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ABSTRACT

An investigation using field, analytical, and numerical approaches was designed

to identify hydrogeochemical interactions occurring within the Waldorf mine dump,

which received waste rock from the excavation of a lead-silver-gold mine. The mine was

established in about 1902 and is located near Leavenworth Creek, which has been used as

a domestic water source in the Georgetown area, Colorado. A piezometer network and

monitoring program for groundwater flow and chemistry and dump temperature profiles,

were designed to characterize the physical and geochemical conditions at the site. A total

of twenty wells were installed in two trends (A and B) along surface water drainages.

The Waldorf mine dump is located along the natural break of the slope of Mt.

McClellan, and receives discharged regional groundwater. The Waldorf mine dump is

chemically and physically heterogeneous. The dump shape and the materials at the dump

slopes influence air transport into the dump. The interaction of minerals within the

Waldorf dump with the groundwater flow system at the site influences the groundwater

chemistry at the site.

There are three different sources for groundwater which flows into the dump; I)

infiltration of groundwater discharging at the mine portal; 2) upward flow of regional

groundwater from the native soil and from fractures in bedrock beneath the native soil;

and 3) infiltration of precipitation. The original hypothesis of this thesis was that

infiltration of groundwater discharging at the portal was the main source of groundwater
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within the dump. However, remediation activities for the Waldorf mine dump by the US

Forest Service (USFS) conducted in June 2002 and the simulated results of retention time

of groundwater, using a particle tracking method in MODP ATH, show that groundwater

discharging at the portal may not be the most important source of water in the dump. The

USFS diverted the water discharging at the portal to the side of the dump, with the

expectation of seeing decreasing well water levels, however water levels did not decline

appreciably. Regional groundwater flowing upwards from fractures in bedrock beneath

the native soil was found to be the primary source of the groundwater within the Waldorf

mine dump.

Groundwater levels in each well are most likely controlled by a balance between

regional groundwater discharging from the portal and water flowing upward from

bedrock fractures. Water levels in wells close the portal and completed in mine waste

material are more affected by groundwater discharging from the portal, compared to the

wells further from the portal. Individual wells show water level patterns that can best be

explained by small scale variability in bedrock fracture distributions, which control

upward discharge, and a heterogeneous hydraulic conductivity that controls infiltration of

surface water.

Oxygen in the dump is supplied from both the water flowing into the dump and

outside air. Oxygen transport into the dump is by diffusion due to a molecular

concentration gradient and convection caused by temperature gradients and wind activity.
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The concentrations of dissolved oxygen in groundwater of the Waldorf mine dump varied

from 0 to 10 mg/L and dissolved oxygen was generally higher in groundwater in the mine

waste compared to that in the native soil. Measured temperature profiles within the

Waldorf mine dump varied between _4°C and 12°C, controlling oxygen transport into the

dump.

Solar energy affects the temperature at the dump surface and this warmmg

decreases with depth. The temperature of the outside air influences the temperature

profiles within the dump, and the transport of the outside air is controlled by the grain

size distribution of the dump material. Heat distribution induces convective transport,

which allows more oxygen to be drawn into the deeper regions of the dump. Variations

in permeability at the outslope surface allows more air into the dump in some areas than

in others. However, the convective transport of oxygen in air cannot be seen clearly in

this study due to the effect of advective oxygen transport from wind activity. The

advection and convection of air cause the circulation of air into the dump in addition to

oxygen diffusion, and this promotes pyrite oxidation reactions inside the dump. Pyrite

oxidation occurs within the dump especially in the unsaturated zone. However, thermal

anomalies created by pyrite oxidation in the unsaturated zone were not observed and that

may be because advection due to wind activity dissipates all hot spots. Hot spots were

found near the water table and the native soil boundary.

Oxygen may be consumed by acid-generating reactions and microbial activity.

The rate of oxygen consumption IS relatively lower than the rate of oxygen supply.
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Therefore, the consumption of oxygen does not reduce the oxygen concentration inside

the mine waste pile significantly and there is plenty of oxygen available for acid-

generating oxidation reactions to take place. Higher values of dissolved oxygen are

found in mine waste than in native soil due to atmospheric oxygen transport through the

highly permeable material in the dump. High dissolved oxygen contents close to the

edge of the dump become lower as the dump material is penetrated horizontally

consistent with dissolved oxygen with the dump being significantly affected by the

advection of air due to wind activity.

The distinct pH's, electrical conductivity, Li, sulfate and Zn concentrations in

individual wells indicates that the wells are not along a single flow path. In contrast,

groundwater recharging the Waldorf mine dump may flow perpendicularly from

Mt.McClelian through the dump, and provides unique chemical characteristics of

groundwater in each well because of variable flow path lengths and different degrees of

water-rock reaction.

The distinct pH's, electrical conductivity, Li, sulfate and Zn concentrations,

indicate three different groups of groundwater in the Waldorf mine dump which are: I)

groundwater with high acidity (pH 2.7-4.4), very high concentrations of Li (4.5-30 fJ. giL)

and Zn (17000-180000 fJ. gIL), high sulfate concentration (300-830 mg/L); 2) ground

water with neutral pH (5.8-7.4), high concentrations ofLi (1.4-7 fJ. giL) and Zn (490-5800

u giL), low to high sulfate concentrations (39-460 mg/L); and 3) groundwater with
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neutral pH (5.3-8.4), low concentrations of Li (ND-5 JL gIL) and Zn (130-3100 JL gIL),

low to high sulfate concentrations (56-340 mg/L). As the main source of groundwater is

from the native soil and discharging from the bedrock fractures, sulfate in groundwater in

wells may possibly come from oxidation of sulfide minerals and the dissolution of

secondary sulfate minerals from the area that water flows through.

In addition to the unique chemical characteristics of waters from individual well

and residence times for groundwater flowing within the Waldorf mine dump of only 2

months, the minimal decrease of water levels in wells following remediation methods by

the USFS indicate that the portal discharge initially proposed as the source of

groundwater is incorrect. This study demonstrates that remediation by diverting the

water exiting at the portal to the side of the dump is not a realistic scenario for preventing

the release of acid drainage from the waste dump. Results from this study provide the

basis for designing different remediation strategies.

The highest potential for acid drainage was mainly from the dump area having a

high degree of interaction between regional groundwater and mine waste material, and

the least dilution effect from the groundwater flowing upward from bedrock fractures.

Groundwater products from this interaction may eventually exit at the seeps. Collection

of water around the toe of the dump for further treatment, such as wetland and permeable

reactive barrier (PRB), would be considered methods.
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CHAPTER 1.0

INTRODUCTION

1.1 Background and Problem Statement

Sulfide oxidation in mine waste generating acid drainage is a complicated

mechanism which involves physical, chemical, and biological processes. Pyrite is

recognized as the main sulfide mineral in mine waste, and its oxidation produces acid and

heat, and releases metals. Oxygen availability is one of the main factors controlling the

oxidation process. Physical and chemical properties of mine waste as well as hydrologic

systems are believed to limit processes of oxygen transport into the waste dump (Bennett

et aI., 1989; Guo and Parizek, 1994; Lefebvre and Gelinas, 1995).

Studies of pyrite oxidation and acid mine drainage have focused on different

approaches, including hydrology, geochemistry, biology, gas transport and numerical

models (Smith and Shumate, 1971; Cathels and Apps, 1975; Jaynes et al., I 984a,b;

Harries and Ritchie, 1985; Hammack and Watzlaf, 1990; Elberling et aI., 1994; Walter et

al., I 994a,b; Evangelou and Zhang, 1995; Gerke et aI., 1998). Several studies have

combined field investigations and numerical models to investigate oxygen availability

and transport of oxygen in mine waste (Bennett et al., 1989, 1994; Guo et al., 1994;

Lefebvre and Gelinas, 1995; Bo et al., 1998; Elberling et al., 1998; Lefebvre et al.,
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2001 a, b). However, the relationship between oxygen transport and pyrite oxidation in

mine waste is still unclear due to the complexity of the physical and chemical properties

in different locations.

No field studies have been conducted on the availability and transport of oxygen

III hard rock mine waste at high altitude, using multidisciplinary hydrological,

geochemical, and numerical approaches. Such a multidisciplinary approach is the subject

of this thesis. To this end, field studies and numerical models were used to investigate the

relationships between physical and chemical properties of dump material and

groundwater, to search for evidence of oxygen transport mechanisms, and to predict the

oxygen transport and evolution of groundwater chemistry through time, in which the

integrated investigations indicate the hydrogeochemical mechanisms occurring within the

dump.

1.2 Formation of Acid Mine Drainage

The oxidation of iron-bearing sulfide minerals, mainly pyrite, has been recognized

as generating acid mine drainage. Pyrite oxidation reactions are controlled by physical,

chemical, geological and biological factors, including dump structure and lithology,

sulfide grain size, temperature, availability of oxygen and ferric ion as oxidants, water,

iron- and sulfide-oxidizing bacteria, and the absence of any strongly neutralizing

groundwater or rock mass (Clark, 1965; Ehrlich and Fox, 1967; Smith and Shumate,
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1971; Williams et al., 1982; Barton-Bridge and Robertson, 1989; Alpers and Nordstrom,

1991).

The two general mechanisms for the oxidation of pyrite are summarized in the

reactions below (Singer and Stumm, 1970):

FeS2+7/202+HzO ------> Fe2++2S0i'+2H+,

which has MIr =1440 KJmorl (1.1)

FeS2+14Fe3++8HzO ------> 15Fe2++2S0i-+16H+,

which has MIr = II KJmorl (1.2)

Equation 1.1 involves dissolved molecular oxygen as an oxidant, while Equation

1.2 involves ferric iron as the oxidant (Garrels and Thomson, 1960). The reaction in

Equation 1.2 is rate limited by availability of Fe3+, which is generated by oxidation of

Fez+ with molecular oxygen (Singer and Stumm, 1970) as shown in Equation 1.3.

Fez++1I40z+ H+------> Fe3++ II2HzO,

which has MIr =102 KJmorl (1. 3)

Equations 1.1-1.3 give information about the amount of oxidant consumed per

mole of pyrite. The reaction in Equation 1.1 requires the presence of oxygen, whereas
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the reaction in Equation 1.2 proceeds in the absence of oxygen provided that there is a

source of dissolved ferric iron. However, this ferric iron might be produced by a

mechanism such as that shown in Equation 1.3, which also requires dissolved oxygen.

The relative rates of pyrite oxidation shown in Equations 1.1-1.3 vary as a

function of pH (Nordstrom, 1982a) as shown in Figure 1.1. As pH drops due to acidity

produced by Equation 1.1, it initiates Fez+ oxidation in Equation 1.3. In contrast, when

the pH is 7, the latter reaction is five orders-of-magnitude faster than Equation 1.1 and

one to two orders-of-magnitude faster than Equation 1.2. The rate of abiotic Fe2+

oxidation drops drastically as pH drops below 7. At pH below 3, pyrite oxidation by

Equation 1.2 is more rapid than other mechanisms. The reaction in Equation 1.2 requires

no atmospheric oxygen. The rate constants vary between 0.389 day" to 17.4 day" at pH

below 4 depending on the porportions of total Fe3+ and FeSz (shaded area), because the

rate of pyrite oxidation is independent of pH. Therefore, the rate depends upon two

reactants. The supply of Fe3+ in Equation 1.3 is accepted as the rate-determining step in

acidic pyrite-rich systems (Singer and Stumm, 1970).

Sulfide oxidation may also be directly or indirectly catalyzed by the presence of

bacteria in the Thiobacillus genus and other species of sulfur- and/or iron-oxidizing

bacteria (Taylor et al., 1984b; Taylor and Wheeler, 1994). Taken together, the pyrite

oxidation reactions in Equations 1.1-1.3 demonstrate pyrite is initially oxidized by

oxygen, and pH decreases as sulfide is oxidized to sulfate. The rate of Equation 1.3 can
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be increased by five to six orders-of-magnitude by the catalytic action of the bacterium

Thiobacillus ferrooxidans (Singer and Stumm, 1970; Nordstrom, 1982a).

3·

2

/7i
Equation 1.2 (Fe'+)

.- -2

'"-3
o
- -4

-5
-6

Equation 1.3 (Fe'+ to Fe'+)

Equation 1.1 (0,)

1 .2 3. 4 5

pH
6 7 6 9 10 11

Figure 1.1 Rate of pyrite oxidation reactions (log k) with pH. Shaded area for
Equation 1.2 shows ranges depending upon ferric iron and water (Nordstorm, 1982a).
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1.2.1 Chemical Effects

The processes in Equation 1.1 and Equation 1.2 produce acidity (H+), which

migrates through the mine waste with infiltrating water. The acid water promotes the

dissolution of other metal-bearing minerals contained in the waste material as it flows.

The polluted water may exit into natural surface water systems such as streams, lakes and

wetlands, or flow into another aquifer (Smith and Zyl, 1983; Macalady et al., 1990)

1.2.2 Physical Effects

Oxidation of pyrite is an exothermic process. Equations 1.1-1.3 give information

concerning the amount of heat generated per mole of pyrite (the enthalpy of reactions).

The reaction in Equation 1.1 produces most of the heat (1440 KJmor1), while the total

heat from the reactions in Equations 1.2 and 1.3 (113 KJmor1) is about about 10 times

less than the heat produced from the reactions in Equation 1.1. Heat released from pyrite

oxidation reactions causes a heterogeneous temperature distribution in mine waste. The

locations of oxidation in mine waste have been investigated using temperature

measurements (Harries and Ritchie, 1981; Harries and Ritchie, 1987; Bennett et al.,

1994; Guo and Parizek, 1994). An uneven distribution of temperature inmine waste may

modify oxygen transport into the dump by thermal convection (Harries and Ritchie,

1985; Bennett et al., 1989; Guo et al., 1994; Lefebvre and Gelinas, 1995).
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1.3 Oxygen and its Controls in Mine Waste

Oxygen supply is a fundamental control on generation rates of acid mine drainage

(Clark, 1965; Morth and Smith, 1966; Shumate et al.; 1971; Myerson, 1981; Rogowski

and Pionke, 1984; Davis and Ritchie, 1986; Nicholson et al., 1989; Elberling et al., 1994;

Guo et al., 1994). Oxygen may be transported into mine waste as dissolved oxygen in

rain water infiltrating into the dump and as gas transported with air (Ritchie, 1994b).

Oxygen is required for direct pyrite oxidation (Equation 1.1), for the reaction in which

ferrous iron is oxidized to ferric iron (Equation 1.3), and for Thiobacillus respiration.

Diffusion, thermal convection, and advection associated with wind activity are

recognized as the main mechanisms of oxygen gas transport to mine waste (Morth et al,

1972; Ritchie, 1977; Jaynes et al., 1984a, b; Davis and Ritchie, 1986; Bennett et al.,

1990; Pantalis and Ritchie, 1991; Guo and Parizek, 1992; Lefebvre et al., 1992; Lefebvre

and Gelinas, 1995; Elberling et al., 1998; Lefebvre et al., 2001a, b). Diffusion was

presumed to be the dominant transport mechanism in early studies and has been the

subject of several reports (Morth et al., 1972; Ritchie, 1977; Jaynes et al., 1984; Davis

and Ritchie, 1986). More recently, thermal convection and advection associated with

wind activity have been considered as important mechanisms of oxygen transport into

mine waste (Bennett et al., 1990; Pentalis and Ritchie, 1991; Guo and Parizek, 1992;

Lefebvre et al., 1992; Lefebvre and Gelinas, 1995; Elberling et al., 1998; Lefebvre et al.,

2001a, b).
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Heat released from pyrite oxidation reactions leads to variation of temperature in

mine waste, providing a driving force for air circulation, which supplies the reaction sites

with oxygen. Air density at higher temperature is lower than that at lower temperature.

Air that is warmer than the environment, therefore, will tend to be buoyant. This

movement will induce a mass deficit in warm regions, causing surrounding cooler air

with higher density to flow toward these warm regions. Thermal convection can occur

when permeability of mine waste is greater than about 1O-lOm2
, which corresponds to the

permeability of gravel and clean sand (Bennett et al. 1990).

Mine waste geometry affects advective oxygen transport due to the barometric

pressure difference caused by wind activity (Lefebvre and Gelinas, 1995; Elberling et al.,

1998; Lefebvre et al., 2001a, b). Waste rock is usually very loose and highly permeable.

The typical shape of a waste dump is a flat surface with sloped sides. Wind blowing over

and through the sides of the dump generates pressure differences, and causes advective

oxygen transport as pressure gradients are established. Even though wind creates a

pressure gradient within the dump, the air may have a very short residence time in the

dump, which may not significantly support the oxidation reactions (Ritchie, 1994). Thus,

the advection from wind activity in the past has traditionally been ignored as a significant

gas transport mechanism into the dump (Elberling et al., 1994).
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1.4 Objectives

The first objective is to characterize the dump material, the spatial variability of

dwnp properties, and the chemistry of water in the dwnp. The second objective of this

research is to determine the relationship between gas transport mechanisms (diffusion,

convection, and advection) and the physical and chemical properties of mine waste

material. The third objective is to understand hydrogeochemical conditions in the dump

by using the interpretations of site hydrology and geochemistry. The fourth objective is

to clarify the availability and transport of oxygen in hard rock mine waste at high altitude,

using multidisciplinary hydrological, geochemical, and numerical approaches.

1.5 Approach

To better understand the physical and chemical processes that control pyrite

oxidation and acid generation within a hard rock mine waste dump, field studies were

conducted including investigations of geology, mineralogy, geochemistry, and hydrology,

combined with numerical modeling of chemical and hydrologic processes. The physical

properties of the dump material combined with the mineral compositions and hydrology

provide information on geochemical reactions and mobility of air and the products from

the geochemical reactions. Chemical and hydrological modeling gives some insight on

the hydrologic and geochemical processes within the dump.
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CHAPTER 2.0

SITE SELECTION AND DESCRIPTION

2.1 Site Selection

The Waldorf mine dump (Figure 2.1), near Georgetown, Colorado, was chosen on

the basis of several criteria: 1) there was plenty of water drainage from the portal

apparently flowing into the dump; 2) preliminary measurements of low pH indicated the

dump is acid-producing in some portions; 3) lack of disturbance following cessation of

mining; 4) presence of visible pyrite; 5) occurrence of iron-oxide; and 6) location at a

high altitude.

