 | 03% 8.7 1.25 35 | 030
Magnesium, Mgzﬂ 2470 | 20325] 1820 | 14976} 22004 181.03 | 1110 | 91.34 § 4030 | 33162 | 1430 | 11767
Maganese, an‘ 378 1376 283 10.36 | 285 10,38 141 513 500 18.20 175 $.37
Molybdenum, Moﬂ <01 .00 <0.2 0.00 <03 000 <03 000 <03 0.00 <03 000
Nickel, Na¥ 18.4 | 063 153 | 052 | 496 1.6% 255 | 087 808 275 3.9 1.09
Phospharous, P> 27 4.36 31 5.00 389 | 6280 165 | 26.64 432 77.81 504 | 8136
Potassium, K <10 | 600 | <1c | 000 | <20 | 000 Y <20 [ 000 | <20 0.00 | <40 | 000
Selenium, Se* <t [ 000 ] <1 [ 000 | <2 | 000 | <2 | 000 | <2 | 000 | <4 | 000
Silicon, 5" 75.7 | 10.78 1 0.14 841 1198 | <0.5 000 86.3 12.29 <1 0.00
Silver, Ag” <Q.05| 000 J<0053 000 | <01 | Q.00 02 | 090 § <01 ¢ 00 03 0.00
Sodium, Na’ <10 | 000 J <10 ] 000 ) <20 [ 000 ] <20 | 000 | <20 000 | <40 | 000
Strontium, Bl 109 | 002 | 698 [ 002 | 305 007 25 006 1.78 0.04 0.6 0.0l
Thallium, T~ 07 0.00 <{ 0.00 3 0.01 <2 0.00 5 002 <4 0.00
Tin, Sn® <0.1 .00 <0 2 000 <{.3 0.0¢ <03 0 0Q <3 000 <06 | 000
Titanium, Ti*" <005) 0.00 023 ] 002 01 001 1.6 0. 02 002 | <02 | 000
Vanadium, v~ <0.1 0.0¢ ]| <02 0.00 21 0.2] 1 0,190 4.3 0.42 6.3 0.62
Zine, Zn® 342 | 1046 | 250 765 237 725 117 3.58 478 1462 | 717 | 2183
Major cations| 6536 | 482.75§ 33427 138571 22350 1257.000 11825 658 704 28227 [ 1548 653 16347 93184
Major anions] 24908 | 518.62 | 17210 | 35838 | 713221 1485 Q7§ 35710 743 54 § 97816 12016.59] 39812 | 828.94
Toal] 31443 | N/A J22552| M/A |93672] W/A [47525] N/A R126042]1 N/A | S6158| N/A
Ton balance difference) -3 58% 3 62% -8 12% -6 04% -4 84% 5.84%
TDS differcace, 8§ 98% 19.41% 4.00% 21.38% 1 5d% 19.51%
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Table A.5

3).

Detailed chemical data for the waste rock dump seeps (S-1,S-2and S -

$-1 5-2 5-3
05-Mar-91 27-Oct-95 05-Mar-9t 27-0Oct-95 27-Oct-95
e | Greq) | (et | imoay | imgh) | (meaf) | gy | Gmeq | (mgh) | imean)
Physical tests
Conductivity {pmhos / em) NIA MNIA 26000 NiA N/A N/A 34300 N/A 28300 N/A
pH N/A WA 253 NiA N/A N/A 253 Nia .61 NA
Totai Dissotved Solids N/A N/A 500 N/A N/A N/A 16400 NiA 85400 N/A
Acidity and alkalinity
Acidity (as CaCO,) 53700 N/A 30000 N/A 63700 N/A 35700 N/A 46200 NIA
Alkaliniry {as CaC0y) <10 NfA N/a N/A <L0 N/A NIA N/A N/A NfA
Major anions
Bicarbonate, HCO," N/A Nia N/A N/A N/A NiA N/A N/A N/A N/A
Carbonate, CO,” N/A N/A N/A N/A NIA N/A N/A N/A N/A N/A
Bromide, Br N/A N/A <]0 0.00 N/A N/A <10 0 00 <10 000
Fluoride, F° <002 0.00 90 474 «<0.02 (000 112 590 127 6.68
Chloride, CI° 1500 53.5% 60 1.69 2500 70.52 100 2R2 50 14l |
Sutfate, SO,J' E7500 1821 71 35700 82654 121000 | 2519.16 | 46600 87019 48400 1007 67
Nutrients
Ammonia Nitrogen, N N/A N/A 0.301 NIA N/A N/A 0.618 N/A 0.173 N/A
Nitrate Nitrogen, N N/A N/A Q040 N/A N/A N/A <1 NiA <1 N/A
Nitrite Nitrogen, N NIA NIA 0.008 N/A NIA N/A 0 007 N/A 0031 NIA
Total Dissolved Phosphate, P 418 N/A 102 N/A 0.160 N/A £9.0 N/A 270 N/A
Major cationy
Aluminum, AlY 5280 587.07 3130 348 02 8060 85517 4720 524 80 3500 389.15
Antimony, Sb*' 31 008 <4.0 000 102 023 <4 0.00 <4.0 000
Arsenic, As 190 76l 34.2 1.37 424 1698 58.6 2.35 25.5 1.02
Barium, Ra?’ <0 10 0.00 <0.20 0.00 <0.10 000 <0 20 000 <) 30 0.00
Beryllium, Be™' 082 018 .47 010 1.03 023 08 011 060 013
Bismuth, Bi’’ <10 000 47 0.67 <1.0 0.00 38 0.05 55 098
Boren, BY' <1.0 0.00 <20 000 <10 000 «<2.0 000 <20 000
Cadmium. Cd>' 101 050 366 0.20 12.8 164 161 0.18 5.81 0.29
Calcium, Ca® 429 2141 482 24 05 g2 19.06 541 27 00 555 2770
Chromium, Cr'” 022 091 1.01 006 143 0.06 1.78 6.10 q99 0.06
Cobalt, Co™ 26.7 0.91 16.6 657 198 136 233 0.79 20,4 068
Cupper, Cu®” 1220 3B 40 336 10.58 1910 60.11 576 18 13 136 10 58
Iron, Fe' 10800 18677 3430 122 84 16800 601.64 7570 271 10 4320 13471
Lead, Pt <0.50 0.00 <1.00 900 <0.50 0.00 <1.00 £.00 <l 00 £.00
Lithium, Li" NiA N/A 410 059 NiA N/A 407 0.59 4.78 049
Magnesium, Mgz' S680 467 39 3740 307.76 5600 460 B1 2980 24522 4930 405 68
Maganese, Mn’ 691 2516 515 18 3¢ o113 2505 471 17.15 708 2577
Molvbdenum, Mo®' <0 30 000 <0.60 000 -0.30 000 <0 60 Q.00 <(.60 0.00
Nickd, Ni*' 669 228 4032 137 103 351 559 1.50 174 162
Phosphorous, P 389 62 80 869 14.03 854 117 86 254 41.00 81.6 13.17
Potassium, K~ N/A N/A <40 000 N/A NiA <40 0.00 <40 .00
Selenium, Se* <20 0.00 <40 G 00 <2.0 000 <4.0 000 <4.0 0.00
Silicon, 5i* 280.9 11.52 65.0 926 56.8 3.09 612 872 841 1] 98
Silver, Ag’ <0.15 0.00 <030 0.00 <0 L5 0.00 <0.30 0.00 <0.30 £.00
Sodium, Na” N/A Nfa <40 000 N/A WNiA <40 000 <40 0.00
Stremtium, Sr% 073 0.02 075 002 1.34 03 032 a4l 043 001
Thallium, TI" N/A N/A <20 oo N/A N/A 20 041 i3 0.0z
Tin, S N/A N/A <6.0 00 N/A WA <6 ¢ 400 <60 0.00
Titanium, Ti"' N/A N/A <0 20 0.00 N/A N/A <0 20 0 00 <0 20 G 00
Vanagium, V' 157 0.25 0.82 0.08 203 029 33 032 1.52 015
Zine, Zn™ 774 23 67 445 13 51 742 22.69 440 13.46 392 13.1F
Major cations] 25045 163603 4 12341 871 45 35689 | 225483 | 17770 | 1173.01 15223 1 1961 5%
Major anions] 89400 | 1875 30 | 39850 | 83297 | 123500 | 258968 | 46812 | 9789t | 48577 [ 101576
Total] 115045 N/A 52151 NA 159189 N/A 64582 Nea 63800 | N/A
lon balance differencel -6 81%% 237 -£.91% 90%% 221%
TDS difTerence N/A 24 85% NiA 16.76% 28 95%
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Table A.6

Detailed chemical data for the ARD collection system.

C3 CS5 [ [k
05 Mar-01 05-Mar-91 05 Mar-¥1 35 Mar-91
(mgt) i imegd) | (meh) I (megly | (mgh) [ {megd) | (mg/l) ] (meg/l)
Physical tests
Conductivity (pmhos / cm) N/A MIA N/A NA N/A NIA N/A N/A
pi Nia NiA N/A NiA N/A NIA N/A NA
Total Dissol ved Solids N/A N/A N/A NiA N/A N/A N/A N/A
Acidity and alkalinity
Acidity (25 C2C0,) 39000 N/A 51100 N/A 51600 NiA | 49000 N/A
Alkalinity (as CaC0y) <1.0 N/A <10 NIA <l 0 NiA <1.0 N/A
Major anions
Bicarbonate, HCOy' N/A NiA N/A N/A N/A N/A N/A N/A
Carbonate, CO;” N/A N/A N/A N/A N/A N/A N/A N/A
Bromide, Br’ N/A N/A N/A N/A, NiA N/A N/A N/A
Fluoride, F 003 000 «).02 0.00 <().02 000 0.2 0.00
Chloride, CI 1100 31.03 1300 16.67 1200 33.85 1200 1385
Sulfate, 50, 45100 | 93896 | 66200 | 1378.25] 65900 § 137261 ] 63200 [ 131579
Nutrients
Ammonia Nitrogen, N Nia NiA N/A /A NiA N/A N/A N/A
Nitrate Nitrogen, N WA NiA N/A N/A NIA NiA N/A N/A,
Mitrite Nitrogen. N N/A NiA N/A NiA N/A N/A N/A N/A
Toral Dissolved Phosphate, P 239 NiA 135 NiA 165 N/A 280 N/A
Major cations
Aluminum, AL 290 | 27686 3870 | 43029 | 3370 | 43029 | 3720 [ 41362
Antimony, Sb™ 46 0.1% 43 012 43 012 56 014
Arsenic, As™ 163 653 194 777 195 781 186 745
Barium, Ba® <0,10 0.00 <0.10 .00 <0.10 0.00 <0.10 0.00
Beryllium, Be™ 032 0.07 054 012 056 012 054 012
Bismuth, Bi’” <1.9 D00 <1 0 0.00 <t.0 000 <1.0 000
Boron, B <10 0060 <] 0 000 <19 000 <10 0.0¢
Cadmium, Cd* 456 023 12.8 064 7121 036 70% 033
Calcium, Ca® 416 2076 413 20.61 408 20.36 407 203t
Chromium, Cr'” <0.15 000 <G 15 0.00 <0.15 000 <0.15 0.00
Cobalt, Co™ 13.7 047 203 0.69 206 0.70 199 0.68
Copper, Cu” 453 1567 785 2471 788 24.80 751 23.64
tron, Fe”™ 9250 | 33055 § 10700 | 38319 | 10700 | 38319 { 10200 { 365.28
Lead, P5™ <0.50 0.00 <1} 50 0.00 <0 30 0.00 <0 50 500
Lithium, Li’ NA N/A N/A NA N/A N/A N/A N/A
Magmesium, Mg* 1550 127.55 3310 § 271237 | 3410 | 28060 ] 3290 | 27073
Maganese, Mn®" 233 3.56 321 15.33 a46 16.24 434 15.80
Molybdenam, Mo®™ <0.30 0.00 <0,30 0.00 <0.30 0.00 <0.30 0.00
Nickd, Ni¥' 327 111 502 1.7 506 172 48.7 1 66
Phasphorous, P 360 5811 186 6211 180 6134 161 53 I8
Potassium, K N/A N/A N/A N/A NiA N/A N/A A
Selenium, Se* <26 000 <2.0 .00 <20 0.00 <29 0.00
Silicon, $i* 410 584 56.5 405 575 819 563 802
Silver, Ag <0 15 000 <0.15 000 <0 15 0.00 <i 15 0.00
Sodium, Na” N/A N/A N/A N/A N/A N/A N/A N/A
Strontium, Sr¥° 593 0.14 363 0.08 343 008 3.46 9 0B
Thallium, TI' WA NA N/A N/A /A N/A N/A N/A
Tin, §n* N/A N/A N/A NA N/A NIA N/A N/A
Titanium, Ti'" NA N/A N/A N/A N/A N/A N/A N/A
Vanadium, V" 155 018 214 021 205 0.20 19 0.19
Zin, Zn* 236 7.22 435 13 30 458 14.01 443 13 55
Major cations] 15283 | 85964 | 20665 [124150] 20802 [1250.14 | 19935 [ 119988
Major zoions] 46206 | 96999 [ 67500 [1a1492[ 67100 [ 120586 ] eaa00 J13a564
Total] 61483 N/A 58163 N/A 87902 NIA 24335 N/A
Ion balance differcnce] -601% -5 53% -5 86% -5 87%
TDS dilference N/A NA NIA N/A
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Table A.7