2.2 Site Location. History. and Geology

The Waldorf Mine was established by the builder and owner of the Argentine

Central Railroad, Edward J.Wilcox, in about 1902. The mine is located near

Leavenworth Creek (Figure 2.1), one of the headwaters in the Argentine mining district,

which flows into Clear Creek at Georgetown. Water from Clear Creek has been used as a

domestic water source for the Georgetown area. The mine is located about 5 miles

southwest of Georgetown at an elevation of approximately 11,600 feet in the area of the



11

Argentine Mining District on Montezuma 15' Quadrangle. The mine is at the foot of

McClellan Mountain. The Wilcox tunnel, extending northwest about 4,000 feet into

McClellan Mountain (Figure 2.2), was constructed for the Waldorf Mine. The geological

detail of the area that the tunnel was cut through was shown in Figure 2.3 .

. Whale Pk.

Land&lidePk. Su-lIivan Mt.Guyot:
. R<. floald-Mt:.,

s
To Georgetown

Figure 2.1 Waldorf located near Leavenworth Creek. The Waldorf mine area is shown
by a red star (Modified from Lovering, 1935).
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The ores at the Waldorf mine were mainly lead, silver, and gold (Lovering and

Goddard, 1950). The Idaho Springs Formation is the predominant rock in the area, in

which consists of quartzose gneiss, gneissic diorite, and quartz diorite. Minerals at the

area consist of quartz, feldspar, hornblende, biotite, orthoclase, microcline, muscovite,

ankerite, fluorite, calcite, galena, pyrite, chalcopyrite, and sphalerite (Lovering and

Goddard, 1950). The minerals in the dump area were reported by Sims (1988), and

include galena, sphalerite, argentite (silver plume), native silver, and silver-bearing

antimony sulfides, such as tetrahedrite, pyrargyrite, and polybarite. Pyrite is common,

and trace concentrations of gold in the silver-lead-zinc veins are commonly associated

with minor chalcopyrite (Spurr et al., 1908; Lovering and Goddard, 1950; Greybeck,

1969, Sims, 1988).
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105°47' 105°46'

1 mile

Figure 2.2 Waldorf mine is located at an elevation of approximately 11,600 feet. Several
underground tunnels built during active mining are also shown. Contour interval is 40
feet. Taken from Gray's Peak Quadrangle produced by USGS in 1958.
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1I0NTEZUllA QUADRANGLE, COLORADO
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or more
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Figure 2.3 Wilcox tunnel and geology (Modified from Lovering, 1935).
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2.3 Waldorf Mine Waste Description and Physical Setting

The Waldorf Mine dump stands approximately 40 feet above the original ground

surface, and contains approximately 3,000,000 ftl of waste material which is calculated

from its approximate dimensions of 500 ft length, 200 ft width, and 40 ft depth. It is on

the south slope of McClellan Mountain, and has a finger-like shape (Figure 2.4). The

mine dump surface is flat, and its margins are slopes that drop off steeply. The dump is

located along the natural break of the slope of Mt. McClellan as shown on the

topographic profile (Figure 2.5).

Numerous wood pilings used as cribbing are exposed along the east facing slope

of the dump. This cribbing may allow air to flow through the dump slope surface. Along

the west facing slope of the dump, fine-grained material has consolidated the dump slope,

preventing the site from being eroded easily. Mine waste material was deposited directly

over the original soil surface, which is dark colored, organic-rich soil.

The original hypothesis regarding groundwater sources was that the portal of the

collapsed tunnel was the main source of water for the dump. Water from the portal flows

over the dump surface in two directions, as shown in trends A and B in Figure 2.4, and is

assumed to percolate down through the dump material. Groundwater then exits along

the toe of the dump or directly into the wetland which lies along the base of the dump.
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Figure 2.4 View of the Waldorf mine dump surface showing the finger-like shape, and
two directions of water flow (trends A and B) on the dump surface issuing from the
portal. The dump is about 500 ft long, 200 ft wide, and 40 ft thick.
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13,577 ft

13,060 ft

12,510 ft

11,960 ft

Waldorf dump

11,410 ft

Omi 0.2 mi 0.4 mi 0.6mi 0.8mi 1.0mi 1.29 mi

Figure 2.5 Profile view of Mt.McClellan, looking in east direction. The intersection of
dashed blue line and dashed red line shows the natural break of the slope of Mt.
McClellan.

2.4 Summary

Groundwater chemistry and present minerals at the Waldorf mine dump indicate

that the dump produces acid mine drainage. The Waldorf mine dump is also located at

high altitude and near Leavenworth creek, and there is a possibility that the acid mine

drainage may discharge into the creek.

The material within the Waldorf mine dump is generally heterogeneous. The

interaction of minerals within the Waldorf dump with the groundwater flow system at the
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site influences the groundwater chemistry at the site. Several studies have reported

minerals found in the Waldorf mine including galena, sphalerite, pyrite, chalcopyrite,

argentite, tetrahedrite, parargyrite, polybarite.

The Waldorf mine dump is located along the natural break of the slope of

Mt.McClellan, which is recognized as natural discharge of regional groundwater.

Therefore, it is possible that the regional groundwater may discharge underneath the

dump, supported by the wetland at the toe of the dump. The dump is approximately 40

feet above original ground surface at the edge of the dump, and the thickness is reduced

as the dump approaches the mountain slope. The dump has a finger-shape like, flat

surface, and steep slopes. The west facing slope is fine grained material, and the east-

facing slope is wood piling. The dump shape and dump slope material also influences air

transport into the dump.
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CHAPTER 3.0

METHODOLOGY

This chapter describes the methods used in this study including equipment design

and installation, field sampling, field measurements, preparation and analysis of

laboratory samples, data quality assessment, and data processing. Detailed information

on each topic is provided. The methods used in this dissertation were designed to

include piezometer installation to obtain the information on physical and chemical

properties of the groundwater and dump solid material, as well as temperature profiles of

the dump material. The chemical properties measured in groundwater were pH,

alkalinity, conductivity, anions, cations, metals, and isotopic compositions. A brief

investigation of bacteria was included in this study. The physical and chemical properties

of dump materials include color, grain size distribution, mineral and elemental

compositions. This chapter also summarizes data quality assessment and data processing

methods used in this dissertation.

3.1 Equipment Design and Installation

This section contains thermistor design, piezometer location design, piezometer

network installation, geologic examination, thermistor setup, and well completion.
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Thermistors used III this study were model FENWALI92-302LET-AOI. The

thermistors had a nominal resistance of 3000 ohms at 25 0 C with ±0.2 0 C over the range

o to 70 0 C. The tips of the thermistors were coated with epoxy to protect the thermistors

from damage during installation and to protect them from corrosion after installation.

The resistance was converted to temperature, using a calibration curve developed prior to

the field work. The calibration curve is shown in Figure 3.1.

RESISTIVITY-TEMPERATURE CALIBRATION
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Figure 3.1 Resistivity-temperature calibration using thermistor and multimeter model
Fluke 7711.
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The calibration was accomplished by comparing the resistivity value from the

thermistor with temperatures measured in a water bath. Only one thermistor was used to

calibrate, and all other thermistors used in this study were assumed to have comparable

behavior.

Temperatures in bore holes were measured between October 1998 and November

1999, with the thermistors and a Fluke model nIlmultimeter. The multimeter measured

thermistor resistance with ±O.3% basic accuracy, which relates to an uncertainty in

temperature of ±O.5 °C at -3.3 °C and ±l °C at 11.5 °C. This represents the full range of

field observations.

3.1.2 Piezometer Location Design

The overall approach in this field study incorporated the installation of multi-level

piezometers to investigate thermal anomalies, properties of the solid material, and water

chemistry within the dump. The piezometers were installed in two trends along

established surface water drainages of the dump (Figure 3.2). These water drainages

flow from the portal. Ten clusters (wi, w2, w3, w4, w5, w7, w9, wll, w13, and w15)

containing a total of twenty wells of piezometers were installed (Figure 3.3). Of the ten

clusters, there are three, including wi, w13, and w15, that have only one well. The

twenty wells were installed in two trends. Sixteen wells in trend A located to the west

side of the portal, including wells wi-I, w2-1, w2-2, w3-1, w3-2, w3-3, w4-1, w4-2, w5-
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I, w5-2, w5-3, w7-1, w7-2, w7-3, w9-1, w9-2, and four wells in trend B located to the

east side of the portal, including well wi I-I, wi 1-2, wI3-1, and w15-1.

Figure 3.2 Location of piezometers drilled in two trends (from cluster W9 to WI in trend
A, and from WI5 to Wll in trend B) along surface water drainages flowing from the
portal.
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Figure 3.3 Ten clusters of piezometers in trends A and B. The number in () shows the
number of wells in each cluster. There are 16 wells in trend A and 4 wells in trend B.



24

3.1.3 Piezometer Network Installation

To install the piezometers, TEG Rocky Mountain of Golden, CO was hired to

operate a drilling rig in October, 1998. The rig used was the Strataprobe'I", a hydraulic

push and hammer rig mounted on a 1.35 metric ton, Ford F450 Super Duty truck. A total

weight of about 14,960 Ibs pushes the rig into the dump material.

TEG used a dual tube sampling system. A 0.2 ft outside diameter (OD) drive

casing was advanced at the same time as a sampling tube and inner rod. The casing

remained in place while 5 ft long core samples were retrieved. When the maximum

depth was reached, a small bore (0.04 ft ID) PVC screen and riser were inserted in the

well.

The first boreholes drilled in each cluster were drilled so that the deepest well

penetrated into native soil, which was recognized by its dark color and high organic

material content. Once the depth of native soil was located, the bottom of the well was

determined in order to be able to obtain water samples from either native soil or mine

waste.

Wells w l-L, w3-1, w5-1, w7-1, w9-1, wi I-I, w13-I, w15-1 are completed in

native soil, and wells w2-1, w2-2, w3-2, w3-3, w4-1, w4-2, w5-2, w5-3, w7-3, w7-2, w9-

2, wll-2, are completed in mine waste. However, six wells were dry after installation,

including w2-2, w3-3, w4-1, w4-2, w5-3, and w7-3. Therefore, only fourteen wells were

used for this study. Locations of the wells with distances from the portal are shown in

Figure 3.4. Table 3.1 gives information about these wells. The top of native soil (feet
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below surface) shows only in wells completed in the native soil (wi-I, w3-1, w5-1, w7-1,

w9-1, w l I-I, w13-I, and wI5-1).

Table 3.1 Well description in trend A and B.

Well ill Well Bottom (feet Top of Screen (feet Top of Native Soil
below surface) below surface) (feet below surface)

WI-I 36 33.5 33

W2-1 29 27 -

W3-1 32 31 30

W3-2 30 28 -

W3-3 27 25 -
W4-1 26 25 -

W4-2 24 23 -
W5-1 27.5 25 25

W5-2 24 22 -

W7-1 25 22.5 22

W7-2 22 20 -

W7-3 20 18 -
W9-1 18 16 15

W9-2 15 13 -
WII-I 28 25 25

WII-2 24.7 23.7 -
W13-1 23 21.5 21

W15-1 23 20 20
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Figure 3.4 Locations of each cluster of piezometer network. Red represents the wells
with screened intervals in mine waste material, and black represents the wells with
screened intervals in native soil.
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3.1.4 Geologic Examination

After the boreholes were drilled, core samples from the surface to the native soil

In the deepest wells of each cluster were examined and described with regard to

differences in color and water content. All cores were collected in sampling tubes of 5 ft

length. Both ends of each tube were capped to minimize sample damage and

dehydration. The geological descriptions, presented in Appendix A, were used to design

the locations of thermistors for measuring temperature profiles. Due to the limitation of

space in refrigerator in the laboratory, the sealed core samples in tubes were kept in a

cold facility storage to minimize any reactions that may occur in core samples. The core

samples were kept for about a month, and then cut in sections.

3.1.5 Thermistor Setup

After brief observation of the geologic differences along core lengths and

stratigraphy in the dump, thermistor locations were selected. The thermistors were

placed so that lithologically different layers were represented. The criteria used to select

the locations include differences of soil color, moisture, and grain size. Soil color is an

important indicator of the degree of weathering of the dump material. Moisture promotes

chemical reactions and grain size is a factor controlling air and water transport within the

dump. Therefore, the heat released from the pyrite oxidation reactions relates to these

criteria. However, some additional thermistors were installed to avoid having large

spacings between individual thermistors. The locations of thermistors in each well are
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presented with field geological descriptions in Appendix A. The depths of thermistors in

each well are shown in Table 3.2. The thermistors were installed in the deepest hole in

each nest.

Table 3.2 Locations ofthennistors.

Well No. Feet below surface

W1-1 3.5,7, 11, 16,22,25,27,32,34

W3-1 7, 17, 19,24,29, 31.5

W5-1 7,10,12,18,24,26

W7-1 6,8,13,17,21.5,23

W9-1 4,7, 10, 13, 16

WlI-1 7, 10, 14, 18,23,25,27

W13-1 7, 10, 14, 18,21

W15-1 7, 11, 15, 17,20,22

After the desired locations for the thermistors were determined, thermistors were

secured in place on the casing with duct-tape prior to placing the casing in the well. The

thermistors were connected by cable to the surface. The thermistor positions were marked
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by using different colors of tape at the surface-end of each cable, and the elevations of the

thermistors were written on duct tape at the surface-ends of the thermistor cables.

3.1.6 Well Completion

After the PVC casings and thermistors were installed, silica sand was put in the

borehole behind the casing to about one foot above the PVC screen, and then bentonite

was placed above the sand to complete the borehole. The PVC casings were protected by

covering with 0.208 ft diameter PVC pipes and PVC caps. Figure 3.5 shows well

construction details.
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Figure 3.5 Diagram showing typical well construction.

3.2 Groundwater Sampling. Handling, and Laboratory Analysis

Groundwater sampling was performed between June and November 1999, which

was about eight months after the piezometer installation. Two hundred and seventy-two
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groundwater samples were collected from wells, seeps, and the portal, during twenty-two

sequential sampling trips. The groundwater samples were collected approximately twice

a week from June to September 1999 and twice a month from October to November

1999. Field blank samples were occasionally used during the sampling period.

Groundwater samples from wells were collected using bailers, and groundwater

samples from seeps and the portal were collected directly into containers. Bailers used

for the sampling were dedicated to individual wells.

Each set of groundwater samples collected were tested for pH, conductivity,

dissolved oxygen, anions, cations, alkalinity, and isotopes. Conductivity, dissolved

oxygen, and pH were measured in the field, while anions, cations, alkalinity, and isotopes

were analyzed in the laboratory.

3.2.1 Anions

Samples for anion analysis were collected in 15ml Nalgene bottles, unacidified

and filtered in the field with 0.45 um-membrane filters. The samples were kept in

containers with ice packs during transportation to the laboratory, and refrigerated until

analysis. Anions were analyzed by ion chromatography (IC) on a Dionex DX-500 IC

system, with AG-14 and AS-14 columns, carbonatebicarbonate eluent, and suppressed

conductivity detection. This method produced analyses for solo, cr, F, and N03-.

sol- was also analyzed by inductively coupled plasma-mass spectrometry (ICP-MS),

and these data were used in this study.
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3.2.2 Cations

Cation samples were collected in 30ml Nalgene bottles, acidified with high-purity

HNOJ to a pH between I and 2 and filtered in the field with 0.45 um-membrane filter.

The samples were kept in containers without ice packs. Cations analyzed were Ag, AI,

As, Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge, Ho, In, K,

La, Li, Mg, Mn, Mo, Na, Nd, Ni, P, Pb, Pr, Rb, Re, Sb, Se, Si02, Si, Sm, Sr, Tb, Th, TI,

Ti, Tm, U, V, W, Y, Yb, and Zn. Cations were analyzed by a USGS representative, using

the Perkin Elmer inductively coupled plasma atomic emission spectrometer (ICP-AES),

and ICP-MS.

3.2.3 Alkalinity

Samples for alkalinity were collected in 125ml Nalgene bottles, unacidified and

unfiltered. The samples were kept in containers with ice packs during transportation to

the laboratory, and refrigerated until analysis. The ORION 960 Autochemistry system

was used to analyze alkalinity in groundwater. The titration technique of "Preset

Endpoint" was used, in which the titrant was added until the preset pH value of 4.5 was

reached.
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3.2.4 Isotopes

Samples for isotopic analyses were collected in lL Nalgene bottles, unacidified

and unfiltered in the field, but were filtered later in the laboratory. The samples were

kept in containers with ice packs during transportation to laboratory, and refrigerated

until analysis. The samples were analyzed for oxygen and sulfur isotopes. Oxygen

isotopes in the groundwater and in sulfate in groundwater were analyzed, while sulfur

isotopes in sulfate in groundwater and in a sample of pyrite were analyzed. Sulfate in

groundwater was precipitated as BaS04 with warm BaCh. The sulfur isotopic

compositions of pyrite and BaS04 of groundwater were determined from SOz derived

from the oxidation of pyrite and BaS04 with Cu-O. The oxygen isotope composition was

determined from CO2 derived from the reduction of BaS04 with graphite. The oxygen

and sulfur isotopic measurements were performed using a mass-spectrometer and are

reported relative to SMOW (Standard Mean Ocean Water) and CDT (Canyon Diablo

Troilite) for oxygen and sulfur isotopes, respectively. The analysis methods are

described by Taylor et al. (1984).

3.2.5 Field Measurements of Groundwater Parameters

Dissolved oxygen (DO), pH, and conductivity were measured and recorded in the

field. DO was measured using a CHEMETRIC test kit. DO was indicated from color
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change and compared with the standard colors. The measurement of pH was done using

a CORNING pH meter model 315, with the accuracy of ±0.05 pH unit. Three pH

standards of 4, 7, and 10, were used to calibrate the pH meter before use in the field.

Conductivity was measured using a COLE PARMER conductivity meter model "TDS

testr", having a range of 0-1990 flS/cm with the accuracy of ±2% of the full scale.

3.3 Water Level Measurement and Hydraulic Conductivity

Water movement within the Waldorf mine dump was determined using the water

level measurements and hydraulic conductivities of the mine waste material. The

distribution of water level measurements within the dump provides information on

hydraulic gradient, which can be used to calculate flow direction.

conductivity controls the amount of water flowing through the material.

The hydraulic

3.3.1 Water Level Measurement

Water level measurements were taken in all wells from June to November 1999,

by using a water level sounder. The accuracy of the sounder is ±O.I ft.
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3.3.2 Hydraulic Conductivity

Hydraulic conductivity of the dump material was calculated from slug tests using

the pressure transducer method, and calculated based on the Hvorslev method (Hvorslev,

1951). Slug tests were performed in all wells in August 2000 by Toni Meastes, a USGS

representative. Hydraulic conductivity was determined using the following formula.

~I
Le

r n-
K= R

2LeTo
(3.1)

The equation corresponds for ( ~ J> 8 , where:

K is hydraulic conductivity (Lrl);

r is the radius of inner well casing where water level is measured (L);

R is the effective radius of the well screen (L);

L; is effective length of the well screen (L);

To is the time taken from the hydraulic head drop to 37% of the starting head.

3.4 Soil Sampling. Handling and Analysis

Core samples were cut by a saw into segments based on their geologic differences

from field observation. Fifty-two core samples from 8 wells including wi-I, w3-1, w5-1,

w7-1, w9-1, wi 1-1, w13-1, and wI5-1, were put in plastic zip lock bags, and kept frozen
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until analysis. Immediately prior to analysis, the frozen samples were dried in an oven at

60°C. Dried samples were used for mineral classification and particle size, color, and

elemental analysis.

3.4.1 Mineralogy

Mineralogical analyses of the solid materials in the dump were used to identify

the source minerals, which, if susceptible to acid dissolution, would affect the water

quality. Mineralogy of each sample was identified by visual analysis and X-ray

diffractometry (XRD). Visual analysis was performed by using a hand lens and

microscope. The samples used for XRD were ground to powder using a ceramic mortar

and a ceramic pestle, and then put into powdered mounts. The powdered mounts were

scanned from 5 to 60 0 2 e using Cu -radiation and Ka2 stripping. Minerals were

identified by comparing the peaks with the JCPDS standards.

3.4.2 Particle Size

Distribution of particle size was analyzed by using sieves and a shaker. Sieve

number 10 represents gravel, number 60 coarse sand, number 200 fine sand, and number

230 silt and clay (Gee and Bauder, 1986). The defined size for the system of

classifications correspons to ISSS (the International Soil Science Society) for gravel and
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coarse sand, and correspons to ASTM (American Society for Testing and Materials) for

fine sand and fines as shown in Figure 3.6.

Particle size
(mm)

0.0002

0.002

0.02

0.08
0.2

0.3

2.0

ASTM sieve number
(opening/inch)

200

ISSS ASTM (unified)

60

10

4

'", in.

3 in.

Clay

Fines
(Silt and Clay)

Silt

Fine Sand
Fine
Sand

Coarse Sand Medium Sand
Coarse Sand

Gravel
Fine Gravel

Coarse Gravel

Cobbles
I I I-fl I I

Figure 3.6 Soil classification by particle size (Gee and Bauder, 1986). Sizes used are
indicated in bold letters.
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3.4.3 Elemental Analysis

The elements in the dump material analyzed in this study are As, Sb, Hg, AI, Ca,

Fe, K, Mg, Na, P, Ti, C, S, Ag, As, Au, Ba, Be, Bi, Ce, Co, Cr, Cu, Eu, Ga, Ho, La, Li,

Mn, Nd, Ni, Pb, Sc Sn, Sr, Ta, Th, U, V, Y, vs, and Zn. The analyses were performed

by USGS representatives, using methods shown in Table 3.3.

Table 3.3 Methods using for elemental analysis in soil

Method Unit Elements

Continuous flow-hydride ppm As, Sb

generation-atomic

absorption spectrometry

Combustion % C02, Carbonate-C

Continuous flow-cold ppm Hg

vapor-atomic absorption

spectrometry

Inductively coupled % AI, Ca, Fe, K, Mg, Na, P, Ti, C, S

plasma-atomic emission

spectrometry

Inductively coupled ppm Ag, As, Au, Ba, Be, Bi, Ce, Co, Cr, Cu, Eu,

plasma-mass Ga, Ho, La, Li, Mn, Nd, Ni, Pb, Sc Sn, Sr,

spectrometry Ta, Th, U, V, Y, Vb, Zn
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3.4.4 Color

Colors in core samples were determined on dried samples using a Munsell color

book (Kollmorgen Corporation, 1975). Samples were placed on white paper as a

background to compare with the color shown in the Munsell color book. The color from

the Munsell color book was converted to Hurst color ratings (Her) as described by Hurst

(1977). The rating was calculated from modified hue (H*), and Munsell color notation

including Value (V) and Chroma (C). The calculation is explained using the relationship

shown in Equation 3.2.

H*V
Her=--

C
(3.2)

The modified hue classified by Hurst (1977) is shown in Table 3.4.

Table 3.4 Modified hue, H* (Hurst 1977).

Hue OR 5R lOR 5YR 10YR 5Y lOY

H* 0 5 10 15 20 25 30

Samples with low Her values are likely to have undergone more intense

weathering than samples with high Her values (Shum and Lavkulich, 1999). Therefore,
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the color of solid material may be related to the presence of Fe-bearing solids under

various degrees of oxidation.

3.5 Data Quality

The quality of sampling, handling, and analyses was validated and approved using

temporal sampling and measurement, duplicate analyses, standard calibration, and charge

balance. Difference methods of data assurance were used to establish the precision of

the data from this study.

3.5.1 Temporal Sampling and Measurement

The results of groundwater chemistry using ICP-AES, ICP-MS, field

measurement, and IC analyses, as well as temperature measurement are shown in

Appendix B, C, D, E, and F respectively. Chemical reactions in the Waldorf mine dump

vary considerably over time. Because there was a high frequency of water collection and

temperature measurements these variations are considered to provide evidence of the

factors controlling the hydrochemistry at the site.

3.5.2 Duplicate Analyses

Two soil samples, 6-w5-1-24 and 6-w9-1-16, were reproduced by splitting each

sample into two samples for analysis. The precision of the result from the analysis of the
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same sample is shown using Percent Relative Standard Deviation (%RSD). The %RSD

represents the average percent error in replicate analysis (U.S.EPA, 1987). A lower value

of %RSD means that analyses are more precise. The %RSD is calculated using the

Equation 3.3. The results of both analyses of the soil samples and %RSD are shown in

Table 3.5. Most analyses shown in the table presents high precision shown by less than

ten percent of %RSD. However, high % RSD from the analyses of % Mg in soil

samples indicated is due to low % Mg in the samples.

2 * Ixl- x21 100
%RSD= *-

xl+x2 ..fi (3.3)

where:

Xl is the first measurement of a sample,

X2 is the second measurement of the same sample

Table 3.5 Results of duplicate analyses of soil samples.

Field No. AI K Mg Na
% % % %

6-w5-1-24 8.7 6 0.5 0.1
6-W5-1-24 9.4 . 5.5 0.6 0.1

%RSD 5 6 13 0

6-w9-1-16 7.6 3.9 0.5 0.9
6W9-1-16 8.7 3.8 0.9 1.0 ,~

%RSD 10 2 40 7
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Ten percent of groundwater samples were reanalyzed for cations, anions, and

alkalinity. The duplicate analyses of cations were done by USGS representatives to

assure the precision of the analyses and these data are not reported in this thesis. The

results of the duplicated analysis and %RSD of anions using IC and alkalinity are shown

in Table 3.6. Even though SO. concentrations analyzed by using IC were not accounted

for this study, low %RSD «10%) of SO. concentrations from almost all samples shows

high precision of IC analyses. The high precision of IC analyses is also shown by low

%RSD «10%) of F concentrations from almost all samples. However, high %RSD

(>10%) of CI and NO) concentrations in some samples may due to the very low

concentrations of these analyses as compared to S04 which is the major anion at the site

study. High %RSD (>10%) of duplicated sample is only shown for the alkalinity

analysis of the well wl-l (8/1/99) may due to low alkalinity in this well. However, the

analyses in all other wells show high precision of alkalinity analyses as shown of low

%RSD « 4%) from the duplicated analyses (Table 3.7).



Table 3.6 Results of duplicate analyses of anions.

Sample Date F CI SO. NO,
corn oom ppm ppm

W9-2 6/18/1999 2.4 0.6 43 0.7
W9-2 6/18/1999 2.3 0.6 42 0.7
%RSD 3 0 2 0

W9-1 7/5/1999 1.6 0.8 140 0.6
W9-1 7/5/1999 2.3 1.6 146 0.4
%RSD 25 47 3 28

W11-1 7/15/1999 2.9 2.7 263 0.5
W11-1 7/15/1999 2.7 2.6 ~8 0.4
%RSD 5 3 6

eO 16-

W11-2 7/19/1999 2.7 0.7 390 0.5
W11-2 7/19/1999 2.8 0.7 417 0.4
%RSD 3 0 5-'1- 16

W5-2 7/25/1999 1.9 1.0 251 0.5
W5-2 1.....7E5/1999 1.7 1.1 252 0.4
%RSD 8 7 0 16

W11-1 7/25/1999 2.3 3.6 262 0.6
W11-1 7/25/1999 2.2 1~5 287 0.4
%RSD 3 2 6 28

W9-2 8/1/1999 1.9 0.3 181 0.5
W9-2 8/1/1999 1.8 0.3 _ 1_ 187 I·"

0.4 -%RSD 4 0 2 16
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Table 3.6 Results of duplicate analyses of anions (Continued).

Sample Date F CI S04 N03
oom oom ppm ppm

W11-1 8/1/1999 2.6 1.9 280 0.4
W11-1 8/1/1999 3.1 2.0 302 0.2
%RSD 12 4 5 47

W11-2 8/1/1999 2.6 0.4 408 0.6
W11-2 8/1/1999 2.4 0.4 420 0.4
%RSD 6 0 2 28

W11-1 8/3/1999 2.4 5.2 302 0.7
W11-1 8/3/1999 ~ 2.4 5.3 335_ 0.6
%RSD 0 1 7 11

W11-2 8/3/1999 2.7 0.6 405 0.6
W11-2 8/3/1999 2.4 0.6 456 O:.~
%RSD 8 0 8 28

WD1 8/3/1999 2.7 0.2 474 0.5
WD1 8/3/1999 2.8 0.3 _1_ 536 r I~ 0.3 _
%RSD 3 28 9 35

WD2 8/3/1999 3.2 0.7 551 0.6
WD2 8/3/1999

r
3.0 0.4 1~6 r

0.4 _

%RSD 5 39 11 28

WD3 8/3/1999 3.6 0.3 679 0.6
WD3 8/3/1999 3.2 0.4 641 _ 0.4
%RSD 8 20 4 28

W7-2 8/8/1999 3.1 0.4 113 0.1
W7-2 8/8/1999 2.9 0.5 12.1_ ~ 0.1
%RSD 5 16 5 0

W11-1 8/8/1999 2.5 1.4 278 0.2
W11-1 1~8/1999 _ 2.3~_ 1.3 _286 0.2
%RSD 6 5 2 0
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Table 3.6 Results of duplicate analyses of anions (Continued).

Sample Date F CI SO. NO,
nom oom ppm ppm

W1-1 8/11/1999 0.5 0.6 164 0.2
W1-1 8/11/1999 0.6 0.7 159 0.1 _
%RSD 13 11 2 47

W11-2 8/11/1999 3.0 0.8 457 0.6
W11-2 8/11/1999 2.5 0.5 435 0.5
%RSD 13 33 4 13

W7-1 8/15/1999 0.7 0.4 148 0.1
W7-1 8/15/1999 0.7 O.~ 146 0.1
%RSD 0 16 1 0

W15-1 8/15/1999 3.1 0.2 221 0.5
W15-1 8/15/1999 2.1 0.3 223 I---E~L..
%RSD 27 28 1 0

W5-2 8/18/1999 2.2 0.6 291 0.5
W5-2 8/18/1999 1.7 0.5 286 0.5

1--%RSD 18 13 1 0

W7-2 9/5/1999 1.5 0.7 121 0.1

1-
W7-2 9/5/1999 _ I-~ 0.9 118 0.1
%RSD 5 18 2 0

W15-1 9/18/1999 2.2 1.1 279 0.4
W15-1 9/18/1999 1.32 1.1 276__ 0.4
%RSD 0 0 1 0

W11-1 10/211999 2.6 22.5 415 0.5
W11-1 10/211999 2.5 22.9 413 0.6

,r

%RSD 3 1 0 13

W1-1 11/20/1999 0.5 4.8 134 0.2
W1-1 11/20/1999 0.6 5.0 _

h 133 0.2_
%RSD 13 3 1 0
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Table 3.7 Results of duplicate analyses of alkalinity.

Sample Date 1st analysis 2nd analysis %RSD

W5-1 6/17/1999 15 15 0

W5-1 6/28/1999 24 24 0

W5-2 6/28/1999 11 12 6

W3-2 7/3/1999 15 15 0

W9-2 7/3/1999 21 21 0

W3-1 7/15/1999 13 13 0

W15-1 7/15/1999 20 19 4

W3-2 7/22/1999 13 13 0

W7-1 7/22/1999 7 7 0

Portal 7/22/1999 70 70 0

W1-1 8/1/1999 9 11 14

W3-2 8/3/1999 11 11 0

Wll-2 8/3/1999 40 41 2

W7-1 8/8/1999 21 21 0

W5-1 8/15/1999 17 16 4

W5-2 8/15/1999 11 11 0

W7-1 8/15/1999 6 6 0

W9-1 8/18/1999 27 27 0

W7-2 9/5/1999 70 71 1

W15-1 9/18/1999 36 37 2
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3.5.3 Standard Calibration

Standard materials were used to calibrate the accuracy of groundwater and soil

chemical analysis using ICP-AES, ICP-MS, IC, and pH measurements. All analyses

were performed after the calibrations were satisfied. The standard analysis was done

before and during sample analysis.

3.5.4 Charge Balance

Charge balances of groundwater analyses of 227 samples are shown in Appendix

D. The charge balances were calculated from the chemical compositions in groundwater

as shown in Table 3.8.

Table 3.8 Chemical compositions used in charge balance calculation

Chemical compositions Analysis method

Ca, Mg, Na, K, Fe, Mn ICP-AES

Si02, S04, AI, Zn, Cd, Pb, Cu, ICP-MS

Co, Ni, Ba, Sr

Cl, F IC

HCO)" Alkalinity

pH pH meter

Figure 3.8 presents charge balances in groundwater samples at the Waldorf mine

site. The charge balance was calculated based on equation 3.4.
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L cations - L anions
%CH= X 100

(cations + anions)
(3.4)

where:

%CH is percent of charge balance,

I cations is sum of mole equivalent of cations,

I anions is sum of mole equivalent of anions.

The percent of charge balance more than zero means there is a deficiency of anions in

the water analyses, whereas the percent of charge balance less than zero means there is a

deficiency of cations in water. Water analyses from six water samples (one sample from

well wI-I, and five samples from well w2-1), were not used in this thesis due to very

high percent of charge imbalance (more than 80%, as shown in Figure 3.7). The poor

charge balance shows the deficiency of either anions or cations in groundwater,

indicating possible errors during sampling or analyses. The samples omitted due to poor

charge balance are water in well wl-I (9/18/99), and from well w2-1 (during 8/8/1999 to

9/5/1999). The charge balances in some wells (wI-I, w3-1, w3-2, w7-1, w7-2, w9-1,

w9-2, wll-2, wI5-1, WDI, WD2, WD3, and portal) tend to become more negative as

summer progresses, which is most likely due to the additional anions from dissolution

during a rain event. In contrast, the charge balances in wells w2-1, w5-1, w5-2, and wll-

I tend to be more positive as summer progress, which shows higher additional cations

than anions during summer in these wells. Furthermore, there are some groundwater

compositions, such as organic-N and trace metals, which did not accounted in the



49

calculation, may affect the charge balance. The additional cations may come from the

higher rate of the reactions which provide more cations in the wells during summer.
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Figure 3.7 Charge balance in groundwater in Waldorf mine site
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c.) Well W3-l
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Figure 3.7 Charge balance in groundwater in Waldorf mine site (Continued)
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e.) Well W5-1
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Figure 3.7 Charge balance in groundwater in Waldorf mine site (Continued)
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Figure 3.7 Charge balance in groundwater inWaldorf mine site (Continued)
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Figure 3.7 Charge balance in groundwater in Waldorf mine site (Continued)
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3.5.5 Analysis Accuracy

The results of two different methods of cation analysis of groundwater samples

are shown in Appendix B and C. Figure 3.8 shows the relationship of the results from

ICPAES and ICPMS for chemical compositions of groundwater at the site. The results

from both methods correspond quite closely, seeming to confirm the validity of the data.

However, the Na concentration higher than 4 mgIL measured by ICPMS were lower than

the results from ICPAES.
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3.6 Data Processing

The programs used for data processing in this study were Microsoft Excel,

LPNORM, Piper Diagram, MODFLOW, EQ36, and PHREEQC version 2.

3.6.1 Microsoft Excel

Field measurements and laboratory analyses were recorded in spreadsheets using

Microsoft Excel. The program was used to produce figures and analyze data obtained in

this study.

3.6.2 LPNORM

LPNORM, a linear programnung code, was used to estimate the mineral

proportions in core samples (Caritat et al., 1994). LPNORM consists of three main parts

including mineral compositional data entry, bulk sample composition entry, and

computation of the stoichiometric coefficients. The mineral compositions were identified

from visual analysis and the results from X-ray diffraction, while the results of the

chemical analysis of core samples were used to as the input of bulk sample composition.

The stoichiometric coefficients of possible minerals were identified prior the LPNORM

calculation. The accuracy of the calculation is considered from the total of the predicted

mineral distributions. The closer the values of the total percent of mineral distributions

are to 100%, the higher the accuracy of the calculation by LPNORM.
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3.6.3 Piper Diagram

Piper diagrams were constructed using ROCKW ARE 2002 was used to classify

the chemistry of water based on major ion compositions. The total major ions including

cations and anion were set to 100%, and plotted as percentages in milli-equivalents. The

clustering of data points in the piper diagram indicates similar compositions of

groundwater.

3.6.4 MODFLOW

The groundwater movement within the dump was simulated using the model

MODFLOW (McDonald and Harbaugh, 1996a, 1996b). The model was used to simulate

the steady and transient states of the groundwater system at the site. GMS (The

Department of Defense groundwater modeling system) was used to depict MODFLOW

simulation results graphically.

MODFLOW is a three-dimensional finite-difference groundwater flow model,

which can be used to simulate flow of constant density fluid through an aquifer. The

aquifer is divided into blocks assumed to have homogeneous properties. The blocks may

have variable horizontal and vertical dimensions. The aquifer thickness is represented as

layers, which are identified from the elevations of the tops and bottoms of the layers.

The aquifer can be classified as confined, unconfined, or a combination of these in space

and time.
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The ground-water flow equation IS solved usmg the finite-difference

approximation as shown in equation 3.4:

~[Kxx ah] +~[KYY ah]+~[KzZ ah]_ w = Ss ah
dX ax ay dy ax az at (3.4)

where:

Kxx, Kyy, and Kzz are values of hydraulic conductivity along the x, y and z coordinate

axes, which are assumed to be parallel to the major axes of

hydraulic conductivity, (Lrl);

h is hydraulic head, (L);

w is volumetric flux per unit volume that represents sources and/or

sinks of water (r\

Ss represents specific storage of porous media (L-I);

t is time (T)

3.6.5 EQ36

The chemical model computations in this dissertation were performed using

EQ36. Sampling points along trends from portal to seeps will show progressive changes

in chemical properties. The tendency of the groundwater to dissolve or precipitate a

mineral, is evaluated from the saturation indices obtained from speciation calculations
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based on the water analyses. The saturation index of a particular mineral, Sl, is defined

as Equation 3.5:

S1=log1AP
K

(3.5)

where:

lAP is the ion activity product of the mineral-water reaction;

K is the thermodynamic equilibrium constant adjusted to the temperature.