Detailed chemical data for the waste rock dump piezometers.

(2T P 9703
18-Apr-98 18-Apr-98
mg/l) [ meg®) | (o) | oeall)
Physical tests
Conductivity (umhos / ¢m) N/A N/A N/A N/A
pH NA N/A NiA N/A
Total Dissolved Solids 36000 | N/A ] 159000 | N/A
Acidity and alkalinity
Acidity (as CaCOy} 19700 | N | 48700 | WA
Alkalinity (as CaC0y) <1 N/A <l N/A
Major aniops
BRicarbonate, HCO, <) .00 <l 0.00
Carbonate, CO,” <] ¢ 00 <1 000
Chloride, C 52 015 12.6 036
Sulfate, 5O,° 24100 | sa1.7s | 77500 | 181351
Major cations
Aluminum, AL’ 1310 | 14566 | 6970 | 77497
Antimony, Sh*" 1 o.02 <4 0.00
Arsenic, As” 14 656 85 340
Barium, Ba® 034 0.00 <0.2 0.00
Beryilium, Be®” 0.2 0.04 1 022
Bismuth, B 06 0.0} 3 004
Boron, B <05 000 <2 0.00
Cadmium, Cd* 3196 520 55 027
Calcium, Ca™ 2% 1492 437 | um
Chromium, Cr* 0.51 .03 23 0.13
Cobalt, Co®* 836 0.28 343 117
Copper, Cu™ 203 5.30 549 17 28
Iron, Fe”’ 2900 | 10386 | 10500 [ 37603
Lead, PbY 11 a.01 <1 0.00
Lithium, Li 1.65 0.24 59 0.85
Magpesium, Mg™ 2000 | 36458 | 4820 | 39663
Maganese, Mn®* kyE] 13.58 719 2617
Molybdenum, Mo~ .2 0.00 <06 000
Nickel, Ni’ 187 064 86 293
Phasphorous, P 42 5.78 504 81.36
Potassium, K' <19 0.00 <40 G0l
Selenium, Se* <1 0.00 <4 0.00
Silicon, 8% 553 788 <] 000
Silver, Ag' <G 05 .00 0.3 0.00
Sodiurn, Na' <10 0.00 <40 0.00
Strontium, Sc° 1.4 0.03 08 0.01
Thailium, T1" 1 000 <4 0.00
Tin, $n* <02 .00 <06 000
Titanium, Ti*" D4 el <02 0.00
Vanadium, V** 05 0.05 0.5 0.05
Zing, Zn*" 405 12.3¢ 405 12 39
Major cations] 7641 | 478 18 | 25128 [ {71573
Major anios] 24105 | 50190 | 77513 | 161387
Tatal] 31746 | N/A | 102541 | Nia
lon balance difference| -2.42% 3.06%
TDS difference 12.56% 43 08%
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Table A.8

Detailed chemical data for runoff water.

Ma;

RonalT
18-Apr-94
(mpe1) ﬂmeq.’i)
Physical tests
Conductivity {pmhos / cm) NIA N/A
pH N/A N/A
Total Dissolved Solids 284 N/A
Acidity and alkalinity
Acidity {as CaC0,) 25 N/A
Alkalinity {as CaC0y) 13 NA
Or anious
Bicarbonate, HCO, 13 900
Carbanate, €0, <1 000
Chioride, CI a5 0.01
Sulfare, 50,% 131 273
or cations
Aluminum, A" 11 012
Antimony, §6° 0.2 0.00
Arsenic, As™ <03 000
Basium, Ba*" 005 0.00
Beryllium, Be” <0.005 | 050
Bismuth, Bi*' <L0] | 000
Boron, BY <0l 000
Cadmium, Cd™ <0.01 000
Calcium, Ca® 36.6 183
Cheomium, Cr* <0.01 000
Cobalt, Co™ 002 0.00
Copper, Cu® 0.11 0.00
kron, Fe™* 1.43 0.05
Lead, Pb* <0.05 0.00
Lithium, Li’ <0.01 0.00
Magnesium, Mg® 112 092
Maganese, Mn®" 0.355 0.01
Molybdenum, Ma™ <0.03 0.00
Nickel, Ni* <0.05 0.06
Phosphorous, P <0.3 009
Potassium, K’ 3 (08
Setenium, 5S¢ <02 000
Silicon, §i* 367 052
Silver, Ag” <0 01 G .00
Sedium, Na™ <1 ¢ 00
Strontum, Sc** 0356 001
Thatlium, T1' <02 0.00
Tin, Sn*’ <003 [ 000
Titanium, Ti*" <0 0! 0.00
Vanadium, V™ <0 03 0.00
Zine, Zn® Q075 000
Major cations) 58 355
Major anions| 145 2.74
Total] 202 N/A
Ion balance differeace] 12 84%
TDS difference] 33.52%

The samples were analyzed in accordance to “Methods for Chemical Analysis of Water
and Wastes (USEPA)”, “Manual for Chemical Analysis of Water, Wastewaters,
Sediments and Biological Tissues (BCMOE)” and / or “Standard Methods for the
Examination of Water and Wastewater (APHA)”.



Appendix B Detailed Climatological and
Hydrological Data

B.1 Introduction

Table B.1 includes a complete set of climatological data for the study period of June,
1997 to June, 1998 that was obtained from the on site weather station. The freezing
period started approximately November 1, 1997 and lasted until the 1998 freshet period.
The freshet period started on April 15, 1998 and lasted for 27 days until May, 11, 1998.
The total snowfall and rainfall is inputted as an equal amount of precipitation that is

applied evenly throughout the runoff period. The data was used in the SolCover analysis.

Table B.2 and B.3 lists the hydrological data used to calculate the individual components

of the water budget for the regional and waste rock dump area respectively.

Page B-1
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Table B.1

Climatological data.