For a particular mineral,

Sl < 0 indicates undersaturation and a tendency for dissolution;

Sl>O indicates oversaturation and a tendency for precipitation;

Sl=O indicates equilibrium or saturation.

Thermodynamic calculations indicating which of the supersaturated minerals

would actually precipitate when the system achieves equilibrium, known as single-point

equilibrium calculations, were then done on each well, portal and seep water using EQ36.

The results from EQ3 indicate mineral saturation conditions. Due to the common-ion

effect, influencing on the solubility due to having an ion from other sources in the water

with the ion involving in the equilibrium, some ions not all of the supersaturated minerals

are actually precipitates.
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3.6.6 PHREEOC version 2

Geochemical computer model, PHREEQC version 2, was used to identify

geochemical processes in groundwater system. PHREEQC was used to perform inverse

model indicating the processes controlling chemical change in groundwater along a flow

path.

3.7 Summary

The explanations of methods used in this study were described in this chapter.

The thermistors used in the borehole were designed to investigate the temperature

profiles in the dump, and the thermistors were calibrated before using in the field. The

location of piezometer network was determined from the water drainage flow from

portal. The piezometer network was used to investigate characteristics of solid material

and water chemistry. A total of twenty wells was installed in two trends (A and B) along

the water drainage. The wells were completed either in the native soil or mine waste

material. Core samples from drilling were used to identify geological characterization,

which was used to design the location of the thermistor. The wells were completed after

the thermistors were installed.

Groundwater sampling using bailers, was performed about eight months after the

piezometers were installed between June and November, 1999. Two hundred and

seventy-two groundwater samples were collected from wells, seeps, and the portal. The
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groundwater samples collected were tested for pH, conductivity, dissolved oxygen,

anions, cations, alkalinity, and isotopes. Some samples were investigated for Thiobacillus

thiooxidans and T. ferrooxidans. Water level measurements were taken in all wells from

June to November 1999, and hydraulic conductivity of the dump material was

investigated from slug tests using the pressure transducer method, and calculated based

on the Hvorslev method.

A total of fifty-two samples were cut from core samples of all wells based on their

geologic difference from field observation. The samples were used to determine mineral

classification, particle size, color, and elemental analysis. The validity of the quality of

sampling and analyses was approved using temporal sampling and measurement,

duplicate analyses, standard calibration, and charge balance. The analyses results from

six samples in well wl-l and w2-1, were omitted due to poor charge balance. The

methods of data processing used in this study are Microsoft excel, LPNORM, Piper

diagram, MODFLOW, EQ36. The next chapter will discuss the characteristics of the

Waldorf mine dump material.
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CHAPTER 4.0

CHARACTERISTICS OF SOLID MATERIAL

IN THE WALDORF MINE WASTE

The material in the Waldorf mine dump consists of excavated waste rock from

approximately 4000 ft of workings into Mt.McClelian. The material in the dump is

poorly sorted, with particle sizes ranging from approximately clay size to cobbles. The

dump was generally undesigned and the material was disposed of unsystematically.

Waste rock was deposited at the end of the dump and a slope developed at an angle of

repose which resulted from dumping. The waste rock was hauled by carts from the portal

along the flat surface of the dump, and the material was unloaded, falling at the repose

angle. The resulting physical properties (particle size and color) and chemical properties

(mineralogy and elemental compositions) are highly heterogeneous.

The Waldorf mine dump is located at the sharp slope break of Mt. McClellan, and

the thickness of the dump depends on the mountain slope. Generally, the thickness of the

dump is the depth from the dump surface to the native soil, which is about 15 feet

proximal to the portal of the mine, and becomes thicker further away from the portal. A

thickness of 40 feet was estimated at the dump's distal edge.
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4.1 Physical and Chemical Properties ofthe Waldorf Dump Material

Distributions of particle size, color, mineral compositions, and elemental

compositions determined from cores taken along trends A and B are provided in this

chapter. Particle size distribution is an important factor because it controls both air and

water flow. Flow of air and water is a critical controlling variable over chemical

reactions in the dump. Color of the solid material can be used to determine the oxidation

state of the iron phase. Moreover, mineral and elemental compositions in core samples

provide important information on the potential evolution of geochemical reactions.

4.1.1 Particle Size

The particle size distribution was detennined in all core samples by sieve analysis

from all wells and was used to estimate values of the hydraulic conductivity and

permeability, Table 4.1 shows the results of the particle size distribution of the soil

materials in the Waldorf mine dump. There may be some displacement of some of the

solids because the coring process may mix the solids to some extent. Therefore,

lithologic and chemical boundaries are approximate.
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Table 4.1 Particle size distribution (percent), color, and Her (Hurst color ratings) value of
soil materials in the Waldorf mine dump.

Death (tt)
0.25- 0.08- <0.08

W1-1 >2mm 2mm 0.25mm mm Color Hcr
1-W1-1-3.5 0-8.4 67 20 11 2 10YR6/6 20
3-W1-1-11 8.4-12.3 45 29 17 9 10YR8/2 80
5-W1-1-16 12.3-20.1 47 34 12 7 5Y8/2 100
6-W1-1-22 20.1-23 56 35 7 2 10Y8/6 26.7
8-W1-1-27 23-27 58 31 10 1 5Y7/1 175

0.25- 0.08- <0.08
W3-1 Death (ft) >2mm 2mm 0.25mm mm Color Her

1-W3-1-S 0-5 42 49 8 1 10YR5/6 16.7
2-W3-1-7 5-13.7 47 35 10 8 10YR8/2 80
4-W3-1-12 13.7-16 50 38 10 2 10YR6/6 20
6-W3-1-19 16-20.3 56 35 7 2 5Y6/1 150
8-W3-1-24 20.3-30 52 36 9 3 5Y7/1 175
11-W3-1-31.5 30-32 33 33 27 7 10YR4/2 40

0.25- 0.08- <0.08
W5-1 Depth (It) >2mm 2mm 0.25mm mm Color Her

1-W5-1-S 0-5 64 24 10 2 10YR6/2 40
3-W5-1-10 5-10 51 10 34 5 2.5Y6/3 45
4-W5-1-12 10-16 46 19 23 12 10YR8/2 80
5-W5-1-18 16-20 60 19 13 8 5Y7/1 175
6-W5-1-24 20-23.5 10 35 49 6 2.5Y8/4 45

0.25- 0.08- <0.08
W7-1 Death (ft) >2mm 2mm 0.25mm mm Color Her

.5-W7-1-S 0-4 55 23 18 4 10YR8/6 26.7
3-W7-1-8 4-10 36 23 31 10 2.5Y8/4 90
4-W7-1-13 10-19 51 29 15 5 10YR8/6 26.7
5-W7-1-17 19-20.5 58 25 14 3 10YR8/6 26.7
7-W7-1-21.6 20.5-22 71 13 12 4 10YR7/4 35
8-W7-1-23 22-25 39 37 16 8 10YR4/2 40
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Table 4.1 Particle size distribution (percent), color, and Her (Hurst color ratings) value of
soil materials in Waldorf mine dump (Continued).

0.25- 0.08- <0.08
W9-1 Deoth (tt) >2mm 2mm 0.25mm mm Color Her

.5-W9-1-4 0-4 54 26 16 4 5YR3/4 11.2
3-W9-1-7 4-8 75 13 10 2 10YR5/4 25
4-W9-1-10 8-12 77 9 12 2 10YR5/4 25
5-W9-1-13 12-15 81 6 11 2 2.5Y6/4 33.7
6-W9-1-16 15-16 43 38 15 4 10YR4/2 40

0.25- 0.08- <0.08
W11-1 Deoth (It) >2mm 2mm 0.25mm mm Color Her

1-W11-1-S 0-4 60 20 17 3 10YR6/6 20
3-W11-1-7 4-8 51 28 18 3 10YR6/6 20
4-W11-1-10 8-12 54 22 20 4 10YR6/6 20
5-W11-1-14 12-16 59 14 22 5 10YR6/6 20
6-W11-1-18 16-25 51 17 26 6 10YR6/6 20
8.5-W11-1-23 25-26 43 33 18 7 10YR4/2 40
9-W11-1-25 26-26.8 39 36 20 5 10YR4/2 40
12-W11-1-27 26.8-28 19 43 28 10 10YR4/2 40

0.25- 0.08- <0.08
W13-1 Deoth (It) >2mm 2mm 0.25mm mm Color Her

1.5-W13-1-S 0-4 71 19 7 3 10YR6/6 20
2-W13-1-7 4-8 52 31 12 5 10YR6/6 20
3-W13-1-10 8-9.5 60 28 9 3 10YR6/6 20
4-W13-1-14 9.5-12 59 19 15 7 10YR6/6 20

0.25- 0.08- <0.08
W15-1 Deoth (It) >2mm 2mm 0.25mm mm Color Her

2-W15-1-S 0-1.5 63 25 9 3 10YR5/4 25
3-W15-1-7 1.5-8 79 11 7 3 10YR5/4 25
5-W15-1-11 8-12 50 14 30 6 10YR5/4 25
6-W15-1-15 12-16 53 18 22 7 10YR7/4 35
7-W15-1-17 16-18 63 19 14 4 5YR8/4 50
9-W15-1-20 18-20 69 8 20 3 5Y6/4 37.5
11-W15-1-22 20-23 28 43 19 9 10YR4/2 40
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The particle size distribution profiles in trends A and B are shown in Figures 4.1

and 4.2. The profiles were constructed from the south side of the dump slope surface to a

point half-way between the portal and well w9-1 in trend A, and from the southeast side

of the dump slope surface to a point half-way between the portal and well wI I-I in trend

B. The surface of the south slope in trend A is a cemented fine grained material which

protects the slope surface from erosion. The southeast slope surface in trend B is

protected by wood cribbing. The materials within the dump are classified mainly based

on combinations of gravel (Sieve number 10) and fines (Sieve number 230).
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Figure 4.1 Lithology and stratigraphy of the Waldorf Mine Dump along Trend A.



71

I::::::::::::j intermediate
F-----d gravel-rich

~ clay size-rich

300 250 150 100

portal 11632

......... 11622

11612 e-..
11602 ~

l:
0

11592 '"co>.!!
11582 ..

• [ 11572

11562
0

w11 w13 w15 dump surface

•..
200 50

distance from portal (feet)

Figure 4.2 Lithology and stratigraphy of the Waldorf Mine Dump along Trend B

Four categories of dump material were identified as gravel-poor, intermediate,

gravel-rich, and clay size-rich, respectively (Table 4.2). Generally, the first three

categories have a similar percent of fmes, but have different percentages of gravel. The

last category differs from others due to higher percent of fines, and corresponds to a clay

size-rich or very fine grained material. High percents of gravel include high percentages

of rock fragments, which allow more air and water to flow through the dump material,

while high percents of fines inhibit air and water flow through the material.
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Table 4.2 The identification of percent distribution of gravel and fines.

Percent of gravel and fines Identification

10-49% gravel, and 1-6% fines Gravel-poor

50-65% gravel, and 1-6% fines Intermediate

66-81% gravel, and 1-6% fines Gravel-rich

10-50% gravel, and 7-12% fines Clay size-rich

The distributions of materials in trend A and B show random and irregular

patterns. A layer of clay size-rich material was found in the middle of the dump in trend

A. It was about ten feet below the surface, and it extended from the dump slope surface

to about 140 feet from the portal. The clay layer found in the dump may originate from

clay found in Mt.McClellan during mining activity. Clay size-rich material was also

identified in the native soil. However, the clay-rich material of the native soil differs

from the mine waste material because it includes a high content of organic matter.

Along trend A, the gravel-rich material was found in well WI-I, W3-1, W7-1,

and W9-1. It was the main material in well W9-1 from about five feet below the surface

to the bottom of the dump material. Itwas found above the clay-rich layer at well WI-I,

and near the base at well W7-1, and in the native soil in well W3-1. Gravel-poor material

was found in wells W3-1 and W5-1, above the clay-rich layer and at the base of the
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dump, respectively. The intermediate material was found mostly under the clay-rich

layer, and it was also found above the clay-rich layer to near the portal.

In trend B, the intermediate material was dominant. It was mostly found near the

edge of the dump. The gravel-rich material was found near the top surface of the dump at

well W13-l, and from the surface to about 10 feet below surface in well WI5-1. The

material was also found at the base of the dump in well WI3-1. Clay-rich material was

found in the native soil.

4.1.2 Color

The color distribution can help to indicate the degrees of weathering of Fe-bearing

sulfide minerals within the dump, for which the products are secondary ferric

compounds. The pigment of these compounds has been recognized to be more visible

compared to pigments of other coloring minerals (Hurst, 1977). Staining of Fe-oxide in

core samples in the Waldorf mine waste can be recognized easily.

The results from visual observation show variable degrees of Fe-oxide

precipitation in the Waldorf mine waste. The degrees of Fe-oxide staining in core sample

were estimated from the Her (Hurst color ratings) values, calculated using Equation 3.2.

The Her values range from 11.25 to 175 (dark reddish brown to light gray) in the mine

waste material, and 40 (dark grayish brown) in the native soil, as shown in Table 4.3.

The organic matter in the native soil strongly affects the color of the soil, and therefore,
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Her values from the native soil were not used to determine the degree of Fe-oxide

staining. Different degrees of Fe-oxide staining in the mine waste material are shown in

Table 4.3. The color distributions of the Waldorf mine dump in trends A and B are

shown in Figures 4.3 and 4.4.

Table 4.3 Degrees of Fe-oxide staining based on Her value.

Her Degree of Fe-oxide staining Color

11.25-16.7 High Fe-oxide Yellowish brown to dark

reddish brown

20-60 Medium Fe-oxide Brownish yellow to light

brownish gray

80-100 Low Fe-oxide Very pale brown to pale

yellow

150-175 Trace Fe-oxide Dark grayish brown



75

- high Fe-oxide ~ trace Fe-oxide 11632I y,,,1 medium Fe-oxide ~ native soil
~ low Fe-oxide 11622

w1 w2 w3 w4 w5 w7 w9

· 11612~. . · QI. . •
dump sJrface: · QI· 11602~·

???? 0
11592 :;

>
native soi~

~
11582 QI- - - - - -.- - }...... 11572.... ..
11562

300 250 200 150 100 50 0

distances from portal (feet)

Figure 4.3 Color distributions along trend A.



76

Fr,wpi medium Fe-oxide·r,~·,", , ..,

IiiIl portal 11632
native soil

" 11622

w13 w15 11612 Z'w11 · ·· · CII· • dump surface· · oS!· • 11602 ~c
0

11592 :;l???? I'll>
CII

11582 Gi

- ~ - ? 111572- - - - - - - - - - .-..- .. - 11562
300 250 200 150 100 50 0

distance from portal (feet)

Figure 4.4 Color distributions along trend 8.



77

Along trend A, material with high Fe-oxide staining (Her = 11.25-16.7), was

found near the dump surface in well W3-1 and W9-1. Low Fe-oxide staining (Her = 80-

100) corresponds to the clay size-rich layer, and medium Fe-oxide staining (Her = 20-60)

was found above this layer in wells WI-I, W3-1, W5-1, and W7-1. Medium Fe-oxide

staining was also found at the base in well W5-1, below the clay size-rich layer in Well

W7 -I, and from about five feet below the dump surface to the base of the dump in well

W9-1.

Medium Fe-oxide staining was also found as a thin lens below the clay size-rich

layer from the dump surface and extended to about 200 ft from the portal. This area is

the intermediate grain size material. Ther.efore, it is possible that pyrite oxidation may

occur in this area due to an enhanced supply of oxygen. The area is below the clay size-

rich material which inhibits the oxygen flow into the dump from the dump surface at the

top. Therefore, oxygen may be flowing into this area through the dump slope surface,

due to convection. Below the medium Fe-oxide lens, an area having trace Fe-oxide

staining (Her = 150-175), corresponds to a lower degree of weathering of Fe-bearing

minerals.

The intermediate grain size material is the main material in trend B, and this

material has medium Fe-oxide staining of the material: there is sufficient oxygen flowing

into the dump in trend B for the weathering of Fe-bearing minerals to occur.
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4.1.3 Mineralogy and Elemental Compositions

Mineral assemblages were determined from visual observation and XRD analysis.

The minerals in the Waldorf mine dump were classified into two types which are primary

and secondary minerals as shown in Table 4.4. The primary minerals are those in the ore

deposit at the site, including quartz, mica (biotite and muscovite), K-feldspar, plagioclase,

pyrite, chalcopyrite, galena, sphalerite, and chlorite. The secondary minerals are those

formed from weathering processes, which may have occurred before or after the waste

rock material was dumped. These secondary minerals include jarosite, gypsum,

kaolinite, smectite, and Fe-oxide. The minerals found in this study agree well with those

reported by Lovering (1935). The XRD patterns are shown in Appendix G. Elemental

compositions in the Waldorf mine dump are presented inAppendix H.

Mineral and elemental compositions as well as the result of loss on ignition (Lor)

were used as input for calculations using LPNORM to estimate the percent mineral

distribution in each sample. LPNORM is a computer program developed by Caritat et al.

(1994), which uses a normative-type algorithm to calculate mineral compositions based

on whole-rock chemical analyses.
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Table 4.4 Summary of mineral classification.

Wl·l l-wl-3.5 3-wl-l-ll 5-wl-l-16 6-wl-1-22 8-wl-1-27
primary
quartz x x x x x
mica x x x x x
pyrite x x x x

microcline x x x x x
plagioclase
chalcopyrite
galena
sphalerite
chlorite x x x
albite

secondary
jarosite x x x
kaolinite x x x x x
Fe-oxide x x x
gypsum x x x
smectite x

W3-l l-w3-l-s 2-w3-l-7 4-w3-l-l2 6-w3-l-l9 8-w3-l-24
primary
quartz x x x x x
mica x x x x x
pyrite x x x x

microcline x x x x x
plagioclase
chaicopyrite x
galena x x x
sphalerite x x x
chlorite x
albite

secondary
jarosite x x x x
kaolinite x x x x x
Fe-oxide x x x x
gypsum x x x x x

smectite x x x x



80

Table 4.4 Summary of mineral classification (Continued).