Jolien Date Mar | Max Max. M. | Min. M. Precip. | Netrad Julian Date Max | Max Max | Min. | Min. M. Precig. | Netrad
Dus temp. | bom. | wind | temp | bum [ wind iMm' Day semp. | bum | wind | temp | bum | wing Mltm®
(°0) (kovhej | ('O (ovhr) | (mm) | iduyy [8s) Gewhr} | CC) thmbry | fmmy | sday)
152 |0l-hm-57] 939 |(015%] 354 ] 099 |570%] 2.3 (X1 1246 213 [0 Aug-97| 1535 [1003%] (67 00 |47 %] 0u 00 1507
133 103-hm57] 13%0 | 927% | 327 | 203 |367| 21 [0} 16.69 214 [02-Aug 97| 1589 | 875% | 236 | 776 [S1T%] 03 00 13 30
154 o5 nm7 | 1an6 |00 7] 456 | 677 |d56%] 32 00 1134 23 |03-Awg-97] 1757 |97 % | 230 | 736 |SI10%] 00 o 1261
1S5 (w97 | 1027 |1012%] 266 | 4 |65 7] G0 78 07 216 | 0d-Awg 97| 2062 | (01 F%] 198 | 7% 1d433% ] G0 00 is33
156 [05un-57 | 1068 100 7% 136 | 246 [198%] 00 [ 1475 317 l0s-Aug97] 2117 [I0i9%] 218 | 901 |415%] 0O ¥ 1847
157 [1edun97| 1136 |6 7% | 381 183 _[474%] 00 28 1430 218 Ub-Aug97] 1069 [I0hav] 225 T3 [52.1%] oOC 00 o K2
138 |it-lan 7| 871 | W2 9% 09 163 |sa2%1 0t 00 1195 210 [UT-Aug97| 1299 |98 | 386 | 499 |ST®%] 33 K 1313
156 (Rt 07| 941 |1012%| 204 | 010 [396%] 00 94 1614 220 |4 Aup 97| 1583 [ 996% | 2% | 662 |S15%] €0 0.5 1248
160 [09-Tuo-w7 | 1342 [1000%] 184 | 423 [172%) 00 24 3053 21 |09-Aug97| 2148 ] 89R% | 140 859 |373%] 00 [ 19 16
161 _[1ulan-97| 1589 |604% | 782 | 677 [30%]| 19 X1 16 76 17 | \0-Aug 7] 3547 | I35% [ 168 | 109 [33I%] GO i) 2014
162 | 11-Jun-3 | 1990 | 101 2% 299 | 935 [368%] 00 00 1% 81 223 [YiAgg07] 2448 | 7560 | 202 | 1341 |#1 3% o0 0 15 81
63 1207|1553 [wis%h! 224 753 |e62%]| o0 104 1161 224 [12-Aug-97] 2050 | 906% | 197 115l [#5%] 00 0.0 1213
164 | 13Jan97 | 1337 | 930% ] 235 Sel |Sudh] 00 00 1207 228 [ 13-hug97| 2290 [ 892% | 296 | 1157 [321%] 11 G0 1741
165 | 14-1m-57 | 1525 {96 3% | 250 | &7 |w8i5%| 05 [0 1146 226 | 14-Aug97| IR28 [ RI2%, ] 329 | IDal |H0%] 48 0.0 19 34
166 [15-Jan-07 | 1280 | 98 T% ] 476 | abd [577%| B9 [ 17.27 227 | 15-Aug-y7| 1582 | B8R %5 | 315 B65_{s02%] 24 0o 1298
167 | 16Jun-i7 | 143 | 980% | 28RS | 280 [27%%] 00 14 19,50 228 T\b-Aug 7| 1755 [ o08% | 242 50T [357%] 16 00 1843
168 | 17-dm-97 | 1361 [ W03 1%] A3 566 |A1 %[ a3 71 190 229 [ 1T-Auwg-97] 2125 {391% | 177 | B3a |tRA%[ 06O 00 18 i+
168 [1R-Jun-97| 1153 |1019%][ 08 | 384 [533%] 00 _ 13 6| [0 [eAeeo7] 1900 T792% [ 219 | w83 [308%] 060 00| 1795 |
170§ 19-1an-07 | 10.03 | 100 T%]| 248 151 [527%] 23 00 1430 | 19-Aug 57| 2062 [ 904% | 194 g1 [s07%] 00 [ 1230
171 [20Jun97| 1143 |d)% ] 207 182 |910%] oo K] 11 67 232 |20 Aug 771 2314 | BB | 270 | 1169 |3a3%| 34 0.6 16 76
172_[21-Jun-#7| 902 [i030%] 323 S04 |91 Pa] K4 [ [T 237 |21 hug97] 1666 [1076%] 204 BZl |550%] G0 a7 401
173 [22-dun-57 [ 1672 10115 197 | 677 [406%]| 103 00 1777 234 [22-Aap-97] 182K [J04t%] 242 503 [632%] 00 22 1315
174 [23-0un-57 | 15357 | B9 k% | 223 N EXA T 52 1183 235 |33 Aug-97] 1608 |1031%) 283 797 | 385%] 21 0.0 [FES
175 [2a-Jun-o7 | 1743 |95 | 08 597 |Ma%] o0 00 20 89 236 | 24-Aug.97] 1252 [1065%1 193 716 {6a8%] . GO [} R
176_[25Jun-b7| 1762 |91 #a | 356 | 617 [38%] 00 12 18 15 237 135 Aug97] 1650 [1058%] 276 | 665 [532%] 00 R 920
177 [ Z6-hun-b7 | 1083 [1028%] 302 361 (575%] 00 04 13 06 3V i ebAug07| 1395 (10306 ] 242 | IR |T34%] 0D 144 P
176 [ 27097 18 [1o3e%] 212 I8 (2% 51 97 ) 239 127-Aug97) 1231 | 1030%) 236 | 454 |82% ] 06 14 114z
179 |2 dun-97 | 1486 [101 %] 215 | 469 |531%] o0 14 1338 340 [T Aw 7] (167 |W00FR] 220 316 [631%] 24 01 734
180 [29-Jun-97| 1904 [#63% | 1886 715 [3Re%| o0 [0 2305 241 [29-Acp-o7| t300 | 999% | 183 374 |358%] 0Q X Ga1
181_|36Jun 97| IRIB |56 7% | 297 q06 [409%]| 00 0.0 16 53 247 [ 30-Aup 7] 1557 [ 999G | 126 | 431 |494%] 00 0.0 965
87| 0l Jul97 | [a00 | 983% | 258 577 |s63%| 00 28 16 % 233 | M-Augy7] 1760 | 8Re% | 209 | 544 [371%] 00 00 1533
193 |02l 97 | 1429 |95d% | 151 | 412 [d8e%| 00 [ 1420 294 [ 01Sep 97| 1961 [ 953% [ 096 | B50 [373% ] 00 [0 1367
W3 | 03JalS7 | 175G | 2% | 179 | 46l |398%] 00 [ 2105 245 [ 0d5ep-97 | 1571 [1018%| 277 | 661 152.7%] 0p .U 590
185 [ 0AJol 07 [ 2147 |2 4% | 173 R |40 0%  C0 ) 1876 746 |03 Sep 97| ISR | 92.6% | 1RO ST a6l 6o 00 12 87
1R6 | 05-Jul-07 | 2t 89 | %6 4% | 335 Bad |26 0% | 04 [ 18.07 247 | e-5ep-97 | 1380 [101L5% ] 215 576 |82% | 00 15 571
87 [ 06-du-97 [ 1219 [W003%[ 29 515 |847%] 40 00 1509 248 | 05-8ep-97 | 111 [1034%] 223 350 |656%) 00 108 130
88| 07-1ul.97 | O0R [101 7% 356 325 |Ra%| 0o 72 EEY] 249 | Uh-5ep-97 | 1106 |1035%] 193 245 666 OO 00 ED
189 | 0R-Jul-97 | 1219 [1027%] 273 | 452 [€93%] 3% K] 1187 250 | 075ep-974 1552 [ 9R 1% | 140 | 445 [551%] 00 00 1300
150 | o0-Jul-07 [ 1228 [1014%] 231 268 |570%| 00 [X] 2120 751 08-S | 1957 |93 7% [ 137 TH (97%] 00 iR 12 39
151 [ 10-Jub97 ] 1912 | % 7% | 106 | 402 J564%] 03 [ T2 34 237 1 09507 | 18R | 94 W% | 145 TO: {515 61 [l 1181
192 [ 1-Ju97 ] 1618 [030% | 283 596 1530%] 00 [0 18 09 353 105w 7| 1800 | 945% | 133 669 | 51| 02 00 1673
153 (13-l 1632 | R0 0% | 273 709 [666% 012 00 12 000 254 [ NiGep57 | 1721 [955% | 166 | 637 |35.2%| 04 06 .65
199 | (3-Jul-#7 | 1528 [1023%] 209 | 7% |7 %] 33 on L7z 255 [ 125ep57) 1642 [ 96.t% | 168 | 605 |571%| 03 06 R37
155 [ 14-Jul-97 | 1686 103 2%] 273 6% [49R%] 00 57 1739 256 | 135ep-07 ] 1563 | 96 % | 116 N EEAE X 745
196 [ 15Ju-97 | 1390 | 98 9% | 280 528 |538%| 00 0.0 1363 257 | 1a-Sep 77| 1485 |97 3% | 184 330 |60R% ] 07 () 641
197 L T6-Jul-o7 | 1387 | 993% | IRK | aw [S01%] 0C 10 1371 258 | 15607 | 1406 | W% | 191 507 _|heo]| 09 245 533
198 )17 Jul-67 | 1887 §952% | 2306 | 435 |31%&] 00 0D 2163 355 | To-Bep 97| 1327 |98 S% | 199 | 475 |64 s%] 10 26 A
199 JIRJul5T] 1626 047 | 151 BN HEA 00 17 32 260 | I7-5p97 | 1238 | 001% | 207 | 443 |eo%] 11 122 318
200 | 19-u-97 | 1596 | 91 7% | 1R L 708 (GRA%| 0O 00 10 95 Y61 | 18597 | 1170 | 997% | 215 | 410 [892%] 1.2 53 208
201 | 20Ju97 | 1937 [916% | 207 _{ 1103 |S10%] _0c 0o 172 267 | 95ep-97 | 1091 [1003%] 222 378 | 00| 14 [0 0
202 | 21-ul-97 | 1324 [1031%] 2638 569 |655%] 00 126 (X 163 | 205ep-97 | 1386 | W% | 172 3% |6l %] 23 0.0 617
209 P23 Jug7 | T 68 [W003%| 370 | ad0 |67%%] 35 70 1735 264 | 21-60p-97 | 1924 [ 67 7% | 291 T80 |328%] oo 0.0 I3}
204§ 3Jul57 | 1200 [ 98 7% | 238 38 [678%| 01 12 973 365 | D25ep07 | 1158 | 7aS% | 120 559 |355%] 23 0.0 6.89
205 |24 Ju &7 | 1210 [1026%] 273 | 430 |e25%] 23 30 1604 266 | 235¢p-97 | 16359 [ 947% | 433 B8 [544%] 62 0.0 933
206 | 25-u1-57 | 11 36_JI000%] 168 | 480 |6%| 00 31 17 14 267 | 24-5ep-07 | 2040 | 902% | 288 793 [346%] G0 o0 1662
207 | 26-0ul-97 | 1847 [ 978% | 167 | 430 |379%| 00 00 D6 268 | 25-Sepw7 | 1555 |81 2% | 367 | 189 [355%] 00 o0 Z.38
208_ | 27-0ul-07 | 1683 |1018%| 286 | 830 |4I3%| 01 00 371 6% | 26-8ep-97 | 868 |103.4%] 201 398 |64 %] 00 64 406
205 [ 28-Ju-97 | 1RGZ | 1T %] 173 KN EEARNE 156 Ta7s Pl | 27%ep-97 | 1001 J1037%] 311 I [T, oD 00 478
NG | 39-l-97 | 1792 [t002%] 167 | 77 |sB3%| 0w 7a 1459 371 | 8Aq-97| 917 |1035%) 429 | 014 |5A8% | L¥ i) 653
21 [w0dusr [ 1513 [3dwk | 258 | 629 [a59%| 00 1.2 1686 177 | 19897 | 474 |1014% | 219 | 236 |613%] 00 6.4 330
NT [ I-wiFT L 26 [1016%] 178 372 |576%| 00 75 1047 373 | WSep ) | 686 |l636%| 401 06k |81 2% 11 10 293
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Table B.1

Climatological data, continued.

Fulian Date Mat | Mgy | Max Min. [ Min Min. Precip, | Netrad. Julian Date Mav, | Max | Maw | Mio. | Min. Min, | Precip. | Nefred

Day temp. | hum. | wind | wemp | hum | wind (i’ Day wmp. | huov |} owind | temp. | bum. | wind mrm'
L"Cy Gy | UC) Gawbr) | (om) Jday) {°0) (mmr) | (CC) (kavhr} | fonm} Jdun)
214 [ 0l0ae7 | 207 [Wanks| 325 | 43 [midk | 0D [ 0w 335 [01-Dec?7| Uod [W013%] 309 | 435 [d6d% | 38 [ 100
275 | 2097 | 4% |103s%] 361 | 063 |10 | 3L 128 a6 33 | 02-Dec-97] 036 [1030%] 330 | 743 1 750% | 00 0.0 100
276 | 30c91 | 510 |Joi s 171 | 249 [ 5308 | 06 00 717 317 [03Dec¥i | 502 [101o6%] 152 | 4359 |97 ] 00 [ 100
277 | ao-eT | ¢s1 [tozo%] 176 | 184 [ im | 00 00 383 38 |04 Dec 97| 314 [1033%] 163 | 736 | 98d% | 00 0.0 100
7% | Useru7 | 431 | 97.2% | 328 | -3.09 [65 1% | 00 00 136 339 |05-Doc-97] 165 [103.7%| 131 [-i120|9ik% ] GO [ 1.00
[27% | oeGetyT | 275 |1032%| 236 | 358 [esb% [ oU 2.2 539 MU [06-Decy7] 248 [1027%| 281 | 1003 [ Mie% | 60 W0 100
TRy [ 70ci07 | 395 | 96w | 435 | 335 |Guww| 00 02 724 331 [07Dec-97] 728 [09%% [ 171 [-i141 | 9%66% | ©0 [ 100
18] | URDe97 | 292 | 998% § 553 | 778 [Bii% | 234 [ T 37 [0B-Dec-97| 486 |1018%] 198 | -l025 [918% | 00 [ 1.00
182 | 090et 07 | 582 |1003%) 504 | B4k [9%67% | 68 00 [ 347 [T Dec 97| 353 [1012%] 406 | 750 |650% | 14 [ T
Ky | 00evT | 378 |10 6%, 156 | 608 [1002%]| 00 [ 1.00 34 | 10Dec97] G657 [1034%] 508 | Ao |#21% | 27 00 .00
164 | 11097 | 152 [1016%] 307 | 613 [63v%| o7 00 100 35 [N Decyi] 0320 [040%] 318 | 240 [1631%] 00 0.0 Lor
385 | 12097 | @95 _J10%9%1 342 | 471 [RIE% [ 01 00 100 36 | 12Dee-97] 434 |104.1%| 538 | -216 | 502% | 144 00 Lo
86| 13-0c-07 | 787 |1040%] ad3 | 0b2 [7ie%| 63 () 528 M7 | 13-Dec97| 487 [1038%| 430 | 038 [ Siav% | 7.7 [ o0
387 | 140097 | 0Al [Wis%] 227 | 245 | M I% | OO 32 4.88 MR | 14Decy7§ 032 [10a0%] %60 | 50 | 813 12 00 .00
IR | (3-0ct-97 | 74l 1103a%] 334 | 346 [N3%| a7 5.8 P M9 | 15-Dee-97] <193 [1010%[ 457 { 714 | 864% | 11 00 100
189 | 160c-97 | 7B |1037%] 225 | 00t | 658% | 00 5.8 676 350 | 16-Decy7| -005 |1G34%| 436G | 358 | 868% | 83 00 100
200 | 170cc97 | 483 [1014%] 204 | 243 [835% | 00 [0 630 351 [17Dec97] 235 |1019%| 471 | 1067 [7a8% | 0O 00 100
191 [ 18097 | 418 | 915% ] 124 | 275 | 65% | 00 [ 404 352 [ 18Decd7) 677 [I01A%] 465 [ 1116 [#7% | 00 [ ED
92 | 90c07 | S19 | od4% | 168 | 3/7 [18% | 00 00 49 353 [19-Dec97f -091 [1035%] 463 | -780 | 906% | 162 00 100
293 20-0Oct-97 406 101.7% 14 4 -L0d | 26.6% 0.0 o0 1.30 354 20-Dec-97( -2.35 |1029% a0 -9.28 | 94 0% {40 0,0 100
204 | 210c07 | 549 [1037%] 243 | 073 [773% | 08 i 153 355 | Do) 692 [1000%| 422 |-ilio]veda% | G0 00 160
195 | 22007 | 401 |1038%] 275 | 0% [716% | 14 6.2 402 356 |22 DecdT| 171 [toz4m| 532 | 737 {9030% | 141 0.0 V.00
2106 23-0cl-97 310 103 6% 133 -1 91 B0 1% 0.0 [hA) 310 357 23-Dec-97 | -3.5] 102 K% 3606 <590 | KY.9% 31 0.0 1)
97| 240c%7 | 031 |1035%] 295 | 249 | 74a% | 30 0.0 100 358 |34 Decd7| 147 [0z7w| 352 | 638 {oi% | 01 G0 .00
198 | 250c97 | 677 [1038%] 839 | D14 [ #6 el U7 0.0 781 359 |35 Dec-97| <003 [1031%] 196 | 338 | TH5% | 29 00 100
199 | 26097 | 432 |1038%] 308 | 327 [74%% | 27 0.0 276 360 | Z6-Dec 7| -1.33 [1025%] 384 | 578 | &78% | 77 0.0 .00
WG | 270097 | 135 [ 996 | 295 | 162 [ 695 17 63 K7 361 | Z7Deco7| <106 [101R%| 468 | 633 [857% | 13 (13 100
0] |380c-97 [ o7 [1035%] 396 | -139 [802% | 39 [ 740 362 | I-Decv7| 0.30 [104.0%] 467 | 200 [RZ%% | 85 0.0 1.00
Wz [ 9097 | 375 [ 10w 334 | 065 | RS5% | 67 [ &7 363 | 29Deco7| 021 [1041%| 332 | 490 [893% | 00 00 [KE)
WY | W0Dc-97 | 443 |10a0%] 431 | 098 [ R P% | sS4 0.0 FER) 364 | H-Dec97[ 157 [1038%] 543 | 357 |86 | 35 0.0 1.00
04| D07 | 43 [1oso%] 357 | 085 §1TE% ] 27 [ 282 365 | 3-Dee97| 247 [1033%] 175 | -133 | 95% [ 00 0.0 1.00
305 | 0iNov-97| "5 33 [T028%] 256 | 124 $74e% | 24 0.0 519 1 [ OiJan98| 1277 [970% [ 190 |-1806 | 917% [ 00 0.0 1.00
306 [INev-07 | 122 [1044%] 3435 | 202 (82 1% ] 00 0.0 100 7 | 02JanSB | <1806 | 91 T% | 5.8 | 2569 | 840% | U.O 0.0 1.60
07| Ta-Nov-d7| 178 [1042%] 138 | 370 {9i6% | 00 ©.0 100 T [0 Jang8] 1645 [R7% | L6 [ 27sI|BIs%]| GO 00 Te0
08|04 Nov 97| 157 |i0a2%] 199 | -223 [K91% | 38 0.0 .00 4 | 0aJan9R | 2057 [B9a% | 159 [ 2567 | RSTA| U0 0.0 100
309 _|0S-Now-97| 727 |T0d1%| 228 | -314 [8i4% ] 00 00 100 5 [ 05Jan38[ 0779 |91 7% | 130 [-2203[sAa%| o0 0.0 160
31G_ |6 Nov-97 | -1 16 [1020%] 219 | 724 |691% | 00 0.0 177 6 | 06Jan98 [ -15.5% [ 94.1% | 60 | 2007 [ 89%% | 0.0 0.0 1.00
31] 07-Nov-97 | -0 68 | 98 (% 19.5 -B.30 | &4 4% 00 0.0 +.00 7 07-Ian-934 | -12 90 | 9 0% L4 1 -19R1 | %0.2% o0 0.0 1.00
312 | M Nov 97| -562 [1016%] 132 | 936 | 872% ] 00 0.0 140 § | 08Jan-98 | -B40 |1006%| 83 | 2276 | B8I% | 0.0 0.0 1.00
313 09-Now-97 | 572 [1009% 15,7 -7.89 | 9% 2% 0.0 0.0 [ [ 9-Jan-98 88 7% i24 -24.99 | B6.2% 1.4 0.0 1.00
I [ 10 Nov | 311 |1024%[ 134 | 639 [1003%] 00 0.0 .00 0| odans [955% | 92| 272c %41 | 00 0.0 100
315 | 11-Now-97| 172 [1024%] 66 B3R |98%h ] 00 0.0 100 N [ 11Jan-68 6% | 31 [ TRI% | oo 00 100
316 | i2-Nov-y7 | 397 [1028%][ 167 [ 106 |%13%] 0O 00 14 12 | 1z-JanoRt 1943 [916% ]| 62 | 2686 [Wla%] U0 0 100
317 | 13Now-97| 106 |992% | 237 | 778 | 651% | 05 0.0 .00 13 | 13.Janb8] -1662 | 936% | A6 | -2630 | R50% | 0.0 0.0 100
318 | 14-Nov-97] 175 [1033%] (535 {-1012]7%65% ] 00 [ 211 14| 1a-Jan-98] 674 [1000%| 31a | 1594 %0%% | 00 00 100
NS [ 15 Now-97] 169 [0 T%] 105 [ -1039 [ 601% | 00 o0 341 15 [ 150an98] 311 |1029%| 256 | 889 [987% | 0.0 0.0 100
120 6-Now-97 | 641 [ 103 3% 15.5 1272 | R 7% 10 0.0 1.00 16 16-Jan-98 | -271 |102.7% 427 -7.53 84 0% 08 [iX1] 100
321 | 1T Nov-d7| 692 [1000%] 10% {1206 | 937% ] 04 0.0 L.00 T7_{17-Jan98 | 048 [1013%| 288 | 564 |815% ] 00 [ 100
320 | IBNow-97] 003 |1039%| 118 | 68 [99%s | 00 il 1.00 181 1%-Jan-98 | -2.0¢ |03 1% 350 | %15 [ 80.7% | 33 0.0 100
323 | 19 Nov 97| <227 [1033%] 221 | 421 | 9% ] 00 w0 100 19 {19an98 | 208 [1034%| 206 | A7t [123%] o0 0o ) 00
124 20-Now-97 1 -2 %7 03 0% 1i.0 -572 | 99 7% 00 Q.0 1060 20 20-Jan-98 | 473 |1023% 102 1259 | % 2% .0 on 1.00
325 | 21Nowy? ] <157 [1035%] 115 | 414 [1014%] 00 00 100 2l | 2iJans8 | 389 [1053%] Wo [1mM[mi% | G0 00 100
326 |2 Now9T| 341 |[029%] 160 | -535 | Bea% | 0u 00 .00 72 | 22-Ja0-98 | 098 [1015%[] 341 [-l0as|744% | 0.0 0.0 100
327 |23 Mov93 | 110 |1036%[ 527 | 434 |664% | 07 00 100 21 | 23-Jan-98 | 166 [1029%] 296 | 633 [%61%| 09 06 100
328 H-Nov-U7 | 1135 | 103.4% 48 5 =532 | 75 7% 0.0 U0 1 00 24 24-Jan-98 .28 103.2% 500 295 | T36% 27 0.0 1.60
329 | 15 Mov57| 405 | 1026%| 217 | 573 |866% | 08 00 T 25 | 25-Jan98 | 06+ [10t7T%] 453 | 345 |636% | 4l 00 100
330 | 26Nov-97 ] 179 [1031%] 435 | 517 | #99% | 00 0.0 100 76 | 26-Jao-08 | -0.60 {1020%[ 469 | 294 | 871% ] 203 00 160
331 |27 Nov97 | -L11 |1W036%| 436 | 337 |933% | 63 0.0 T0G 27 | Z3-1an-98 | 054 [1034%] 339 [ 333 | 7(8% | 33 0.0 160
332 | 28-Mov-97] -206 [1034%| 38e | 578 [ W% | 79 0.0 100 28 | 2R-Jan-08 | 019 [1015%] 377 | 408 |6A2% | 10 0.0 K]
333 | Z9-Nov-97| 297 |1033%| 352 | 625 | 727% § 06 00 1.00 29 | 2%Jan-98 | 238 |1017%1 645 [ 197 |819% | 3.4 0.0 119
334 | 30Nov-97| -U36 | 1029%] 324 | 528 |817% | 04 00 100 A0 | W ln-9R| 186 [956% | 443 | 226 [e86%]| 93 0l 100
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Table B.1

Climatological data, continued.