W5-1 1-w5-1-s 2-w5-1-7 3-w5-1-10 4-w5-1-12 5-w5-1-18 6-w5-1-24
primary
quartz x x x x x x
mica x x x x x x
pyrite x x

microcline x x x x x

plagioclase
chalcopyrite

galena
sphalerite x

chlorite x x

albite
secondary
jarosite x x x
kaolinite x x x x x x
Fe-oxide x x x X

gypsum X

smectite x x

0.5- 3.5- 7-w7-
w7- 1-w7- 2-w7- 3-w7- w7-1- 4-w7- 5-w7-1- 6-w7-1- 1-

W7-' 1-s 1-s 1-s 1-8 8 1-13 17 21.6 21.5
primary
quartz x x x x x x x x x
mica x x x x x x x x x
pyrite x x x x x

microclne x x x x x x x

plagioclase
chalcopyrite

galena
sphalerite
chlorite x x x x x x x x
albite x x x x

secondary
jarosite x x x x x
kaolinite x x x x x x x x x
Fe-oxide x x x X X X X X x
gypsum x

smectite
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Table 4.4 Summary of mineral classification (Continued).

W9-1 2-w9-1-4 3-w9-1-7 4-w9-1-10 5-w9-1-13 6-w9-1-16
primary
quartz x x x x x
mica x x x x x
pyrite x x x x

microcline x x x x x
plagioclase x x x x
chalcopyrite x x x x x

galena x x x x x
sphalerite x x x x x
chlorite x x x
albite x

secondary
jarosite x
kaolinite x x x x x
Fe-oxide x x x x x
gypsum x x x x x
smectite x

1- 2- 3- 4- 5- 6- 8.5- 9- 12- 13-
w11- w11- w11- w11- w11- w11- w11- w11- w11- w11-

W11-1 1-s t-s 1-7 1-10 1-14 1-18 1-23 1-25 1-27 1-27
primary
quartz x x x x x x x x x x
mica x x x x x x x x x x
pyrite x x x

microcline x x x x x x x x x x
plagioclase x x x x x x x x

chalcopyrite
galena

sphalerite
chlorite x x x x x x
albite

secondary
jarosite x x x x

kaolinite x x x x x x x

Fe-oxide x x x x x x

gypsum
smectite
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Table 4.4 Summary of mineral classification (Continued).

W13·1 1.5-w13-1-s 2-w13-1-7 3-w13-1-10 4-w13-1-14
primary
quartz x x x x
mica x x x x
pyrite x

microcline x x x x
plagioclase x x x x
chalcopyrite

galena
sphalerite
chlorite x x x
albite x x x x

secondary
jarosite x

kaolinite x x
Fe-oxide x x x X

gypsum x

smectite
2-w15- 3-w15- 5-w15- 6-w15- 7-w15- 9-w15- 11-w15-1-

W15·1 1-s 1-7 1-11 1-15 1-17 1-20 22
primary
quartz x x x x x x x
mica x x x x x x x
pyrite x x

microcline x x x x x x x
plagioclase x

chalcopyrite
galena

sphalerite
chlorite x x x
albite x x x x x x x

secondary
jarosite x x x

kaolinite x x x x x
Fe-oxide x x x x x x X
gypsum X X X X X X x
smectite x x x x x x x
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4.2 Relationships of Grain Size Distribution. Colors, and Gas Transport

The layer of the very fine grained material in trend A also has peaks of kaolinite

and smectite in XRD patterns. The layer has Her values of 80 to 100, which correspond

primarily to kaolinite (Hurst, 1977). The layer may act as a barrier for gas transport into

the dump.

Material having trace Fe-oxide staining was found below the very fine grained

layer, indicating low gas transport into the dump. Material of medium Fe-oxide staining

was found below the fine grained layer close to the south dump slope surface in trend A.

This occurrence suggests oxygen is transported into the dump at the dump slope face in

trend A, and causes the weathering of the Fe-bearing minerals. Oxygen transport can be

by diffusion, thermal convection due to the temperature variation within the dump, and

advection due to wind blowing at the slope of the dump.

The wood piling used to protect the south dump slope surface in trend B allows

more air to enter the dump at the southeast slope surface. Therefore, the material in trend

B generally shows a higher degree of the weathering of Fe-bearing minerals, which

corresponds the medium Fe-oxide staining material of this trend. High Fe-oxide

coloration is present at the surface of the dump due to rapid oxidation.

4.3 Mineral and Elemental Distribution and Correlation Coefficient Matrix

The weight percents of minerals in each sample were calculated by LPNORM

(Caritat et al, 1994). The minerals include minerals observed from X-ray diffraction and
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minerals added to improve the model fit. The observed minerals include quartz (qtz),

kaolinite (ka), Fe-ox (possible hematite and goethite), chlorite (ch), albite (al), gypsum

(gyp), microcline (mi), jarosite (ja), muscovite (mus), pyrite (py', pi), smectite (smec),

galena (ga), sphalerite (sp), and chalcopyrite (chal). The added minerals include rutile

(ru), rhodochrosite (rho), siderite (si), and apatite (ap). Rutile (Ti02) and apatite (Cas

(P04h (OH» were used in the LPNORM calculation to account for Ti and P in chemical

analyses of samples, and may both be found in this environment. The small amount or

very fine grained rutile may limit the ability of visual and XRD analysis to identify this

mineral. Siderite (FeC03 ) and rhodochrosite (MnC03 ) may form as a solid solution in

the hydrothermal system which deposited the ore at the site. Carbonate was found in

chemical analyses of the samples, and Lovering (1935) reported that calcite occurred in

the area. However, the high dissolution rate of calcite in the acid environment of the

dump has probably removed all the calcite. Siderite and rhodochrosite are less soluble

and carbonate was assigned to these minerals.

Underestimation of pyrite can occur, if pyrite and jarosite are included

simultaneously in the calculation due to the partitioning of Fe to jarosite. Therefore, pyl

and pi were used in the LPNORM calculation. The maximum percent pyrite (pI) was

calculated when jarosite was not included in the calculation. The quantity pyl was used

when jarosite was included in the calculation. The total indicates how well the

calculation has proceeded: totals closer to 100% represent better results. The results of

weight percents of minerals in each sample calculated by LPNORM are shown in Table
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4.5, and Figures 4.5 to 4.12 shows the percents of minerals in samples in each well,

which divide minerals into two groups of primary and secondary minerals.

The procedure for using LPNORM was follows:

1) Perform the Loss on Ignition analysis.

2) Prepare an initial mineralogy for each sample using visual and XRD analyses.

3) Prepare an elemental analysis for each sample. The elements used include C, S,

AI, Ca, Fe, K, Mg, Na, P, Ti, Mn, Cu, Pb, and Zn.

4) Calculate %S and %Fe used for chalcopyrite, galena, and sphalerite, under the

assumption of all Cu, Pb, and Zn are entirely incorporated into these minerals,

respectively.

5) Calculate %Ca used for apatite, under the assumption that apatite is the only P-

bearing mineral.

6) Subtract %S, %Fe, %P and % Ca original values in each sample, and %P,%Cu,

%Pb, and %Zn should be zero.

7) Recalculate the percentage of elements, based on the exclusion of %S, %Fe, %Ca,

%P, %Cu, %Pb, and %Zn, which were used for chalcopyrite, galena, sphalerite

and apatite.

8) Calculate all elements in 7) as oxides (Ah03, Fe203, MgO, Na20, CaO, K20,

Ti02, MnO, CO2),

9) Calculate % Si02 from the equation below;
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%SiOz = 100 - %AIz03 - %Fez03 - %MgO - %NazO - %CaO - %KzO -

%TiOz - %MnO - (%LOI - %COz - %S)

10) Perform LPNORM to estimate % of pyrite (pI) in each sample. Jarosite was not

included in this step because the program will underestimate pyrite due to

partitioning of Fe to jarosite.

II) Calculate for % gain of LOI in each sample due to the oxidation of pyrite in each

sample, under the assumption of only pyrite is oxidized during the LOI analysis.

12) Use % gain in 11), and calculate for new %LOI, and further calculate for new

%SiOz.

13) Perform LPNORM agam to calculate %minerals. Pyrite (p/) was also

recalculated.

14) Normalize all minerals from LPNORM calculation to include %of apatite,

chalcopyrite, galena, and sphalerite.
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Table 4.5 Mineral distributions in samples.

Samf:!leNo. gtz ka Fe-ox ch al gyp mi ru rho si
l-wl-1-3.5 42.08 7.09 0.00 3.02 1.86 3.32 0.00 0.49 0.01 0.00
3-WH-ll 27.82 0.00 6.89 3.78 0.76 4.67 0.00 0.60 0.01 1.23
5-Wl-1-16 33.75 3.57 0.00 1.66 0.00 5.86 0.00 0.45 0.00 0.00
6-Wl-1-22 34.1 0.00 0.98 4.15 0.76 4.48 0.00 0.54 0.01 2.59
8-w3-1-21 37.78 9.16 0.00 5.01 5.33 2.33 0.00 0.77 0.01 0.00
l-w3-1-s 34.22 4.85 2.43 0.67 0.00 4.18 0.00 0.82 0.00 1.08
2-W3-1-7 34.51 3.30 0.00 1.52 0.00 3.90 0.00 0.46 0.00 0.00
4-W3-1-12 30.05 12.99 0.00 3.65 0.85 5.99 0.00 0.52 0.01 0.00
6-w3-1-19 33.94 0.00 0.00 4.88 2.37 3.99 0.00 0.53 0.02 0.00
8-W3-1-24 33.72 0.00 0.00 4.61 1.69 3.65 0.00 0.47 0.01 2.91
l-w5-1-s 35.82 20.47 0.00 0.00 0.23 0.52 28.26 0.26 0.00 0.00
3-w5-1-10 34.91 0.00 2.94 4.94 4.91 0.09 0.00 0.53 0.00 1.02
6-W5-1-24 29.75 4.48 0.00 3.48 1.52 0.00 0.00 0.58 0.00 0.18
.5-w?-1-s '14.29 6.72 0.00 2.79 1.18 1.20 0.00 0.35 0.00 1.21
l-w7-1-s 40.50 0.00 0.00 4.18 3.89 3.75 0.00 0.49 0.01 6.68
2-w7-1-s 31.74 18.16 0.75 1.33 6.01 0.21 35.88 0.14 0.00 0.71
3-w7-1-8 29.75 22.07 0.17 2.29 3.98 0.15 34.30 0.35 0.00 1.13
3.5-W7-1-8 33.50 0.00 3.02 4.64 5.92 0.31 0.00 0.53 0.00 1.94
5-w7-1-17 43.51 0.00 0.69 3.02 6.35 0.43 0.00 0.38 0.00 1.31
7-W7-1-21.6 26.82 0.00 14.31 6.20 9.04 0.00 0.00 0.43 0.00 6.28
2-w9-1-4 50.33 0.00 3.25 1.22 0.00 0.68 0.00 0.32 0.00 1.03
3-w9-1-7 36.82 0.00 2.66 5. 1 18.01 1.54 0.00 0.41 0.00 1.23
4-w9-1-10 37.18 17.58 0.00 3.12 11.07 0.43 24.65 0.31 0.00 2.88
5-w9-1-13 51.95 17>83 0.00 2.12 2.12 0.00 21.40 0.39 0.00 1.65
6-W9-1-16 20.19 24.57 0.00 4.84 11.24 0.71 27.99 0.63 0.00 6.86
l-wll-l-s 27.69 20.86 0.00 2.79 4.74 0.09 33.25 0.43 0.00 0.60
2-wll-l-s 16.72 30.60 2.28 3.28 4.74 0.06 34.95 0.50 0.00 0.60
3-wll-1-7 31.70 25.33 0.96 1.92 5.92 0.15 26.93 0.42 0.00 0.32
4-wll-l-l0 30.89 20.03 0.00 1.82 9.04 0.31 31.57 0.36 0.00 0.00
5-wll-1-14 31.75 10.14 0.84 1.06 15.31 0.06 38.42 0.10 0.00 0.50
6-wll-1-18 28.98 12.20 1.65 2.92 11.07 0.00 38.22 0.26 0.00 0.21
8.5-W11-1-23 22.06 19.02 0.00 3.72 11.07 0.00 32.13 0.42 0.01 6.65
9-Wll-1-25 35.31 0.00 3.07 4.68 11.24 0.00 0.00 0.56 0.03 3.81
12-Wll-1-27 37.82 0.00 4.94 4.11 15.81 0.00 0.00 0.53 0.02
1.5-W13-1-S 40.09 0.00 3.60 1.34 11.92 6.08 0.00 0.15 0.00 1.66
2-W13-1-? 40.72 0.00 0.00 1 16 11.92 6.08 0.00 0.15 0.00 1.66
3-W13-1-10 34.62 0.00 0.00 2.12 8.62 2.24 0.00 0.32 0.00 1.33
2-W15-1-S '11.66 0.00 0.00 1.49 5.16 0.00 0.00 0.19 0.00 0.46
3-W15-1-7 28.83 0.00 1.08 9.61 13.95 0.25 0.00 0.88 0.00 4.45
5- 15-1-11 26.68 14.79 0.83 2.65 7.86 0.00 41.92 0.39 0.00 1.13
6-w15-1-15 22.43 11.86 1.65 2.09 16.49 0.83 42.69 0.29 0.00 0.42
7-W15-1-1? 36.37 0.00 1.60 3.62 5.58 0.00 0.00 0.42 0.00 1.37
9-W15-1-20 10.26 20.09 0.00 7.53 14.37 0.00 32.83 0.79 0.00 6.72
l1-W15-1-22 24.58 21.38 0.00 5.21 10.23 0.09 28.60 0.63 0.02 7.40
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Table 4.5 Mineral distributions in samples (continued).

Field No. ja mus IlY' smec ga sll chal all total IIi
l-wl-1-3.5 17.51 25.96 0.00 0.00 0.0007 0.0018 0.0032 0.0600 101 9.51
3-Wl-l-ll 0.00 46.88 5.86 0.00 0.0007 0.0013 0.0016 0.0810 99 5.86
5-Wl-1-16 12.64 38.87 0.00 3.59 0.0021 0.0019 0.0010 0.0400 100 4.04
6- 1-1-22 0.00 43.47 6.88 0.00 0.0014 0.0053 0.0017 0.1550 98 6.88
8-w3-1-21 16.66 23.42 0.00 0.00 0.0003 0.0019 0.0001 0.2500 101 7.34
l-w3-1-s 10.63 32.53 0.00 7.55 0.0003 0.0002 0.0001 0.2300 9.9 2.55
2-W3-1-7 15.12 39.01 0.00 3.24 0.0013 0.0005 0.0011 0.0690 101 3.96
4-W3-1-12 16.66 30.95 0.00 0.00 0.0005 0.0018 0.0023 0.1780 102 7.89
6-w3-1-19 10.17 44.43 0.00 0.00 0.0011 0.0058 0.0010 0.0750 100 4.35
8-W3-1-24 0.00 47.50 4.99 0.00 0.0005 0.0035 0.0011 0.0860 100 4.99
l-w5-1-s 9.50 0.00 0.00 4.79 0.0005 0.0004 0.0007 0.0600 100 2.55
3-w5-1-10 4.63 44.65 0.00 0.00 0.0002 0.0003 0.0002 0.0600 99 1.11
6-W5-1-24 19.05 41.47 0.00 0.00 0.0026 0.0006 0.0005 0.0630 101 4.57
.5-w7-1-s 12.39 30.21 0.00 0.00 0.0005 0.0006 0.0003 0.0600 100 2.97
l-w7-1-s 0.00 38.97 1.56 0.00 0.0001 0.0006 0.0001 0.0600 100 1.56
2-w7-1-s 3.36 0.00 0.00 0.00 0.0003 0.0001 0.0001 0.0200 98 0.80·
3-w7-1-8 4.07 0.00 0.00 0.00 0.0002 0.0001 0.0001 0.0500 98 0.98
3.5-W7-1-8 12.59 39.63 0.00 0.00 0.0003 0.0003 0.0001 0.1040 102 3.02
5-w7-1-17 5.86 36.56 0.00 0.00 0.0001 0.0002 0.0001 0.0500 98 1.40
7-W7-1-21.6 0.00 35.69 2.43 0.00 0.0001 0.0019 0.0005 10580 102 2.43
2-w9-1-4 3.63 33.29 0.00 3.24 0.0002 0.0003 0.0001 0.0200 97 0.87
3-w9-1-7 2.52 30.91 0.00 0.00 0.0001 0.0003 0.0000 0.1400 99 0.36
4-w9-1-10 2.19 0.00 0.00 0.00 0.0000 0.0002 0.0000 0.0600 99 0.52
5-w9-1-13 2.73 0.00 0.00 0.00 0.0001 0.0003 0.0000 0.0700 100 0.65
6-W9-1-16 0.00 0.00 0.09 0.00 0.0002 0.0003 0.0001 0.1840 97 0.09
l-wl - -s 7.74 0.00 0.00 0.00 0.0009 0.0003 0.0005 0.0500 98 1.86
2-wll-l-s 4.91 0.00 0.00 0.00 0.0004 0.0002 0.0001 0.0400 99 1.18
3-wll-1-7 3.60 0.00 0.00 0.00 0.0003 0.0001 0.0000 0.0300 97 0.86
4-wll-l-l0 5.99 0.00 0.00 0.00 0.0003 0.0001 0.0001 0.0400 100 1.56
5-wll-1-14 1.32 0.00 0.00 0.00 0.0000 0.0000 0.0000 0.0600 100 0.32
6-wll-1-18 4.14 0.00 0.00 0.00 0.0000 0.0000 0.0000 0.0700 100 0.99
8.5-W11-1-23 2.66 0.00 0.00 0.00 0.0002 0.0003 0.0001 0.3390 98 0.64
9-Wll-1-25 2.81 37.75 0.00 0.00 0.0002 0.0002 0.0001 0.2700 100 0.67
12-Wll-1-27 1.41 34.26 0.00 0.00 0.0002 0.0002 0.0001 0.2010 100 0.34
1.5-W13-1-S 0.00 36.03 1.57 0.00 0.0005 0.0003 0.0001 0.0810 103 1.67
2-W13-1-7 0.00 36.03 1.57 0.00 0.0002 0.0003 0.0002 0.1150 99 1.57
3-W13-1-10 9.46 41.54 0.00 0.00 0.0010 0.0004 0.0005 0.1040 100 2.27
2-W15-1-S 8.74 41.74 0.00 0.00 0.0005 0.0002 0.0004 0.0520 99 2.10
3-W15-1-7 10.72 32.45 0.00 0.00 0.0001 0.0002 0.0001 0.6100 103 2.57
5-w15-1-11 3.20 0.00 0.00 0.00 0.0001 0.0001 0.0000 0.1300 100 0.77
6-w15-1-15 1.61 0.00 0.00 0.00 0.0001 0.0001 0.0000 0.1200 100 0.38
7-W15-1-17 6.72 44.33 0.00 0.00 0.0004 0.0004 0.0002 0.2190 100 1.61
9-W15-1-20 7.09 0.00 0.00 0.00 0.0001 0.0003 0.0001 0.5520 100 1.61
l-W1S- -22 1.66 0.00 0.00 0.00 0.0002 0.0006 0.0001 0.2010 100 0.40



89

• quartz
• rutile
_galena

100

90

80

70

l 60

50

l' 40

30

20

10

0

• chlorite
IlIIrhodochrosite
• sphalerite

o albite
• siderite
o chalcopyrite

o microcline
• muscovite
• apatite

1-w1-1-3.5 3-W1-1-11 6-W1-1-225-W1-1-16

_jarosite • smectite o kaolinite o Fe-oxide • gypsum

• pyrite 1 o pyrite 2

100

90

80

70

i 60

50
>!, 400

30

20

10

0
1-w1-1-3.5 3-W1-1-11 5-W1-1-16 6-W1-1-22

Figure 4.5 % minerals from LPNORM calculation in well wI-I.