Tulian | Datr WMac | Mwr. | Msc ] Min. | Min. [ Mm. [ Precip. | Neirad Jubiun |7 Date Mac | Mac | Max | M. | Mn. | Mm. | Precip. | Netrad

[ wmp. | hum | wind | temp | hum | wied O’ Duy wemp. | bum, | wing | temp, | hum. [ wind (M)/mt

(°C) thahr) | {C) (howhr) | {mm) {day ) ("C} b)) | °0) ) | (moy | iday)
31 |3l lanos| oo [Tusat] 123 [ 523 [ s ] 2 [ T 92 | UT-Apr9H| 060 |W32%| 732 | 712 [838%] 146 o0 Z5%
32 |MFeboB| 2% |lwi2w] M6 | -beR [RIanm| 18 [ 00 %3 [ 03-AprUR| 0% | %W | B3I | 942 [27%] 2% O 5850
3 02 -Feb-94 1 8 97 2% 234 -5.51 1 61 T% .0 [ 1o b Q4-Apr-vB | 449 | 840% Wwn TA 32 6% o0 00 1.20
X y3-Feb-9d | -2 81 [103.0% T -0.78 | BI 6% an oo 100 95 D5-Apr-98 K48 61 2% 208 =34 |23 8% 00 [ 130
3% Ud-Feb98 | 167 | 101 4% 216 BT | S8 B% 00 jeii) 100 9% O6-Apr-9R | D61 55 2% 217 0 |06k () Do 22]
36 05-Feb-98 0 3 [02 8% 14 -5 5% | 91 3% 00 i) 100 [ 07-Apr-9% | 1071 | 65 %% 256 -176 | 21 ¥% 0.0 0.0 242
37 | oFebvi| aus | 1023%] 270 | 548 | 9B¥% ] 0% 0o 1 00 9% [OBApr98| 658 |758% | 384 | 209 [417%] 00 o0 i
W | 07-Fcb¥k| 1% |1u26%) 230 | 587 |009%| 00 5.0 T00 7y | m-apr-98| 768 | Ra W | 67 | 318 (400 ] 00 00 o1
19 OH-Feb 9% 41t $1019% 223 RE6 | 7P 00 0.0 100 1a0 10-Apr-98 | 488 67 1% 32 -6 59 122 2% X a0 439
2 | 09FebO% | 234 [1078%] 325 | #2% (032w | 040 0.0 T 0t [ V-apr98| 616 [#07% [ 993 | 128 [% 1% 00 00 a3
d| iU-Feb-YR | -225 | 7 6% 51 =530 | 6T 7% 08 0.0 1 102 12-Apr-94 | 3352 [1029% 27 -1 50 |63 6% Y] (L] 115
41 11-Feb-94 | -0.20 [ Y4 2% 40 L =542 | 59.5% 25 0.0 1.00 101 13-Apr-98 | -002 [103 3% 0% 371 |92 8% 0.0 [ )
a3 | 2Feb98] 136 [0S 383 | -39 |t0s% | 57 0o T 104 |14 apid8| 161 [1025%| 267 | 3477 [617%] 0a 00 o7
4 | I3-Febd8 | 122 [1030%] 472 | -i8 [®2 1% | 83 00 100 05 [ 15Ap 98| +18 | 1016%] 397 | 062 [6a6%]| 946 37 051
Q5| 1a-Feb98 | Ual [1016%| o | #67 |md% | 00 00 100 106 [ I6Ap9R| 478 [100.5%| sa% | 100 a6 %] 18 37 098
46 | I5-Feov8 | 180 [1025%] 226 | %46 | 591% | 00 ) 100 07 | 7-Apr98 | 253 | 993% | 474 | 369 [53e%] 00 17 117
47 1&-Feb-98 1.37 49 8%, 299 -5 560 1 57.0% [ik7] 0.0 100 108 15-Apr-98 6.05 95 6% 227 64 12 9% 0.0 17 -168
43 17-Feb 98| -115 [1929% 55 <761 | 778% 22 0.0 Jdoo ] T0e 19-Apr-98 | 4.77 o5 4% 393 131 | % 18 37 099
| IRFee| 200 {He%hl 4i6 | Al (652 ] 00 [ o0 V10 | 2o-Apeis | 457 |1034%| 437 | 346 [451%| 01 id 356
50 19-Feab-9% 1 54 100 0% 44.2 -3.61 58.1% 2.6 0.0 100 ~71]] 21-Apr-9R 7 9 100 6% 230 -195 |37 % [] 37 5.26
ST | f0-Feb W | U036 | W8] 425 | ARk | 63| 91 1) i 0 112 |22Apon| B85 | waw | 108 | 128 |Paf 03 il [
51 [ 21-Fen98] 733 |933% | 304 | 394 | 33e% | 36 00 100 113 [23-Apr3R| 894 [#65% | 240 | G3d [a27w] 00 3T 5K
57 | 13Feb 98| 917 [939% | 350 | 574 | Skan | T [ 1 00 114 | 2a-Apron| 575 |1W032%| 351 | -157 [+23%| 22 37 6 35
54 23-Feb98 ) 13 | 96T 136 STH3 | &R an 6.0 1.00 115 25-Apr-98 | 2.09 101 5% 40.2 A9 1703% 2.3 317 4 52
55 [24-Feb8| 116 | 910% | 374 | 903 [ 300% | 00 00 100 116 | 26-Amh | 2.07 [1022%| 470 | 6713 (W[ 51 37 FXH
34 25-Feb98 | 127 [1017% 318 -857 | 546% 00 0.0 2.98 117 2T-Ape-98 | 264 1043 6% 233 116 |99 9% 6.4 17 633
5T 26-Feb-98 | -G B9 | 99 0% 142 S11.91 | 42 %% an 60 3.04 118 28-Apr-#B | 778 | 102 5% 50.% 131 |493% ¢4 i7 966
38 |37Feb9R| 104 |865% | 364 | -LIO0 | 430% | 00 6o 100 117 | 29Ap 98| 1239 |1030%| 225 | 122 {573%]| oz 17 17 51
3% 28-Fcb9% | -5.62 |1020% 2T -R 65 | 2% 00 0.0 1 00 120 Ju-Apr-98 | 1043 | RI 0% 318 582 |19 6% ¢ 37 1596
60 |01-Mu-98] 016 [1020%| 297 | 734 | 79a% ] w0 a0 0 17t [01-May-98 ] 2135 | e08% | 304 | 73R J218%] 00 37 1218
61 OZ-Mar-98 | 410 | 1020% pr4:) -5 51 | 100 2% (02 a0 100 122 02-May-98 | 1494 [ 57 3% 376 574 120 0% ta i1 L5 30
62 [MaroB| S0 [W0is%| =zl |97 | wiss] 00 i T of 23 |o3May 98| 156 [e9d% | 0% | d67 192%| 29 17 5%
&1 Od-Mar-08 | -5.31 | 100 35% 215 -10 26 | 8O 1% 4.0 Q0 100 124 Od-May-98 | 1822 | 56 8% 33.1 572 122 4% 0.0 3.7 L6 #5
6 [5MarSB] i1 [9sTa| 213 [ TFiTiTeam | 17 0.0 00 175 |tsMay 98| 1705 [6da% | 6 [ A% {:3%| 07 37 [CEY
&5 Oo-Mar-8 | 075 | 96 3% 126 -13 86 | 48 2% LY 0.0 1.00 126 O-May-98 | 10.14 | 92 T 337 1.59 |395% 23 37 20
66 [07Marv8| 837 [83% | 389 [.1421 | 634%m| Ot 09 207§ [ 137 |07May-98] 565 [10a2%] 251 | 028 [378%[ 00 it 1567
€7 [08MarPE| 1413 93 5%] 390 [ 80| 72¥% ] 132 00 VW 126 | vRMuy-98 | 918 [ R7S% | 231 | 060 [363%]| oI 17 957
3 09-Mar-98 | -101 35 | 4 3% 293 -18.62 1 B3 4% 0.0 20 214 129 0o-May-98 | 1337 | R2 1% 154 060 |31 3% &1 17 16 93
X 10-Mar-38 | -375 | L02 7% 259 =12 91 | 92 1% Q.8 40 1.00 |__130 ____JH-M:I)‘-‘JE 1681 | SBd% 248 176 132.1% o1 17 14.22
70 [ 1i-Mar-98| Sd6 |97 R% | R4 {1900 | 6R6% | 154 o0 118 T | May-08| 1387 [1023%] 198 | s83 [s93%] G0 ] 1614
71 [ I2Marvs| 1545 | 837 | 571 | ned | w9om| 129 5.0 054 | [ i3z |12 May-98| 1499 [103.0%] 162 | 439 [533%| 00 X3 1657
T2 | I3MuiR| 017 | 83EL | 244 | 1360 |462%]| 00 0.0 330 133 [3May 98] 783 [1034%| 418 | 69s [570%[ 0D is 740
73 [1aMari®]| B9 [8i9% | 204 l-1ses|s2m%]| o0 50 208 | [ 138 [14-May9| 847 |61 | 202 | -103 |a8%| 00 16 517
M 15-Mar-93| -8.78 | 4 2% 237 ~15.7d | 84 0% 0.8 [A] 0.16 135 15-May-92 | 12.16 [ 81 % 280 2.57 |34 4% ] a6 1207
75 16-Mar-98| 4.74 | %6 9% 267 =120 | 6] 6% 00 1) -1 24 | _136 L6-May-98 | 15 1R [ R2 5% 242 490 |42 2% 0.0 a0 L0156
76 | 17Mar98| 103 | 8RS | dis | -ll16|611% [ 09 00 133 137 [ 17May-98| 1242 [1021%] 207 | 346 [63t%]| 00 [ 961
il 18-Mar-38| 203 |03 2% &4 4 -2 01 67 5% 19 o 4.95 138 TR-May-9R | 1200 | 100 I% 244 230 |553% [ 76 19 %6
78 1y-Mar-98 | 243 t03.8% 449 -312 | 61 1% 39 00 409 139 19-May-98 | 1621 97 %% 207 029 |298% 00 quv 1974
T [SuMargs| 091 [1012%] 522 | 650 [66%% | 168 o 18] 140 | 30-May-98| 1911 | 734% | 756 | 493 |274%[| 00 I8 1301
B |21-Mar98| 092 | W% | 495 | 591 [668% | 149 oo 316 1 [2-May-98] 1716 |#05% | 351 | 630 [315%] 00 [ a7
81 22-Mar-98] -) 17 [103 1% 436 -3.95 | B92% 79 [ 0.5% 142 22.May- 98| 1263 93.6% 251 3194 |522% 1] a0 1085
82 23-Mar-98| 6.17 [ 102 8% 29.2 579 | HY% 29 (134 2.31 143 23-May-98 | 1175 1101 5% 134 432 |7T3% 5] oo B &s
83 24-Mar-2%| 340 [1013% 620 560 | 13.1% 41 043 1.0 144 24-May-94 1581 [1026% 28.1 6.30 |39 5% 1) [) 1036
8 |33 Mards| 201 [ 10335%| 322 | 290 [662% ] 105 [T} 177 145 | 25-May-98] 1519 |1035%| 351 | 622 |585%] 0O iz 1098
¥ | doaro%| 09s | 1030%| 438 | 5% [Sacea| 77 0.0 157 136 |26 May SR | 3014 [1039%] 427 | 857 0% 17 a0 1578
86 | 17-Mar-98| 268 |1025%] 335 | AW | 692% | OK 00 T4 137 _{27-May-98] 2175 | BR6% | 325 | 909 |a31%]| 65 v 97
B? H-Mar-98| C 46 101 3% 655 =79 59 9% 52 0.0 -0u7 _148 ZS-M_ayiﬂ 1967 | 101.2% Iz 1035 | M % (1)) []3 9 86
BR[| Marvg] 000 | 997% | 563 | Sew [413% | 04 00 365 149 [ 20-May-98 | 2048 [1035%] 501 | %69 |d2l%| DO 7O 939
B | 3698|010 | 1004%| 260 | 81 | fisw] 00 0.0 0.24 50|30 May 98| 2355 [B31% | 302 { 1ias [ome]| 03 00 1556
% | 3i-Mar-d8| 189 [1021%] 469 | 608 [551% | t4 06 337 151 |3 May98| 1478 | 878% | 478 | G638 [az1%| 39 G0 ]
51 |01Amoe] 035 [ %1% ] 311 | 86) [478% | 0D 0.0 161
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Table B.2 Hydrological data for the waste rock dump area.