• chlorite
.. rhodochrosite
• sphalerite

o albite
• siderite
o chalcopyrite

D microcline
• muscovite
• apatite

• quartz
• rutile
• galena

100

90

80

70

60

t 50
"-, 40

30

20

10

0
1-w3-1-s 4-W3-1-12 6-w3-1-19 8-W3-1-242-W3-1-7

• jarosite • smectite o kaolinite D Fe-oxide • gypsum

• pyrite 1 D pyrite 2

100

90

80

70

i 60

50
:!!. 40,

30

20

10

0
S-w3-1-21 1-w3-1-s 2-W3-1-7 4-W3-1-12 6-w3-1-19 B-W3-1-24

Figure 4.6 %minerals from LPNORM calculation in well w3-1.

90



91

• quartz • chlorite o albite o microcline
• rutile • rhodochrosite • siderite • muscovite
_galena • sphalerite o chalcopyrite • apatite

100

90

80

70

I 60

50

~ 40

30

20

10

0
1-w5-1-s 3-w5-1-10 6-W5-1-24

• jarosite _smectite o kaolinite o Fe-oxide _gypsum
• pyrite 1 Cl pyrite 2

100
90

80
70

W 60e 50'E
~ 40•

30
20

10
0

1-w5-1-s 3-w5-1-10 6-W5-1-24

Figure 4.7 % minerals from LPNORM calculation in well w5-1.



_ quartz
_ rutile
_galena

100

90

80

70

! 60

50

0< 40

30

20

10

0

_ chlorite
.. rhodochrosite
• sphalerite

o albite
_ siderite
o chalcopyrite

Clmicrocline
_ muscovite
• apatite

.5-w7-1-S 1-w7-1-s 2-w7-1-s 3-w7-1-8 3.5-W7-1-8 5-w7-1-17 7-W7-1-
21.6

• jarosite _ smectite o kaolinite o Fe-oxide • gypsum
• pyrite 1 o pyrite 2

100 -

90
80
70.. 60i 50"e

"'"
400

30 .....~ -20

tii ~

...
10

Iiiii
1-

0 --.5-w7-1-s 1-w7-1·s 2-w7-1·s 3-w7-1-8 3.5-W7-1- 5-w7-1-17 7-W7-1-
8 21.6

Figure 4.8 % minerals from LPNORM calculation in well w7-1.

92



• chlorite
• rhodochrosite
• sphalerite

o albite
• siderite
o chalcopyrite

o microcline
• muscovite
• apatite

• quartz
• rutile
.galena

100

90

80

70

! 60

50

~ 40

30

20

10

0
2-w9-1-4 5-w9-1-13 6-W9-1-163-w9-1-7 4-w9-1-10

• jarosite • smectite o kaolinite o Fe-oxide • gypsum

• pyrite 1 Clpyrite 2

100

90

80

70

~
60

50
'E
~ 40e

30

20 -

10 ----0
2-w9-1-4 3-w9-1-7 4-w9-1-10 5-w9-1-13 6-W9-1-16

Figure 4,9 % minerals from LPNORM calculation in well w9-1,

93



94

• chlorite
III rhodochrosite
• sphalerite

o albite
• siderite
o chalcopyrite

o microcline
_muscovite
• apatite

• quartz
• rutile
• galena

100

90

80

70

I 60

50
>!. 400

30

20

10

0
1-w11-1- 2-w11-1- 3-w1'-1- 4-w11-1- 5-w11-'- 6-w11-1- 8.5-W11- 9-W11-1- 12-W11-

5 s 7 10 14 18 1-23 25 1-27

• jarosite • smectite o kaolinite o Fe-oxide _gypsum

• pyrite 1 o pyrite 2

100

90

80
70

W 60
~ 50'E
~ 400 =

30 =
20 - - - - =
10 =--- - - -n -

0
iIIIII _ _ - - t:::I D

1-w11- 2-w11- 3-w11- 4-w11- 5-w11- 6-w11- 8.5- 9-W11- 12-
1-8 1-8 1-7 1~10 1-14 1-18 W11-1- 1-25 W1,-, -

23 27

Figure 4,10 % minerals from LPNORM calculation in well wll-l.



95

• quartz .. chlorite o albite o microcline
.. rutile .. rhodochrosite .. siderite • muscovite
• galena .. sphalerite o chalcopyrite .. apatite

100

90

80

70

! 60

50
>'!., 40

30

20

10

0
1.5-W13-1-$ 2-W13-1-7 3-W13-1-10

.. jarosite .. smectite o kaolinite o Fe-oxide .. gypsum

.. pyrite 1 Cl pyrite 2

100

90

80

70

~
60

50'E
~ 40,

30

20

10

0
1.5-W13-1-S 2-W13-1-7 3-W13-1-10

Figure 4.11 % minerals from LPNORM calculation in well w13-1.
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A correlation coefficient (r2) matrix was constructed to evaluate the relationships

between mineralogy, elemental composition, and Her values. The; -values indicate the

correlation of two variables. Positive; -values mean two variables are positively

correlated, while the negative; -values means two variables are inversely correlated. The

correlation is more significant as coefficient values get closer to I. Table 4.6 shows the

correlation coefficient between minerals, and Appendix I show the correlation coefficient

of elements in each well with values higher than 0.5.

Pyrite (pi) was used for the correlation analyses because jarosite may form by

the weathering of pyrite. Correlation coefficients of 0.90 between sphalerite and

chalcopyrite, 0.95 between chalcopyrite and galena, and 0.84 between sphalerite and

galena, were found in soil samples, indicating the association of these sulfide minerals.

Kaolinite at the Waldorf mine dump was most likely produced from microcline

weathering, suggested by a correlation coefficient of 0.85.

Pyrite and jarosite are highly correlated, as shown by a correlation coefficient of

0.86, which supports the hypothesis that jarosite is formed as an oxidation product of

pyrite. A low correlation coefficients of 0.16 between jarosite and gypsum indicate that

sulfate from gypsum dissolution may be an unlikely control on jarosite formation. The

precipitation of jarosite also depends on the dissolution of feldspar to provide K+ ion as

shown in Equation 4.1.

K++ 3Fe3++ 2 sol- + 6 H20 -7 KFe3(S04 h(OH)6 (4.1)
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Table 4.6 Correlation relationships between minerals. The numbers in gray boxes show
the correlation coefficient higher than 0.6.

atz ka Fe-ox ch al avo mi ru rho
qtz 1.00 -0.51 -0.07 -0.38 -0.33 0.22 -0.55 -0.33 0.01
ka 1.00 -0.33 -0.15 0.07 -0040 0.85 -0.04 -0.19

Fe-ox 1.00 0.23 0.21 -0.15 -0.22 I 0.01 0.01
ch 1.00 0.36 -0.12 -0.17 0.72 0.24
al 1.00 -0.16 0.31 0.13 0.21
gyp 1.00 -0040 0.07 0.14
mi 1.00 -0.01 -0.06
ru 1.00 0.21
rho 1.00

si a mus smec s chal a
qtz -0.37 0.10 0.16 0.03 0.05 0.08 -0.37 0.12
ka 0.09 -0.07 -0.06 -0.21 -0.31 -0.23 -0.13 -0.31

Fe-ox 0.19 -0.28 0.00 -0.22 0.01 -0.11 0.65 -0.14
ch 0.60 0.08 -0.39 -0.30 -0.24 -0.29 0.68 0.20
al 0.37 -0.39 -0040 0.17 0.16 0.12 0040 -0041
gyp -0.07 0.16 0.24 0.16 0.12 0.14 -0.10 0.56
mi 0.08 -0.18 -0.01 0.21 0.15 0.17 -0.12 -0.34
ru 0.50 0.35 -0.11 0.01 -0.05 -0.08 0044 0.32
rho -0.07 -0.18 -0.10 0.16 0.32 0.14 0.32 -0.14
si 1.00 -0.13 -0.14 0.02 0.00 0.01 0047 0.09
ja 1.00 0.17 0.04 0.03 0.06 -0.09 0.86

mus 0.18 0.00 -0.04 0.02 0.06 0.63
smec 1.00 0.05 0.02 0.08 -0.19 0.04
ga 1.00 0.84 0.95 -0.28 -0.01
sph 1.00 0.90 -0.06 -0.08
chal 1.00 -0.32 -0.02
ap 1.00 0.19

1.00
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The degree of the weathering is indicated from Her values. Low Her value

indicates a high degree weathering of Fe-bearing minerals. Therefore, the sum of the

percent of jarosite and Fe-oxide is a measure of the degree of weathering. High

percentages of jarosite and Fe-oxide should correlate with low Her values. However, the

correlation coefficient between Her values and sum of percent jarosite and Fe-oxide is -

0.04. The value of the correlation coefficient indicates negative correlation, which means

low Her values with high percent of jarosite and Fe-oxide. However, the low value of

correlation coefficient is due to the complexity of the soil chemistry in the soil samples,

and the limitation of LPNORM calculations. Jarosite and Fe-oxide percents from

LPNORM calculations may be affected by other minerals having similar chemical

compositions, such as pyrite, siderite, and mica. These minerals occur in most samples

in this study.

Table 4.7 shows the correlation coefficient between minerals and elemental

composition of the solid mine waste. In addition, the entire data set for correlation

coefficient of elements in each well is in Appendix 1. The correlations of elements may

indicate similar processes involving the elements such as dissolution, precipitation,

substitution and adsorption on specific minerals found in the dump. High correlation

coefficient between minerals and elements indicates the possibility of similar sources or

processes involving the constituents in the material. Correlation coefficients higher than

0.5 are marked by gray filled boxes.
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A correlation coefficient of 0.76 between Mn and rhodochrosite indicates that Mn

is most likely incorporated in rhodochrosite. Rhodochrosite is the principal carbonate

mineral at the site, as shown in the high correlation coefficient of 0.67 to 0.97 between

carbonate and Mn in soil samples in some wells as shown in Appendix 1. Mn and Co are

significantly correlated with Fe-oxide, with correlation coefficients of 0.5 and 0.75,

suggesting that these two elements are co-precipitated or adsorbed by Fe-oxide. Fe and

V are correlated with rutile with the correlation coefficient of 0.58 and 0.72, respectively.

It is possible that Fe and V may from the similar process involving rutile such as the

substitution of Fe and V for Ti in rutile (Nesse, 2000). The correlation coefficient of

0.52 between Pb and jarosite supports the hypothesis that Pb may substitute or

coprecipitate with jarosite in soil sample.

Figure 4.13 shows that soil material in the Waldorf mine dump has a molar Fe:S

ratio of not more than 1:1. There is only one sample that has Fe:S equal to 1:2, which

corresponds to the stoichiometry of pyrite. Most soil samples in the dump therefore show

that Fe within the dump is not only from pyrite, but there are some other sources of Fe,

including Fe(OH)3 and jarosite. Alternatively, sulfate has been removed from the dump

at a greater rate than iron.

The high correlation of Fe and Ni in wells w9-l, wll-l, and w15-l corresponds

to substitution of Fe by Ni in pyrite (FeSz). Other elements such as Co, Cu, Mn, Ag, Pb,

Zn, and As, are found to be highly correlated with Fe. These elements have been

recognized to substitute in pyrite. Co, Cu, and Mn can substitute for Fe, while As can
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substitute for S (Nesse, 2000). Ag is an interstitial impurity, and Cu, Pb, Zn, and As are

inclusion impurities in pyrite (Philips and Griffin, 1987).

The correlation coefficients of 0.69 between pyrite and As, 0.70 between As and

chalcopyrite, and 0.64 between pyrite and Zn indicate that the possibility that As and Zn

may be associated with pyrite, chalcopyrite and sphalerite respectively. A high

correlation coefficient of 0.98 between Cd and sphalerite indicates Cd is substituted in

sphalerite.

A correlation coefficient of 0.57 between Hg and sphalerite also suggests Hg

produced from the similar mechanism as sphalerite oxidation or Hg might be a trace

element in sphalerite. Hg is a composition of cinnabar, a sulfide mineral. Even though

cinnabar is not reported as a mineral at the site, but cinnabar is a common mineral in

hydrothermal ore deposit, which is the ore type at the area. A correlation coefficient of

0.51 between Ag and galena, indicates a possible source of Ag in the dump material is

from galena (Nesse, 2000). Another Ag source may be pure silver, which is another

mineral that has been found in hydrothermal ore deposit.
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Table 4.7 Correlation coefficients between minerals and solid waste elemental
composition.

As loom) CQ21%) S(%) Ho (corn) AI(%) Ca(%) Fe 1%) KI%)

Qtz -0.04 0.14 0.18 -0.13 -0.28 -0.05 -0.18 -0.26
Ka -0.31 -0.18 -0.32 -0.20 -0.15 -0.35 -0.36 -0.11

Fe-ox 0.14 -0.18 0.00 -0.20 -0.11 -0.01 0.56 -0.13

Ch 0.11 0.19 0.08 0.13 0.00 0.29 0.59 -0.21

AI -0.51 -0.25 -0.44 -0048 -0.19 -0.20 -0.16 0.12

Gvo 0.61 0.31 0.50 0.75 0.28 0.75 0.16 -0.09

Mi -0040 -0.22 -0.45 -0.39 -0.21 -0.48 -0.53 0.20

Ru 0.28 0.11 0.28 0.30 0.08 0.48 0.58 -0.35

Rho 0.30 0040 0.14 0.49 0.12 0.21 0.18 -0.15

SI -0.11 0.19 -0.19 -0.14 -0.16 0.11 0.37 -0.36

Ja 0.17 -0.04 0.40 0.38 0.03 0.24 0.29 0.00

mus 0047 0.22 0041 0.47 0041 0.44 0049 0.08

smec 0.09 -0.14 0.04 0.17 -0.11 0.23 0.02 -0.19

Ga 0.42 -0.04 0048 0.53 0.43 0.22 0.21 0.19

So 0.70 0.49 0.52 0.57 0.22 0.51 0.30 -0.09

chal 0.71 0.19 0.67 0.55 0.13 0.50 0.36 -0.11

AD -0.01 -0.11 -0.02 0.26 -0.33 0.30 0.73 -0.30

oi- 0.69 0.27 0.83 0.52 0.12 0.62 0.50 -0.15

Mol%) Nal%) PI%) Ti ('101 Aa loom) Sa (oorrn Cd (corn) Ce (nom)

Qtz -0.35 -0.32 -0.37 -0.29 0.30 0.15 -0.08 -0.25

Ka -0.19 0.09 -0.12 -0.05 -0.34 0.35 -0.23 -0.16

Fe-ox 0.18 0.10 0.59 0.02 -0.20 -0.01 0.07 0.18

Ch 0.95 0.26 0.64 0.63 -0.27 -0.24 0.24 0.57

AI 0.19 1.00 0.33 -0.14 -0045 0.07 -0.34 0.16

Gvo -0.08 -0.34 -0.16 0.12 0.28 -0041 0.41 0.24

Mi -0.28 0.35 -0.11 -0.30 -0.38 0.27 -0.30 -0.29

Ru 0.82 -0.13 0042 0.98 -0.12 -0.19 0.21 0.62

Rho 0.32 0.01 0.07 0.34 -0.10 -OW 0.42 0.51

Si 0.55 0.31 0.59 0.30 -0.35 0.05 -0.05 0.36

Ja 0.09 -0.44 -0.08 0.32 0040 -0.15 0.06 0.06

mus 0.24 -0.34 0.07 0.22 0042 -0.37 0.35 0.23

smec -0.16 -0.37 -0.07 0.14 0.35 0.14 -0.12 -0.05

Ga -0.06 -0.52 -0.23 0.16 0.51 -0.32 0.32 -0.03

So 0.26 -0.42 0.07 0.23 0.23 -0044 0.98 0.33

chal 0.03 -0.53 -0.07 0.14 0.30 -0.34 0.52 0.28

AD 0.60 0.28 1.00 0.32 -0.24 -0.07 0.15 0.51

oi- 0.16 -0.59 0.00 0.35 0.33 -0043 0.63 0.31
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Table 4.7 Correlation coefficient between minerals and solid waste elemental
compositions (cont'd).

Co loom) Cr loom) Cu loom) Eu loom) Ga loom) La loom) Li loom) Mn loom)

Qtz -0.18 -0.18 0.08 -0.37 -0.16 -0.24 -0.36 -0.04

Ka -0.20 -0.17 -0.20 0.36 0.10 -0.18 -0.08 -0.27

Fe-ox 0.75 0.30 -0.03 -0.06 0.03 0.09 0.12 0.50
Ch 0.46 0041 0.00 0.33 -0.08 0.56 0.74 0047

AI 0.19 -0.31 -0.51 -0.01 0.25 0.18 0.08 0.07

GVP -0.11 0.30 0.56 0.25 -0.18 0.21 -0.05 0.02

Mi -0.20 -0040 -0.36 0.06 0.19 -0.27 -0.22 -0.30

Ru 0.18 0047 0.14 0.27 -0.31 0.68 0.77 0.28

Rho 0.26 0.23 0.26 -0.14 -0.34 0040 0.37 0.76
Si 0.47 0.38 -0.23 0.10 -0.19 0.27 0.62 0.45

Ja -0.21 0.17 0040 0.13 -0.11 0.11 0.04 -0.20

mus 0.18 0.36 0.35 -0.18 -0.10 0.23 0.18 0.28

smec -0.17 0.04 0.05 -0.19 -0.28 0.01 0.04 -0.19

Ga -0.12 0.33 0046 -0.11 0.19 -0.01 -0.04 -0.04

So 0.24 0040 0.57 0.09 -0.21 0.27 0.16 0.47

chal 0.07 0.44 1.00 0.32 -0.27 0.19 0.05 0.18

Ao 0.82 0.35 -0.07 0.27 -0.18 0.41 0046 0.53

o.J 0.04 0.45 0.86 0.31 -0.31 0.28 0.06 0.14

Mo loom) Nb loom) Ndloom) Ni loom) Pb (com) Se (oorru Sr tcorm Th(oom)

Qtz 0.11 -0.19 -0.23 -0.17 0.03 -0.20 -0.46 -0.29

Ka -0.14 0.05 -0.09 -0.16 -0.21 -0.20 0.01 -0.17

Fe-ex -0.05 -0.16 0.03 0.06 -0.19 0.25 0.06 0.61

Ch -0.21 0.08 0.51 0.58 -0.15 0.63 0.75 0.53

AI -0049 -0.25 0.07 0.06 -0.52 -0.33 0.51 0.31

Gvo 0.28 0.12 0.30 0.23 0.39 0.12 -0.25 0.03

Mi -0.21 -0.16 -0.26 -0.21 -0.35 -0046 0.04 -0.20

Ru -0.13 0.35 0.63 0.43 0.11 0.78 0.59 0.31

Rho -0.22 0.20 0040 0.30 0.02 0.32 0.08 0042

Si -0.29 0.02 0.28 0.37 -0.33 0.21 0.49 0.51

Ja 0.34 0.23 0.15 -0.02 0.52 0.32 0.04 -0.18

Mus 0.26 0.17 0.19 0.20 0.41 0.44 -0.08 0.16

smec 0.13 0.06 0.00 -0.09 0.19 -0.03 -0.16 -0.18

Ga 0.60 0.33 -0.04 0.07 1.00 0.30 -0.23 -0.15

So 0.17 0.09 0.33 0.46 0042 0.36 -0.06 0.26

chat 0.45 0.25 0.33 0.25 0046 0.35 -0.24 0.22

Ao -0.21 -0.17 0.39 0.32 -0.23 0.30 0.66 0.78

Dv2 0.34 0.23 0.39 0.20 0.52 0047 -0.09 0.12



104

Table 4.7 Correlation coefficient between minerals and solid waste elemental
compositions (cont'd).

V (nom) Y (oom) Yb toorm Zn (oom) Sb (oorrn G(%)

Qtz -0.32 -0.16 -0.06 0.05 ·0.11 ·0.39

Ka ·0.10 -0.06 -0.10 -0.31 0.37 0.27

Fe-ox 0.10 0.02 0.00 0.02 ·0.32 ·0.16

Ch 0.54 0.37 0.22 0.24 ·0.15 0.40

AI -0.21 -0.10 -0.22 -0.39 -0.37 0.21

GvP -0.06 0.35 0.38 0.49 0.11 -0.11

Mi -0.27 -0.25 -0.30 -0.37 0.04 0.15

Ru 0.72 0.38 0.15 0.22 0.31 0.30

Rho 0.10 0.28 0.24 0.43 0.23 0.22

SI 0.14 0.12 0.13 -0.04 -0.36 0.80

Ja 0.35 0.18 0.09 0.09 0.50 -0.14

Mus 0.30 0.19 0.28 0.42 -0.18 -0.21

Smec -0.05 -0.13 -0.17 -0.06 0.01 -0.17

Ga 0.47 0.06 0.20 0.42 0.73 -0.12

So 0.16 0.44 0.46 1.00 0.31 0.01

Chal 0.12 0.50 0.49 0.57 ". 0.44 -0.08

AD 0.22 0.27 0.16 0.07 -0.04 0.32

oif 0.28 0.52 0.44 0.64 0.47 -0.15
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Figure 4.13 Mole ratios of Fe and S in the Waldorf mine dump material.

4.3 Summary

The Waldorf mine dump is chemically and physically heterogeneous. Particle

size distribution of the material was investigated to assess of air and groundwater

permeability III the dump, while mineralogy and elemental composition provide the

background for understanding geochemical reactions. The color distribution can be used

as the indication of the degrees of weathering of Fe-bearing sulfide minerals within the

dump. The particle size distribution in the dump material was classified as gravel-poor
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(10-49% gravel, and 1-6% fines), intermediate (50-65% gravel, and 1-6% fines), gravel-

rich (66-81% gravel, and 1-6% fines), and clay-rich (10-50% gravel, and 7-12% fines).

Random and irregular patterns of particle distribution are found in both trends. A layer of

clay size-rich material was found in the middle of the dump in trend A, which may act as

a barrier for the gas transport into the dump. The intermediate material was the dominant

material in trend B.

Staining of Fe-oxide III core samples was recognized by color, which was

monitored by Her values. The Her values range from 11.25 to 175 in the mine waste

material, and Her value in the native soil is 40. Fe-oxide staining in trend A was

indicated various degree of weathering of the dump material in this trend, while only the

medium Fe-oxide staining was indicated in trend B, indicating sufficient oxygen IS

flowing into the dump in trend B for the weathering of Fe-bearing minerals. The wood

piling used to protect the south dump slope surface in trend B allows more air to enter the

dump at the southeast slope surface

The primary minerals found in the Waldorf mine dump are quartz, mica, K-

feldspar, plagioclase, pyrite, chalcopyrite, galena, sphalerite, and chlorite, and the

secondary minerals are jarosite, gypsum kaolinite, smectite, and Fe-oxide, Percent

mineral distributions in each sample were calculated using LPNORM. The matrix of

correlation coefficient between minerals, elements, and minerals with elements, indicated

the possibility of the association between minerals and elements, involving dissolution,

precipitation, substitution and adsorption.



107

The correlation coefficient shows that sulfide minerals within the dump, such as

pyrite, sphalerite, chalcopyrite, and galena, are indicated to come from similar sources or

processes. Pyrite is not only a source of Fe in soil samples, but there are some other

sources which are Fe(OHh and jarosite. Jarosite is formed as an oxidation product of

pyrite and Pb may substitute or coprecipitate with jarosite in soil sample. Mn is most

likely incorporated in rhodochrosite, and Mn may be co-precipitated or adsorbed by Fe-

oxide. Kaolinite is most likely a product of microcline weathering.
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CHAPTER 5.0

HYDROLOGICAL SYSTEM

This chapter presents the results from field investigations of water levels and

hydraulic conductivity. The information is important in evaluating the movement of

groundwater, and in developing a model of groundwater flow using the groundwater

model MODFLOW and calculating the residence times using MODPATH.

5.1 Investigation of the Regional Groundwater System and Groundwater Flow in the

Waldorf Mine Dump

The hydrologic system at the site affects the chemical evolution of groundwater in

the Waldorf mine dump, because water can act as reactant and transport medium. Water

is a reactant in the oxidation of pyrite and other sulfide minerals, which may produce acid

mine drainage. However, when the soil is saturated, oxidation reactions may be limited

because water acts as a barrier for air movement into the dump. The products from

oxidation reactions may be transported via the groundwater system. The hydrology of

the Waldorf mine dump is dominated by the regional groundwater flow system and

precipitation.
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5.1.1 Climatology and Regional Hydrology

The regional groundwater system provides water that flows just below the soil

surface of Mt.McClellan. Recharge is mainly in the high elevation area north and west of

the site, and discharge IS III the low elevation area including the wetland and

Leavenworth Creek, which IS used as the domestic water supply for the city of

Georgetown. The Waldorf mine dump is sited on the south-facing slope of Mt.

McClellan, and the regional groundwater system may flow through the dump.

Seasonal change at the site affects the regional groundwater flow rate, which in

tum may affect the amount of water that flows into the dump. The climate in Colorado is

considered semi-arid, and climate data (maximum and minimum temperature, average

total snow fall, average total precipitation, etc.) in Georgetown, were retrieved from the

websites of the Western Regional Climate Center (www.wrcc.dri.edu) and World

Climate (www.worldclimate.com). The average maximum and minimum temperatures,

as well as average total snowfall in Georgetown, Colorado, are shown in Table 5.1.

Monthly average total precipitation and daily snowfall averages and extremes are shown

in Figures 5.1 and 5.2. Generally, snow covers the mountain peaks in winter, and

summer in the mountains is cool. Snowmelt in spring and summer causes high runoff in

Leavenworth Creek as shown in Figure 5.3. The discharge of Leavenworth Creek may

serve as an approximation of recharge at the site, which is greatest during the armual

spring snow melt and runoff, and decreases throughout the summer and fall, except
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during rain storm events in July and August. High average rainfall during July and

August causes the second highest runoff in the creek during those months (Table 5.2).

Table 5.1 Monthly climate summary at Georgetown, Colorado from 8/1/1948 to
12/31/2000.

I 1~~B~~~~~~~EJBIAnnUall
Average BBBBBBBBBBBBGMax.
Temperature
(F)
Average Min.BBBBBBBBBBBBGTemperature
(F)
Average BBBBGGGGGGBBGTotal
SnowFall
(in.)

(From: http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?cogeor)
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GEORGETOWN, COLORADO (053261)
Period of Record : 81 1/1948 to 12/31/2888
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- Average precipitation recorded for the month.

Figure 5.1 Monthly average total precipitation at Georgetown, Colorado, from 8/1/1948
to 12/3112000 (From: http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?cogeor)
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GEORGETOWN, COLORADO (053251)
Period of Record : 81 1/1948 to 12/31/2000
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- Extreme is the greatest daily snowfall recorded for the day of the year.
- Average is the average of all daily snowfall recorded for the day of the year.

5

Figure 5.2 Daily snowfall averages and extremes at Georgetown, Colorado, from
8/1/1948 to 12/31/2000. (From: http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?cogeor)
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Table 5.2 Average rainfall at Georgetown, Colorado, from 22 complete years between
1948 and 1995

Source: derived from NCDC Cooperative Stations

(From: http://www.worldclimate.com/cgi-bin/data.pl?ref=N39W 105+2200+053261 Cl
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5.1.2 Waldorf Dump Hydrology

There are three different ways for groundwater to flow into the dump (Figure 5.4).

First, groundwater discharges at the portal and flows over the dump surface and this

water might percolate down into the dump from the surface. Second, regional

groundwater flows beneath the portal and in the native soil and then may enter the mine

waste material from below. The groundwater may also flow from fractures in bedrock

beneath the native soil, flowing upward and discharging into the native soil. Third,

precipitation (rain, snow, hail, etc) on top of the dump surface may infiltrate and provide

another source of water in the dump.

Regardless of the source, water may flow within the dump in different channels

due to heterogeneity of the dump material. Over the length of its flow path, the water

may react with both the primary and secondary minerals within the dump, and will

eventually introduce the reaction products into the groundwater system at the base of the

dump.

From occasional winter observations of snow pack, there was no snow

accumulation on top of the dump due to high wind activity. Therefore, the water from

the snowmelt on the dump surface may be a minor component of the recharge at the

dump surface. Even though snow was blown to the portal area, indicating that wind fills

the topographic depression at the portal area, the volume of water released from the snow

packed in the portal is insignificant. Any snowmelt water flows over the dump surface

along the two drainage trends and then percolates into the dump. The water from
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snowmelt at the portal area may filtrate into the dump. Snowmelt of the snow packed on

the mountainside is a recharge source for the shallow groundwater contributing to the

regional groundwater.

Bedrock

Figure 5.4 Three possible sources of groundwater in the Waldorf mine dump,
representing with numbers, the following: I) groundwater discharges at the portal and
flows over the dump surface, 2) regional groundwater flows beneath the portal and
directly flows in the native soil, and is augmented by flow from fractures in bedrock
beneath the native soil, 3) precipitation.
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Groundwater discharge may occur at the wetlands located on the downslope edge

of the dump because the Waldorf mine dump lies at the sharp slope break of Mt.

McClellan toward Leavenworth Creek. Furthermore, it is possible that the dump was

deposited on top of the wetland. This possibility was supported by observations of the

soil material from drilling, which shows that the soil material underneath the mine waste

material is similar to wetland material. Regional groundwater discharging at the base of

the dump may act as a dilution agent as well as a source of dissolved oxygen to oxidize

sulfides within the dump.

The amount of precipitation is a lot lower than the amount of water from the

regional groundwater system. The Colorado Department of Public Health and

Environment reported the flow rate of discharge from the portal at 0.25 ft3 Is (about 2xl04

ft3 Id). Higher rain fall occurs at the site during July and August, with a mean monthly

precipitation in Georgetown, CO, in July and August 1999, of about 4 inches

(http://www.wrcc.dri.edu/cgi-binicliMAIN.pl? cogeor) or about 0.01 ft/d. Thus, the

recharge at the site is about Ixl03 ft3 Id, over the dump surface (200 ft width and 500 ft

length). Therefore, the amount of precipitation is about 20 times less than the amount of

water discharging from the portal and flowing over the dump surface.
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5.2 Field Investigation of Hydraulic Conductivity Measurement

Hydraulic conductivity is a soil or rock property that allows fluids to move

through the material (Fetter, 1994). The hydraulic conductivity was determined only in

the saturated zone in this study. Field slug tests made using a pressure transducer were

performed to determine the hydraulic conductivities in the saturated zone at the Waldorf

mine dump. The results of slug tests in all wells are shown in Figure 5.5.

The slug test in well W7-I was reproduced to confirm the precision of the test.

The results of both performances, which are shown as well W7-I a and W7-I b in Figure

5.4, are the same. The calculated hydraulic conductivities derived from the duplicated

test are shown in Table 5.3.

The ratios of head drop (H) to the initial head (Ho) from the slug test measurement

were graphed to indicate the time taken for the hydraulic heads to drop to 37% of the

starting head (To). The data, as well as known radius of inner well casing (r = 0.04 ft),

radius of the well screen (R=0.19ft), and the length of the well screen (Le), were used to

calculate the hydraulic conductivities using Equation 3.1. The hydraulic conductivity in

saturated zone in each well is shown inTable 5.3.
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Figure 5.5 Slug test results in wells in the Waldorf mine dump.
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Figure 5.5 Slug test results in wells in the Waldorf mine dump (continued).
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Figure 5.5 Slug test results in wells in the Waldorf mine dump (continued).
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Figure 5.5 Slug test results in wells in the Waldorf mine dump (continued).
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Figure 5.5 Slug test results in wells in the Waldorf mine dump (continued).
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Figure 5.5 Slug test results in wells in the Waldorf mine dump (continued).
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Table 5.3 Hydraulic conductivities of material in the Waldorf dump in saturated
zone. (L, is effective length of the well screen; To is the time taken from the hydraulic
head drop to 37% of the starting head; and K is hydraulic conductivity)

Wells Le (ft) To (sec) K (ft/d)

wl-I 2.5 4680 0.02

w2-1 2 52 2

w3-1 I 15 8

w3-2 2 10 9

w5-1 2.5 16 5

w5-2 2 47 2

w7-la 2.5 8 10

w7-lb 2.5 8 10

w7-2 2 65 I

w9-1 2 91 0.1

w9-2 2 10 9

wll-I 3 N.D. N.D.

wll-2 I 52 2

w15-1 3 69 0.1

5.3 Field Investigation of Water Level Measurement

Water level measurements provide information on groundwater fluctuation with

space and time. These variations of water table, in turn, can be used to estimate the

direction of groundwater flow, which is important in evaluating the potential for chemical
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constituents to move within the dump. The water level measurements can also be used

to calibrate the groundwater model, which will increase its accuracy. Water level

measurements in all wells are shown in Table 5.4. There are no data in well w7-2

between 6/27/99 and 7/25/99 because the bailer got stuck during this time. Therefore, the

water sounder could not be lowered into the well. The water levels were not measured in

well w l 1-1 (6/29/99), and wll-2 (between 6/13/99 and 7/8/99, between 9/5/99 and

9/18/99, and 11113/99). The fluctuations of groundwater in mine waste and in native soil

in all wells in trends A and B are shown in Figures 5.6 to 5.9, respectively.

In trend A, water levels in the native soil have more fluctuation than those in the

mine waste. Water levels in wells Wl-I and W9-1, which are located close to the edge

of the dump and near the portal, respectively, as shown in Figure 3.2, have higher

fluctuations compared to the others. Water levels in both wells generally decreased with

time from June to November 1999, and the fluctuation of both wells was about 4 feet.

Except for well W9-1, the fluctuation decreased away from the external edges of the

dump. In other words, the fluctuation observed in well W3-1 was lower compared to

well WI-I, and the water level was stable in wells W5-1 and W7-1. The groundwater

level in the mine waste in trend A shows that the water level in well W9-2 has the highest

fluctuation compared to other wells. The water level in this well decreased from June to

mid-July, and started to increase from mid-July to early August. Then, it became stable.

The water level fluctuation in this well was about 4 feet. Water level fluctuation of well

w9-2 located closed to the portal may effect from the water discharging from the portal.
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It is possible that the wells close to the portal get a large amount of their water from the

portal, and the wells further from the portal get an increasing proportion of their water

from upward flow from the native soil or from bedrock fractures.

Table 5.4 Water level measurements (feet below surface).

6/13/99 6/19/99 6/27/99 6/29/99 7/5/1999 7/8/1999 7/15/99
W1-1 26.8 27.9 28.0 27.3 28.5 27.6 27.8
W2-1 28.8 28.9 28.8 - 28.9 28.9 28.9
W3-1 24.0 23.7 23.6 23.6 23.5 23.6 23.7
W3-2 27.4 27.4 27.5 27.5 27.5 27.5 27.5
W5-1 23.1 23.1 23.2 23.1 23.2 23.1 23.0
W5-2 23.3 23.5 23.5 23.5 24.3 23.5 23.5
W7-1 20.1 20.0 20.0 20.1 20.1 20.1 20.1
W7-2 20.3 20.3 - - - - -
W9-1 7.9 7.6 8.2 8.2 8.7 8.9 9.9
W9-2 10.7 12.0 12.4 13.8 13.8 12.5 13.7
W11-1 23.0 28.4 28.3 - 28.2 27.5 27.8
W11-2 - - - - - - 22.9
W13-1 22.3 21.7 21.7 21.9 20.8 23.4 23.6
W15-1 19.7 19.8 19.8 19.8 21.9 19.9 19.9
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Table 5.4 Water level measurements (feet below surface) (continued).