Date Pot. | Act. | Pot | Act | Act | Water | Runoff | Infilt Date Pot | Act | Pot | Act | Act | Water | Runoff | Infilt
evap. | evap. | trans. | trans. | ET balance evap. i evap. | trans. | trans. ET balanca
{mm) | {mm} [ () § {mm) ( fmag | (%) {mm} | (mmy trom) | (mmy | (rm) | {mem) | (oo | (%) {mm} | {mm)
——
01-Jun-97] 0.0 0.0 0.0 04 0.0 00 0.6 0.0 0t-Aug 97| 268 | 11 | 20 [ -14] -28 2.7 10 1.1
02-Jun-97| 26 | -18 | 05 00 [ 18 oo 0.0 18 | [02-Aug97] 49 | 19 | -38 | 21 | -40 27 0.0 -40
03Jun-97| 4.2 -1.8 -1.0 0o -1.8 00 0.0 -1.8 03-Aug97| -37 -1.3 -28 =30 -23 2.7 0.8 -2.3
04Jun-57] -30 | 07 | -09 o0 [ 07 0.0 0.0 07 | {0%Auge?] 35 [ <12 | 28 | -07 [ -1 2.7 0.0 -1.8
05-Jun-97 | 20 -1.4 0.7 03 -1.8 00 04 6.0 05-Aug-57| -44 -1.2 -35 0.7 -2.4 27 0.0 -249
06-Jn-97] 43 [ 24 [ 15 | -02 | -26 00 0.0 -26 | [06Aug-87] 53 | 1.7 | 42 | 07 | -24 27 09 12
7Jn-97] 33 [ 20 [ 13 | 03] -23 0.1 0.0 6.5 07-Aug-97| -31 | 07 [ -25 | -04 | 11 27 0.0 EK
eano7] 27 | -12 [ 19 00 [ 13 01 oo 13 | [08Aup97] 34 [ 1 [ 27 1 04| 14 27 0.0 04
06-Junr97] -36 | 1.5 | -1.8 09 | -1.5 0.1 0.0 -1.5 | [09-Aug-67| .33 | -10 [ 26 | -03 | 14 2.7 00 -0.9
10Jun97| 50 [ -24 [ 24 | 02726 c1 a5 -0.2 10Aug-G7] 57 | 14 | 45 [ 05 [ -20 27 [ -20
11-Jun-97] 49 [ 13 | 26 od | 14 (K] 04 -14 | [11-Aug97] 65 | 13 | -51 05 | 1.8 27 0.0 -1.9
12-Jun-97] 53 { 13 | 29 00 | 1.4 0.1 049 14 | HM2-Aug97] 62 | 08 [ 41 03 | 13 28 oa 1.3
13Jun-97] 30 [ A7 | 47 [ 11 [ 28 01 02 74 13-Aug-97] -38 [ -06 | -30 | -03 | 08 28 0.0 0.8
4Jun97| 31 [ 16 ] 18 [ -08 ] -21 D1 0.0 -1 14-Aug-97] 58 | 0B | 44 | -03 ] 11 28 c.0 -1
15Jun87] 30 T 74 | 18 | -02 [ 15 01 o8 <15 | [15Aug97] -59 | 06 [ 46 | -03 | -09 28 0.0 -0.9
16Jun-97] 43 | 43 | -28 [ -01 } -14 01 a9 <14 | [16Aug97] 38 | €4 [ 20 02§ 05 28 a0 -0.5
17Jun07| 48 [ -21 | 33 [ 07 [ -27 02z 0.9 -03 | [17-Augg7] 53 | 06 [ 41 02 § -09 2. 0.0 -0.9
18-Jun-97| -47 | -24 | 33 | -20 | -41 ¥ 09 3.0 1gAugyy] -2 | 07 | -ag | -02 { Q8 2, 0.0 08
18Jun-97| 38 [ 16 ] 27 [ 14 ] 30 0.5 o7 26 | [19Aug097] 54 T 06 [ -41 -02 | -08 2. 0.0 -0.8
20-Jun-97) -34 -1.3 25 D4 -1.7 05 0.0 -1.7 20-Aug87] -38 -04 -28B -0.1 05 29 0.0 -05
23-dun-971 2.8 -1.1 2.1 -0.3 -1.4 0.5 a0 -G8 21-Aug-97| -5 5 -05 4.1 -02 0.8 29 0.0 -0.6
22-Jun-97] 14 | -5 | -11 0.1 | -08 0.5 9.0 06 | [23-Aug®7] 12 | 08 -0.9 00 [ 086 32 0.9 27
23Jun97] 50 | 14 | 38 [ -02 | 186 D5 0.0 -1.6 | [23-Aug97] .34 | -14 25 | 01 | -1.5 3.2 0.0 0.7
24Jun-97 | 32 | 14 | 25 | 18 | -32 0.5 090 6.0 24097 34 [ M1 ] 26 [ o7 ] 12 32 0.0 -12
25Jun-97] 55 | 21 [ 43 ] 15 | .38 05 0.0 238 | [25Aup97] 45 | €4 | 71 0 [ -05 3.2 0.0 -0.5
26-Jun97] 49 | 18 | 38 [ -08 | -26 0.5 a9 -14 | [26-Aug97] 26 | 13 [ 8 | 07 [ -20 32 0.0 72
27dun97f 3n [ oo | 24 ] o0a [ 13 05 0.4 09 | [27Aug-97] 24 1 12 | 17 [ 12 [-24 .4 2.3 g7
28 Jun-87 | -1.4 -0.6 -1.1 05 =11 0.9 56 -04 28-Aug-97| -2.8 -1.4 -20 -1.4 -28 .4 0.0 05
29Jun97| 39 {16 [ 30 | 19 ] -36 1.1 00 05 | {29Aug97] 18 [ 10 ] 13 | -08 [ 189 .4 0.0 -1.8
30-Jun-97] 85 | -23 | -51 -1.2 | -35 1.1 0.0 -25 | [30-Aug97] -24 | 12 ¢ 16 | A0 | 22 34 oo 18
01-Ju-97| 45 | 13 ] 36 [ 03 | 18 1.1 0.0 1.6 | [31-Aug-97] 26 | 14 | 17 | -08 | -22 34 0.0 22
02-Ju-97 ) 41 | 47 ] 32 [ 22 | -39 1.1 0.0 49 01-Sep97] -43 | 1.9 28 | .10 | -29 34 04 29
03Ju-97 | 36 [ 14 | 28 [ .09 | .23 1.1 00 23 | [02Sep97] 41 | -14 26 | 07 | 21 34 0.0 2.1
0aJugs| 62 | 20 | -a8 | 07 | -28B 1.1 00 -28 | [03-8ap 97| 27 [ 1.2 47 1 04 16 34 0.0 0.4
05Ju97] 56 | 14 | 43 | 04 | -18B 1.2 0.0 18 | [04Sepo7| 37 § 14| 23 [ D4 | -19 34 0.; 18
06-ul-97 | 54 | 11 | 42 | -02 [ -14 12 0Q -14 | [05Sep97] 26 [ 12 | 15 | 03 | -14 34 00 01
07-Ju-97] 38 [ 65 ] 29 [ o1 [ 08 1.2 0.0 08 | [06Sep97] 04 | -02 [ -02 | .02 -04 3.5 0.0 10.4
08J4-97: 20 | 08 | 18 | -BB | -1.7 1.2 00 55 07-Sep97] 23 [ 14 [ 13 [ -087] -23 35 0.0 2.3
08-Jul-97 | -39 -1.3 -2.2 -1.6 -29 1.4 11 74 08-Sap-87] -3.4 -1.9 -1.9 -1.0 -29 3.4 0.0 =29
10Ju97 | 49 7 20 | -39 | 27 | 47 14 00 -39 | [09Sep97] 38 [ 24 [ 19 | 34 [ -38 34 0o 50
1-Ju-g7 [ 31 1 12 [ 24 1 10 [ -22 14 0.0 22 | (19Sepo?] 34 21 | 17 | 16 | 31 3.4 0.4 -3.1
12.Ju-87 | 47 | 17 | 37 | 10 | 28 14 00 -26 | [11-8ep87] A1 [ 17 [ 186 | 07 7 -24 34 0d 2.4
13ul-97 | 32 | 40 [ 25 [ 04 | -14 14 0.0 14 | |12-Sepg7] -28 | 15 [ 13 | 05 | -1.8 34 0.0 -13
497 | 317 | o7 [ 24| 03[ 10 14 00 210 | [138ep97| 25 | 1.2 [ 11 04 | 15 35 0.0 £9
15Juor ! a7 | 40 | 87 | 21 [ ag 1.4 00 28 14Sep97] 211 -89 | 08 [ 03 [ -11 35 00 1.1
16-Jul-87 | 35 -13 -28 -a7 -2 14 [211] -2.0 15-Sep37! .18 -0.7 -0.7 -0z | -08 35 00 -0.9
17-Jul-97 | .34 | 1. 27 | 05 [ 148 14 0.0 08 | [18S5epd7] 15 [ 12| 08 [ -04 T 15 38 97 13.2
18-Jul-97 | 60 | -1 47 | -DE [ -24 14 00 24 | [17-Seps7] 12 | 10| 04 | 03 ] 12 36 0.4 14
19-Jul-97 | 45 -1, -3.6 -03 -1.4 14 Q.0 -14 18-5ap-87| -1.0 07 -03 -0.2 -1.0 3.7 40 73
20-Ju97{ 29 [ -06 | -23 | -02 [ -&B 1.5 00 08 | |188ep97] 07 | 05 [ -02 | 01 ] 07 38 0.4 46
210097 a2 | 87 | 25 [ 02 ] -08 1.5 0.0 L8 | 20Sep97] 04 ! -03 [ 01 01 ] 04 38 0Q 0.4
22-Julg?z | 21 [ 09 | 1.7 | 12 | -21 1.8 06 9.9 21-Sep97] 18 | 1.5 [ .05 03 [ 18 37 0.0 -1.8
23Ju9?| 28 | 12§ 22| 15 [ -28 18 0.0 4.2 22-Sep97| .38 | 30 [ -11 07 [ -38 3.7 00 -3.8
24Jul97 | 23 [ 10| 18 | 13 [ 23 1.8 00 1.1 | |238ep97] 26 | 21 | 07 | -05 | -z8 3.7 0.0 26
25Ju-97 1 36 | -1.7 | -30 | -21 | -38 18 0.0 0.9 | |24-8ep-97) 27 | -19 | 07 | 05 | -2.4 3.7 0.0 2.4
26Ju-97 1 26 | 12 | -21 -15 | 28 2.1 00 05 258epB7] 34 | 21 [ 08 | -5 | 27 3.7 0.0 27
27-Ju-87 [ 69 [ 23 | a6 | -27 [ -50 20 00 50 | [26Sep97] 11 | 07 | -03 | -02 | -08 3.7 00 0.8
280497 | 27 | 10 | 21 08 | 1.8 20 0.0 18 | [27-Sep97] M0 | 09 [ 02 | 02 [ 10 37 0g 54
200uB7 [ 41 | 48] 32 | -22 | 41 21 27 E] 28Sep 87| 11 | -10 [ 03 | 02 | 11 3.7 0.0 11
I0-Jul-97 I -39 -1.7 -31 -2.2 -39 22 00 -1.5 258ep97; 18 -1.4 -0.3 -0.2 -18 37 00 -8
31-Jul-87) 44 | 18] 34 ] -25 | -43 24 0.0 31 | 1308ep97] 121 10 [ 02 | 02 [ 12 38 RO 52
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Table B.2 Hydrological data for the waste rock dump area, continued.

Cate Pot. | Act. | Pot Act | Act | Water | Runoff | Infiit. Date Pot | Act | Pot Act | Act Water | Runoff | Infit. |
pvap. | evap. | trans. | treans. | ET | halance evap. | evap. | trans. | trans. } ET | balance
{mm) | imm} | {mm) | {mm]} | (mm} (%) {mm) | (mm {mm) | {mmj} | {mm) | {mm} [ (mm) (%} {mm) | (mm)
01-Cet97] -07 | 06 [ -01 01 ) 07 38 25 78 01-Dec-57| 0.0 9.0 9.0 o 0.0 23 9.0 L]
02-0ct-97] -0.2 | 02 Q.0 090 -02 38 c.o -0.2 02-Dec-57[ ©D oo 40 oG 00 23 20 oo
03Cct97| -t1 1.1 Q.0 00 -1.1 38 53 64 03 Dec-97 0.0 co 00 20 Q.0 22 0.0 04
04-0ct-97| 45 -15 0.0 00 -1.5 38 0.0 -1.5 04 Dec-97| 0.0 (] 0a 0.c 00 22 20 0.0
05-0ct97| -08 | 08 04 00 -0.8 38 0.0 -0.8 05-Dec-97| 0.0 00 0.0 040 0.8 22 Q¢ 0.0
6-0ct97| 05 | 05 00 [fi] -0.5 g 06 -05 06-Dec-37] 00 a0 0.0 0.9 90 22 0.0 00
07-0ct97] -11 | -11 0.0 00 -1.1 38 [J7) 11 07-Dec-67[ 0.0 Q.G 0.0 00 00 21 0.0 co
08Qct97| -15 | -16 0o 00 -15 38 00 -13 08-Dec-67| 00 9.c Q.0 aa 0.0 2.1 [i)s) 0
09-Oct-97f -05 | -05 oG 00 -0.5 38 co -0.5 09-Dec-97[ 0.0 ['7) 0.0 00 00 241 0.0 co
1000197 | 02 -0.2 0.0 00 -02 38 0.0 -0.2 10-Dec-67( GO o 90 oR3] 09 21 0.0 0.0
11-Cct97] 02 | -02 0.0 00 -02 358 oo -0.2 11-Dec 87| 0.0 [ 2.0 00 00 2.1 0.0 (i)
12-0ct97] 03 | -03 00 0.0 -0.3 38 ge -0.3 12-Dec-97[ 0D 0.0 20 op 0 20 0o co
130ct97] 02 | -02 0.0 00 -0.2 38 0e -0.2 13-0sc-97[ 0.0 04 0.0 0.0 0o 20 [] 0o
14-0ct97| 1.3 -13 0.0 0.0 -1.3 38 0.e -1.3 14-Dec-97| QC 09 oo 0.0 00 20 0.0 0.0
190ct07] 12 | -12 0.0 00 -1.2 38 07 B4 15Dec-87| 0.0 00 0.0 0.0 00 2.0 0.0 00
16-0ct-97| 06 08 0.C 00 -0.6 38 0.2 4.9 16-Dec-97( Q.0 0.0 0.0 00 00 20 0.a 0.0
47-Oct-87] 15 | -15 ac 00 -1.5 38 c8 35 17-Dec-67| 0.0 0.0 0.0 0.0 0g 18 0.0 00
18-0ck97 | -14 -14 0.0 00 -14 38 0.0 -1.4 18-Dec-87| 0.0 0.0 Q.0 ag 0.0 1.9 0.0 0.0
19-0ct57) -1C0 | -10 c.o 00 -1.0 38 [¢1+] -1.0 19-Dec67| 00 0.0 0.0 00 00 18 0.0 0o
200ct97| 1.2 | 12 04 0o -12 38 0c -1.2 20-Dec-97] 04 a0 0.0 00 0g 19 00 0.0
21-0ct97| -03 [ -03 0.0 00 -0.3 38 00 -0.3 21-Dec-87] 040 9.0 0.0 0a 0.0 18 0.0 0.0
22-0ct-57| 04 Q04 0.C 0.0 -0.4 38 00 32 22-Dec-97] 0.0 99 00 00 00 1.8 0g [#Xs]
230ct97| -06 [ -08 [J7) 00 | 08 38 1.4 4.0 23-Dec-97] 0.0 0.0 0.0 00 0g 18 0.0 0.0
24-0ct-97| 08 -0.6 0.0 00 -06 38 0.0 -0.8 24-Dec-97| 00 ] 0. 0.0 [+Xs] 1.8 00 00
250ct87| 03 -0.3 a0 0.0 -0.3 38 0.0 -0.3 25Dec-97] 00 090 00 0o 00 18 0.0 0.0
26-0ct97] 07 -0.7 c.0o 0g -07 38 .o -0.7 26-Dec-97| 0.0 00 06 0.0 04 1.8 0.0 00
27-0ct97| 07 | -07 0 0.0 -0.7 38 co -0.7 | 127-Dec-87] DO 0.0 0.0 00 00 17 00 Y]
26-Qct 97| 05 | 05 00 o]¢] -0.5 39 16 42 28-Dec-87] 09 Qo0 00 00 0.0 17 0.0 0.0
29-0ct-97| 05 | 05 [ 0.0 -0.5 38 oo -0.5 29-Dec-97| 00 Q0 0.0 oo 0.0 17 00 0.0
30-0ct87| 04 | 0.4 on 00 -04 39 0.0 -04 30-Dec-97| 04 a9 0o 00 o0 1.7 00 00
31-0c-97| 06 | 06 0.0 090 -0.6 39 oo -06 31-Dec97| 0.0 Q.0 00 0.0 00 1.7 00 0.0
01-Nov-57| 0.0 0.0 0.0 00 0.0 35 c.o 0.0 0%-Jans3| 04 0.0 0.0 00 00 1.7 0.0 0.0
02-Nov-§7] 00 00 co a0 00 32 ceo G0 02-Jan-88| 00 00 00 o0 00 16 00 0.0
03-Nov-87{ 00 0.0 0.0 0.0 0.0 31 C.0 0.0 03-Jan-98| 0.0 00 0.0 0.0 00 1.8 0o 0.0
O4-Nov-67| 00 (Y] 040 04Q 0.0 a0 040 0.0 O04-Jan-88| 00 00 00 00 [<X] 16 [K3] a0
05-Nov-§7| 00 00 0g¢ 0.0 GO 29 00 0.0 05Jan-86| 00 00 0.0 0.a G0 18 0g 0.0
06-Nov-97| 00 00 [A) 00 0.0 ] 0c 0.0 06-Jan-98| 0.0 090 00 oo co 16 0.0 0.0
07-Nov-87| 00 00 90 00 oD 28 oc 0.0 07-Jan-88] 04 20 00 00 o0 18 0a 0.0
0&-Nev-67| 0.0 00 0.0 00 00 28 o0 o0 08-Jan-821 04 Q.0 00 00 00 15 0a 0.0
O9-Nov-97] 00 60 o0 0.0 o0 27 co 6.0 05-Jan-88| 0.0 00 0.0 00 0.0 1.5 i) 0.0
10-Nov-87| 0.0 00 G0 0.0 co 27 0.0 20 10-Jan-98| 00 090 00 0o 00 1 00 0o
11-Nov-B7| 00 og 0. 0.0 o0 27 0.0 Lo 13-Jan-98| 00 0.0 (1] 0.0 0.0 1. oo 0o
12-Nov-§7| 00 00 ac 00 0.0 27 0c 0.0 12-Jan-83| 00 0.0 00 00 ) 1 0.0 00
13Nov-87| 00 0.0 0.c 0.0 oo 26 oc 0.0 13-Jan-98] 04 00 00 00 G0 1. 0.0 090
14-Nov-67| 00 0o a0 00 00 26 00 0.0 14-Jan-98] 049 90 00 00 0.0 15 0.0 ot
15-Nov-57{ D0 00 0.0 0.0 00 26 0.0 0.0 15-Jan-63| 0.0 00 00 00 0.0 14 0.0 00
16-Nov-87| 0.0 00 0.0 0.0 a0 28 0.0 00 16-Jan-88| 00 00 0.0 00 00 14 00 08
17-Nov-97] 00 00 0.0 0.0 00 26 [I] 0.0 17-Jan-88| 0.0 0.0 0.0 00 00 14 0.0 00
18-Nov-97] 0.0 0o [] 0.0 00 25 00 00 18-Jan-88| 0.0 Q0 Y 1] 00 1.4 oo ot
19-Nov-97] 00 00 0.0 00 00 25 c.o c.0 1%-Jan-981 04 0.0 04 oo G.0 14 Q0 0q
20-Nov-97| 040 00 0.0 09 00 25 <] o0 20-Jan-33| 04 99 00 oa 0.0 14 0.0 00
21-Ngy-97| 00 0.0 0.0 0.0 0.0 25 0.0 0.0 21-Jan-s8| 0.0 0.0 0.0 00 0.0 1.3 0.0 00
22-Nav-97| 0.0 a0 .0 0.0 00 25 [+3] o0 22-tan-88| 00 0.0 00 oD 00 13 oo 0.0
2FMNov 97| 00 Q0 0.0 0.0 Q.0 24 Q.0 0.0 23-Jan-98| 00 ] 00 0.0 00 1.3 0.0 040
24-Nov-97] 0.0 00 Q.0 2.0 00 24 0.0 090 24Jan-98| 0.0 1) 00 00 00 13 0.0 00
25-Nov-57] 00 00 g0 0.0 00 2.4 0.0 0Q 25 Jan-88] 00 0. 0.0 00 00 13 00 op
26-Nov-97| 0.0 0.0 9.0 a4 00 24 [+X1] 0.0 25-Jan-88] 04 090 Qg ao o0 1.3 [iXi] 08
27-Nov-97| 0.0 a0 GO0 0.0 Q0 23 go oo 27-jan-g8| 0.¢ 0.9 0.0 00 00 1.2 K1) 00
28-Nov-97| 0.0 00 c.0 0.0 00 23 [*X1] (Y] 2B-Jan-93| 0C 04 0.0 [+1i] 0.0 1.2 c0 00
28-Nov97| 0O 00 Q.0 0.0 0.0 23 0.0 00 29-Jan-38[ 0.0 0.0 00 Qo 00 1.2 00 0g
30-Nov-87[ 00 00 c0 1.0 00 2.3 00 | od 30-Jan-98[ 0.0 )] 0.0 00 00 1.2 [{1] 09
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Table B.2 Hydrological data for the waste rock dump area, continued.
Date Pot Act PoL Act. Act Water | Runoff | Infitt Data Pat. Act Pot. Act. Act Water | Runoff | Infilt.
evap. | evap. | trans, | Irans. ET balancae evap. | evap. | tans. | trans. ET | balance
fmm} | fmm) { (mm) | {mmy | {mey | (%) (mm} | {(mm (mmy | e} | (men) | (mm) | (mm) | (%) (mm} | {mm)
31-Jan-83] 00 00 0.0 00 0.0 1.2 00 co Q02-Apr-S&| 0.0 oo 00 00 0.0 93 00 00
D1-Feb-98| 0O 00 0.0 0.0 00 12 00 00 __US-Apr-QS 0.0 00 00 0.0 0.0 0.3 Q.0 0Q
02-Feb-98] 00 00 090 9.0 0.0 11 00 00 Od4-Apr98| DO on 0.0 L] [1A1] 0.3 [ g
03-Fap-98| 0.0 (1] 0.0 00 00 11 0.0 0.0 05-Apr-581 00 [1Kq] oo Q0 a0 0.3 00 Q49
04-Feb-98] 0.0 (2] 00 00 a0 1.1 [{1] 6.0 06-Apr-581 00 0.0 0.0 .0 0.0 0.2 0.0 Q0
05-Feb-98| 00 00 090 0.0 0.0 11 00 00 O7-Apr-88| 040 00 00 0.0 4.0 02 00 00
08-Feb98| 00 0.0 0.0 [{E] 00 1.1 00 Q.0 | 08-Apr-98 | 0O 0.0 0.0 0.0 00 0.2 0.0 00
07-Feb-98| 0.0 00 09 9.0 00 11 [o])] 00 08-Apr-98| 00 00 00 00 0.0 0.2 00 0o
0B-Feb-8981 00 0o a0 00 00 10 00 0.0 10-Apr-98[ ©Q 0.0 00 ac 90 0.2 oo 00
08-Feb-88] 0.0 V1] Q0 00 0.0 10 00 0.0 11-Apr-88y 00 0.0 00 0.0 ag 0.2 00 Q4a
10-Fep-98| DO 0D 00 0.0 0.0 10 oD 0.0 12-Apr88| 00 o] 00 0o a0 0.2 00 00
11-Fen88| 00 00 ) 0.0 Q0 10 0.0 00 13-Apr-98| 00 0.0 00 0.0 00 02 00 00
12-Feb-98{ C4O 73] 0o 0.0 0.0 10 [:]+] 0.0 i4-Apr-598| 00 0o 0.0 00 0.0 91 00 Q0
13-Feb-98| 0.0 ] 09 040 a0 1.0 oc 0.0 15-Apr-56! 00 0.0 00 Q0 0.0 0.1 0o o0
14-Feb-98| 0.0 00 0.0 0.0 0.0 0.9 00 o0 16-Apr-S8] 00 0.0 00 0.0 0.0 -1.0 0.0 37
15-Feb-58| DO 00 00 9.0 0.0 09 o0 o0 17-Apr-98| 00 0.0 00 0.0 9.0 =14 00 37
16-Feb-88( 00 00 00 0.0 [o]] 09 0.0 o1s] 18-Apr-98| 00 00 0.0 (o] 0.0 -1.4 0.0 37
17-Fen-98| 00 0.0 a.o 0.0 0.0 0.9 [eX] 0.0 19-Apr-98| 00 a0 0.0 0.0 0.0 -1.4 0.0 a7
18Feb-98] 00 oo 0.0 0.0 Qo0 08 oc 0.0 20-Apr-861 0Q 0.0 oo Q0 0.0 -1.4 oo 37
19-Fep-95) 00 00 a0 oG 00 09 oo 0.0 21-Apr-88; 00 c.a 00 0.0 00 -1.4 00 37
20-Feb-98] 0.0 00 00 0.0 0.0 08 0.0 00 22-Apr-98]| DO o0 00 to 2.0 1.4 00 37
21-Feb-98}] 0.0 00 00 20 0.0 08 0.0 0.0 23-Apr-68] 0.0 0.0 00 0.0 0.0 -1.4 00 37
22-Fen-98| 00 00 00 0.0 0.0 08 [o]s] c.o 24-8pr-981 040 ag 0.0 L) 0.0 -1.3 0.0 37
23-Feb-88| 00 00 0g 0.0 00 08 oo *1") | 25-Apr-981 0.0 [tX1] 00 0.0 0.0 -1.3 1.0 27
24-Feb-98| 00 0.0 00 0.0 0.0 08 0.0 00 26-Apr-88| 00 3X1] 0.0 0.0 0.0 -1.5 07 29
25Feb-98] 0.0 00 ap 0.0 00 07 [o11] Q.0 27-Apr-98| 00 oo 00 0.0 0.0 1.7 17 20
26-Feb-98] 0.0 g 0.4a 0.0 Q4q 07 oo 241] 28-Apr-88( 00 o0 o0 &g 0.0 1.7 26 1.1
27-Fep-98] 0.0 Q.0 090 00 Q0 a7 [+]1] ¢.0 29-Apr-561 00 0.0 00 g0 9.0 -1.9 19 18
268-Feb-98] DO 00 0.0 0.0 0.a 07 0.0 0.0 30-Apr-98| 00 oY1) 0.0 0.0 0.0 -1.9 31 06
01-Mar-58] 0.0 0.0 0.0 0.0 09 0.7 00 00 01-May-88] 0.0 00 00 0.0 0.0 -1.9 31 06
02-Mar-98| 0.0 0.0 oo G0 09 o7 00 0.0 02-May-98| 0.0 0.0 090 0.0 [831] -1.9 32 04
93-Mar-88| 0.0 00 040 0.0 04Q a7 00 0.0 03-May-98) 00 00 00 00 a0 -1.9 32 04
C4-Mar-98| 00 00 0.0 0.0 09 08 0.0 0.0 04-May-98| 00 0.0 0.0 [*5] 0a -1.9 32 04
05 Mar-98] 0.0 00 oc 0.0 0.0 06 00 00 05-May-38| 00 00 Q0 00 [ed1] -20 28 08
06-Mar-98| 0.C 0.0 a.o 00 0.0 08 00 00 08-May-98| DO 0.0 0.0 00 00 -2.1 26 1t
07-Mar-98] 0.0 0.0 o0 0.0 oG 06 0.0 [11] 07-May-98| DD [s1s] a0 09 0o -2 1 33 0.3
0&-Mar98| 0.0 Q0 0.0 0.0 04 06 0.0 0.0 08-May-98| DO 0.0 0.0 0.0 00 2.1 iz 05
09-Mar-98| 0O 00 0.0 0.0 0.9 08 0.0 00 06-May-98| 0.0 0o aa 0.0 00 -2.5 a5 32
10-Mar-08] 0.0 00 0.0 00 0.0 06 0.0 0.0 10-May-98| 0.0 090 Q.0 0.0 0.0 -29 0.4 a3
11-Mar-98] 0.0 04Q [¢]] 00 0.0 0§ 00 0.0 11-May-98| 00 00 0.0 0o 00 -29 34 03
12-Mar-88f 090 a.0 a.0 [£K1] a4 0.5 ad 0g 12-May-98| -G.2 -2 [X] [X¢] -0.2 -3.0 25 180
13-Mar-98] 0.0 00 0.0 0.0 0.0 0.5 00 0.0 13May-98| 42 -4.2 9.0 00 -4.2 -31 38 43
14-Mar-98] 0.0 00 a.0 00 a.n a5 0.0 0.0 14-May-98] -186 -1.8 0.0 0.0 -1.8 -3.1 0.9 -0.8
15Mar-88] 0.0 0.0 0.0 00 0.0 [ 0.0 09 15-May-8B] -1.3 -1.3 .0 0.0 -1.3 -31 0.0 0.3
16-Mar-98) 0.0 0.3 Q0 Q0 0.0 05 0.0 0.c 16-May-98| -3.1 -31 [ii] a0 -31 -3.1 0.0 -2.5
17-Mar-88] 00 gg a.0 C.0 0.0 05 00 009 17-May-88] -2.9 -2.9 0.0 0.0 -29 -31 0.0 -2.9
18-Mar-98] 0.0 00 0.0 0D [ 05 0.0 0.0 18-May-S8| -2.3 -2.3 0.0 0.0 -2.3 -3.1 0.0 -2.3
19-Mar-98[ 0.0 0.0 C.0 00 0.0 05 0.0 0.0 19-May-98| -4.6 -4.5 0.0 0.0 -4.5 -3.2 3 9.1
20-Mar-98[ 0.0 ac Qo 00 .0 04 0.0 0.0 20-May-98| -50 -4.8 00 00 -4.8 -3 0.0 -4.8
Z2-Mar-G8; 0.0 0.0 8.0 o0 .0 04 00 c.o 21-May-98] -39 -3.8 00 0.0 -38 -3.1 ¢0o -38
22-Mar-98( 0.0 0.0 0.0 0.0 a.0 0.4 0.0 0.0 22-May-S8| -38 -38 0.0 9.0 -6 -3.2 0.0 -3.8
23Mar-98| 00 Q.0 2.0 00 0.0 0.4 0.0 0.0 23-May-88) -2.7 -26 0.0 0.0 26 -3.2 0.0 -26
24-Mar-58! 0.0 0.0 0.0 o0 00 c4 0.0 6.0 24-May-98| -29 [ -20 00 co -20 -3.2 0.0 2.0
25-Mar-98] 0.0 0.0 0.0 Q0 0.0 Q04 [A]¢] 0.0 25May-98| .28 -25 0.0 o0 -2.5 -3.2 0.0 -25
25-Mar-g8| Q.0 ['Ei] a.0 00 0.0 04 6.0 00 26-May-98! -28 -25 00 9.0 -25 -3.2 0.0 07
27-Mar-98; 00 0.0 0.0 0.0 0.0 04 0.0 0.0 27-May-887 5.5 -3 00 6.0 4.3 -31 0 032
28-Mar-98] 0.0 0.0 0.0 00 0.0 03 oL 0.0 28-May-98| -33 -2.3 0.0 0.0 =23 -3.1 00 2.3
29-Mar-98] 00 C.0 [vg0] o] 00 03 o0 0.0 29-May-98| -28 | -25 00 00 2.5 -21 0.0 -25
30-Mar-98) 0D 0.0 00 [oks] 0D 0.3 00D 0.0 30-May-98| -54 -4.0 00 oo -40 -3.1 0.0 -1.0
31-Mar98] 0O 90 Q0 00 o0 03 00 G.0 31-May-58| -49 -2.7 a0 [\1] -27 -3.1 040 27
C1-Apr-88[ 00 0.0 0.0 00 0.0 Q.3 00 | 00 01-Jun-98| -59 =20 00 o0 -2.0 -3.1 00 -2.0
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