7/19/99 7/22/99 7/25/99 8/1/99 8/3/99 8/8/99 8/11/99
Wl-l 29.0 28.8 27.5 29.0 28.6 27.6 28.6
W2-1 28.9 28.9 28.9 28.9 28.9 28.9 28.9
W3-1 23.8 23.9 24.0 24.1 24.0 23.9 23.8
W3-2 28.6 27.5 27.5 27.6 27.5 27.6 27.6
W5-1 23.0 23.0 23.0 23.1 23.0 23.0 23.0
W5-2 23.5 23.5 23.5 23.5 23.5 23.5 23.5
W7-1 20.1 20.1 20.1 20.1 20.1 20.1 20.1
W7-2 - - - 20.4 20.3 20.4 20.4
W9-1 10.2 10.6 10.7 10.7 10.9 10.4 10.2
W9-2 13.8 12.6 12.6 12.6 11.9 12.5 12.5
Wll-l 27.0 27.7 27.0 25.7 26.6 23.3 23.1
Wll-2 23.1 23.3 23.4 23.5 23.8 23.7 23.7
W13-1 dry dry dry dry dry dry dry
W15-1 19.9 19.9 19.9 19.9 19.9 19.9 19.9

8/15/99 8/18/99 9/5/99 9/18/99 10/2/99 10/27/99 11/13/99
Wl-l 28.3 28.1 28.1 27.6 28.0 28.1 28.0
W2-1 28.9 28.9 28.9 28.9 28.8 28.9 28.8
W3-1 23.8 23.7 25.4 25.7 25.9 25.8 25.9
W3-2 27.6 27.6 27.6 27.6 27.6 27.6 27.6
W5-1 23.0 23.0 23.0 23.0 23.0 23.0 23.0
W5-2 23.5 23.5 23.4 23.4 23.4 23.4 23.4
W7-1 20.1 20.1 20.2 20.1 20.1 20.0 20.1
W7-2 20.3 20.3 20.3 20.3 20.4 20.2 20.3
W9-1 10.1 10.2 11.2 11.4 10.1 11.1 11.1
W9-2 12.4 12.5 12.6 12.6 12.5 12.5 12.5
Wll-l 23.1 23.1 23.1 23.1 23.1 23.1 23.1
Wll-2 24.2 23.6 - - 22.9 22.9 -
W13-1 dry dry dry dry dry dry dry
W15-1 19.9 19.9 19.9 19.9 19.9 19.9 19.9
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G'oundwater Lewl in Native Soil in Trend A
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Figure 5.6 Groundwater level in native soil in trend A.
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Groundwater Level in Mine Waste in Trend A
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Figure 5.7 Groundwater level in mine waste in trend A.
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Groundwater Level in Mine Waste in Trend B
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Figure 5.9 Groundwater levels in mine waste in trend B.

In trend B, Well W11-1 had the highest water level fluctuation in native soil. The

water level in this well fluctuated about a foot through this study. Well W13-1 was dry

from mid-July to November. Water levels in well W15-1 seem to be stable. The water

level in well wll-2 was measured from mid-July to August, 1999, in which the water
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level fluctuation in this well was about a foot. However, there is lower fluctuation in

water levels in both native soil and mine waste in trend B than trend A.

5.4 Hydraulic Conductivities of Dump Material in the Saturated Zone

Hydraulic conductivities in the Waldorf mine dump material show the

heterogeneity of the material. Generally, mine waste material, which is from rock

excavation, is expected to have a higher hydraulic conductivity in the vadose zone due to

the larger grain size of the material compared to that of the native material, which is

mostly clay sized.

Figure 5.10 shows the comparison of hydraulic conductivities in saturated zone in

paired wells in the following borehole clusters, including w3, w5, w7, and w9. The data

shows that the mine waste material in well w5-2 and w7-2 has lower hydraulic

conductivity values than the native soil in well w5-1 and w7 -1. This may be due to

poorly sorted mine waste material at these two wells, with finer particle material filling

between larger particles. The lithology and stratigraphy of the Waldorf mine dump in

trend A (Figure 4.1 and 4.3), shows that gravel-rich material is present close to the base

of the dump. Therefore, it is a possibility that the gravelly material, which is located

above the bedrock, may be present in the native soil at these two wells. Unlike the

material in wells w5 and w7, the hydraulic conductivities in the native soil and mine

waste in well w3 shows that the two materials have the similar hydraulic properties. Well
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w9 shows that hydraulic conductivities in the mine waste are higher than in the native

soil.
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Figure 5.10 Hydraulic conductivities of material in paired wells

5.5 Groundwater Flow System

The original hypothesis was that water from the portal is the main source for

groundwater within the dump, and the groundwater may flow in the dump along flow

paths corresponding to trends A and B. Therefore, groundwater level measurements were
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used to examine temporal trends of water levels from wells in cluster w9 to wi in trend A

and from w9 to wll in trend B. Groundwater levels in trend A in the native soil include

wells w9-1, w7-1, w5-1, w3-1, and wI-I, and groundwater levels in trend A in the mine

waste include wells w9-2, w7-2, w5-2, w3-2, and w2-1. Groundwater level in trend Bin

the native soil include wells w9-1, wI5-1, w13-1, and wl 1-1, and the groundwater levels

in trend B in the mine waste includes wells w9-2 and wll-2. Figure 5.11 shows an

example of trends of water level using the data of October 27, 1999, to represent the

water level trends typical of all dates. The result from this investigation shows that the

groundwater in the Waldorf mine dump flows away from the mountain front and may

flow toward Leavenworth Creek.
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Figure 5.11 Water levels in mine waste and in native soil (10/27/1999) in trends A and B.
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In trend A, a higher water table in native soil was found compared to the water

table in the mine waste indicating a higher pressure in the native soil. This evidence

supports the interpretation that regional groundwater may discharge from the native soil

beneath the dump, and flow into the base of the dump. The water levels in the native soil

in trend A were much higher near the portal (w9-1) and the edge of the dump (wI-I)

compared to other wells of this trend. This evidence suggests that the water levels in

both wells were affected by recharge of regional groundwater at the base of the dump.

The groundwater level in trend B in well WI I-I, which is located near the

southeast edge of the dump, shows the highest water level fluctuation on this trend. Less

significant upward flow in trend B was observed which was supported by a smaller

difference between water levels in mine waste (wI 1-2) and native soil (wll-I) of wells

near the edge of the dump on this trend and lower water levels in native soil than in mine

waste material.

5.6 Temporal Characteristics of Groundwater

Temporal variation in groundwater in trend A is shown in Figure 5.12. The

water levels of groundwater in the native soil (blue boxes) are higher than water levels in

the mine waste material (purple boxes) for the whole period of this study. However,

water levels in the native soil in the well close to the portal (w9-1), the well about half
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way between middle and edge of the dump (w3-l), and the well close to the edge of the

dump (w l-I), were much higher than water levels in the mine waste material compared

to wells in other clusters in this trend. Of these three wells (w9-l, w3-l, and w l-I),

water levels in w9-l was the highest fluctuation.

There are two possible factors causing the water levels of groundwater in the

native soil to be higher than water levels in the mine waste material in trend A; first,

variable groundwater fluxes from groundwater flowing upward from bedrock fractures

discharging into the native soil, and second the distribution of hydraulic conductivities in

saturated zone in both mine waste material and native soil. It is possible that a high

fluctuation of the flux of groundwater discharge from bedrock fractures may account for

the high fluctuation of water level in well w9-1. Even though water levels in the native

soil were higher than water levels in the mine waste material in all well clusters in trend

A, the difference of water levels in mine waste material and the native soil in each paired

wells may be controlled by the distribution of hydraulic conductivities.

Hydraulic conductivities in the saturated zone in both mine waste material and

native soil in trend A as shown in Table 5.3, show that higher values of hydraulic

conductivities are found in the mine waste material relative to the native soil in those well

clusters having water levels in the native soil much higher than water levels in the mine

waste material (w l , w3, and w9). On the other hand, higher values of hydraulic

conductivities are found in the native soil relative to those in the mine waste material in

well clusters having no significant different of water levels in both the native soil and in
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the mine waste material (w5 and w7). The evidence shows that the distributions of

hydraulic conductivities in the dump affect the difference of water levels in mine waste

material and the native soil in each of the paired wells.

Seasonal variation may control the flux of groundwater flowing upward from

bedrock fractures discharging at the native soil. The water levels in the native soil in the

well close to the portal (w9-1) were higher after snowmelt and during the rain event,

indicating that more water flows in the dump then. However, there is no significant

change of water levels in mine waste after snowmelt and during the rain event in all

wells. Therefore, the amount of the water from snowmelt and water from the

precipitation may not be high enough to change water level in mine waste, or the mine

waste is so hydraulically conductive that the transient recharge from the snowmelt and

rain does not lead to a long-lived change in water level.

5.7 Summary

There are three different possible sources for groundwater to flow into the dump;

1) groundwater discharging at the portal; 2) regional groundwater flowing in the native

soil and also flowing from fractures in bedrock beneath the native soil; and 3)

precipitation.

The original hypothesis of this investigation was that, groundwater discharging at

the portal is the main source of groundwater within the dump. However, remediation

activities for the Waldorf mine dump by the US Forest Service (USFS) conducted in June
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2002, show that groundwater discharging at the portal may not be the most important

source of water in the dump. Details of the remediation will be described in chapter 8.

Generally, the remediation was based on the idea that water discharging at the portal was

the main source of water. USFS diverted the water discharging at the portal to the side of

the dump, with the expectation of seeing decreasing water levels in wells. However, no

significant change occurred to the water levels in the Waldorf mine dump after two

months of the diverting the water from the portal. Another line of evidence suggesting

that groundwater discharging at the portal is not the main source comes from results from

MODPATH described later in chapter 8 that shows the travel time of water particles from

the portal to seep is less than two months. Thus, if water discharging from the portal is

the main source of groundwater within the dump, water levels would decrease

significantly and wells would be dry within two months.

Precipitation due to rain storm events and snowmelt affects significantly the water

levels only in the native soil in the well close to portal (w9-1). The amount of the water

from the precipitation is insufficient to change the water levels within the Waldorf mine

dump. Regional groundwater flowing in the native soil and also flowing upwards from

fractures in bedrock beneath the native soil should be the primary source of the

groundwater within the Waldorf mine dump, as supported by the higher water levels in

the native soil than in the mine waste material in trend A. The distribution of the

hydraulic conductivities of the dump material also is a factor controlling water levels

within the dump.
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The hydraulic conductivities in the native soil range from 0.02 to 10 ft/d.

Hydraulic conductivities in the native soil and mine waste were similar in the pair of

wells at w3. Higher hydraulic conductivities were found in the native soil than in the

mine waste in wells w5 and w7, but lower hydraulic conductivities in the native soil

versus mine waste were found in the wells at w9.

Groundwater in the Waldorf mine dump flows away from the mountain front and

toward Leavenworth Creek. Groundwater levels varied with time in trend A, in response

to transient events such as snowmelt, during which the water level in the native soil was

high. Greater fluctuation of groundwater levels was found in the native soil compared to

the mine waste material. However, groundwater levels in the native soil of the wells w9-

I (close to the portal), w3-1 (about halfway between middle and edge of the dump), wl-

1 (close to the edge of the dump, were much higher than water levels in the mine waste

material compared to other wells.

Groundwater within the dump is an important factor controlling the geochemical

mechanisms within the dump, in which groundwater may act as reactant or transport

media. To understand geochemical mechanisms within the Waldorf mine dump, the

groundwater system within the dump is the crucial factor to be investigated. Water level

measurements and hydraulic conductivities of the dump material will be used for the

investigation of groundwater movement using numerical model MODFLOW and

MODPATH.



144

CHAPTER 6.0

TEMPERATURE DISTRIBUTION

The primary heat sources within the Waldorf mine dump include solar energy, the

exothermic reaction of pyrite oxidation, and the heat from the advection of air. Solar

energy affects the temperature at the dump surface, and this heat decreases with depth.

The heat produced from the exothermic pyrite oxidation reaction may cause hot spots

within the dump. The advection of air due to wind activity draws outside air into the

dump. The temperature effect of the outside air depends on seasonal variation: cold air

flows into the dump during winter and warm air flows into the dump during summer.

Temperature profiles can be used to identify sites with significant rates of pyrite

oxidation because hot spots, or thermal anomalies are created by the exothermic reaction.

Anomalous temperatures in some areas are an indication of possible acid-producing sites.

The uneven temperature distribution within the dump may initiate thermal air convection,

which in tum may control oxygen supply for pyrite oxidation.

The physical and chemical properties of the dump material as well as the

hydrology within the dump affect the temperature profile within the dump. The air

permeability of the dump material controls the amount of oxygen which can flow through

the dump. Areas having a higher abundance of sulfides may have elevated temperatures
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if conditions allow oxidation to occur. Groundwater flow within the dump may transfer

and redistribute heat from areas of pyrite oxidation to the area that water passes through.

The bacteria Thiobacillus ferrooxidans and Thiobacillus thiooxidans are known to

catalyze pyrite oxidation (Lowson, 1982; Nordstrom, 1982; Taylor and Wheeler, 1984).

The optimal temperatures for growth of both bacteria are between 25°C and 40 °C

(Gould et al., 1994). The increased temperature caused by pyrite oxidation may affect

the ability of the bacteria to catalyze the reaction. The bacteria are less active as the

temperature either increases or decreases from the optimal temperature range.

This chapter presents temperature distributions in the Waldorf mine dump, and a

discussion of factors affecting the temperature profile, as well as the possible effects of

temperature profile on gas transport. The investigation of temperature profiles also helps

to understand the mechanisms of oxygen transport supplied into the dump and

groundwater flow system within the Waldorf mine dump.

6.1 Field Investigation of Temperature Profiles

The temperatures in the Waldorf mine dump were measured from the thermistors

connected to the piezometer wells at the particular depths in both trends A and B. The

measurements were performed during October 1998 to August 2000, and provide

information about temperature with depth. The results of all temperature measurements

are shown in Appendix J.
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6.2 Thennal Effect of Solar Energy and Seasonal Variation

The temperature variations in each depth from all piezometer wells show strong

seasonal variations as shown in Figure 6.1. Generally, the temperatures are low during

the winter, and steadily increase from June to August, 1999, during summer, and then the

temperature decreases again from September and throughout the winter. No

measurements were made from December 1999 until June 2000. Temperature

measurements were made in the subsequent summer.

The amplitude of temperature variation at each depth tends to decrease with

increasing depth, confirming that solar radiation heats the surface and has less influence

with depth. If other sources beside the solar radiation significantly affect the temperature

distribution, the sinusoidal curve would change. Even though the data plots as shown in

Figure 6.1 resemble sine curves similar to those observed in natural soil profiles as

reported by Guo (1990), the temperature distribution in each individual well shows a

different pattern of temperature variation, leading to two possibly controls on heat

distribution which are first, the dump material has a heterogeneous thermal conductivity

and second, an energy source controlling temperature distribution within the dump

include both solar radiation and additional heat sources.
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Figure 6.1 Temperature distributions, Each line represents a depth below the dump
surface. (Continued).
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Air advection and heat released from pyrite oxidation may influence the

temperature profiles within the dump. If wind blows significantly across the dump

surface, and brings air into the dump, the outside air may affect dump temperature

seasonally. Colder air from outside flows into the dump during winter, and warmer air

flows into the dump during summer. Oxygen from the outside air may act as reactant and

cause more oxidation to occur if the conditions allow, which in turn cause higher

temperature inside the dump and allow convection to occur. Strong wind and high

permeability of the dump material may allow significant amounts of the outside air to

minimize hot spots caused by pyrite oxidation within the dump. The difference between

the seasonally highest and lowest temperatures in all measurements was about 10°C for

the whole period of the study. The variation of grain size material of the Waldorf mine

dump as described in chapter 4, influences the distribution of thermal conductivity within

the dump, which in turns it also affects to the temperature distribution within the dump

(Guo and Parizek, 1994).
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6.3 Thermal Effect of Sulfide Oxidation and Wind Activity

The oxidation of pyritic materials within the mine waste generates heat and causes

elevated temperatures within the dump. If the mine waste dump is chemically and

physically homogeneous, includng the equal distribution of sulfide-bearing minerals and

has a uniform thermal conductivity within the whole dump, the temperature profiles with

depth in all wells should be similar at the same depth. However, the temperature profiles

of all wells are different, as shown in Figure 6.2, indicating that additional factors are

influencing the temperature distribution within the dump. The oxidation of sulfide-

bearing minerals produces heat at the oxidation sites, and the heat transport to

surrounding area controlled by thermal conductivities of the dump material. The

heterogeneity of the dump material shows the possibility of various distributions of

thermal conductivities of the dump material.
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Temperature Profiles in Summer for Trend A
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Figure 6.2 Temperature distributions in summer (August 1999) in trend A and B.
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Temperature measurements were only made in the deepest wells in each cluster,

in which bottoms of the wells are completed in the native soil. The temperatures from

the dump surface to about 20 feet below surface were found to be lowest in well w5-1,

and highest in well wI 1-1 in August 1999 as shown in Figure 6.2. The evidence

indicates thermal anomalies may occur within the dump. If heat is produced from pyrite

oxidation within the dump, it is possible that high sulfate should be found in groundwater

in well cluster w l I. The higher sulfate concentrations in the well cluster wll (wells

wI 1-1 and wll-2) compared to well cluster w5 (wells w5-1 and w5-2) (Figure 6.3),

support the possibility of a higher pyrite oxidation rate in the area of well cluster wll.

However, sulfate concentrations in well cluster w5 were not the lowest concentrations

compared to other well clusters, which can be explained by two possibly scenarios. First,

sulfate in groundwater may not arise only from pyrite oxidation, but also from the

dissolution of sulfate minerals within the dump such as gypsum, jarosite, and barite.

Second, it is possible that sulfate concentrations in groundwater in the Waldorf mine

dump may be controlled by groundwater flow paths of each well. Even though sulfate

concentrations in the well cluster w2 (well w2-1) were the highest (Figure 6.3),

unfortunately there were no soil temperature measurements in this well cluster to

investigate the relationship of thermal anomalies to sulfate.
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1999.

Well w5-1 had the lowest temperature from tbe surface to about 20 feet below the

dump surface (Figure 6.2) and therefore perhaps tbe least amount of heat anomaly from

pyrite oxidation within this deptb. Consequently, the temperature profile in well w5-1 is

used as a background condition against which the temperature distribution in other wells

can be compared. The lower temperature in well w5-1 compared to w11-1 and tbe lower

sulfate concentrations in wells w5-1 and w5-2 compared to wells wll-I and wll-2,
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respectively, were used as criteria to define well cluster w5 as a low-acid producing site,

compared with well cluster w II, which is a high-acid producing site. The temperature

variation at a depth of 18 feet below the dump surface in wells Wll-l and W5-1 III

Figure 6.4 shows that a higher temperature was found in the high acid-producing site.

--..-Iow acid producing site (Well cluster wS)

---e--high acid producing site (Well cluster w11)

Figure 6.4 Temperature distributions at the same depth (18 feet below ground surface) in
low and high acid producing sites.
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The temperature profiles of well w5-1 and wll-l in summer and winter in 1999

are shown in Figures 6.5 and 6.6. The temperature profiles inwell wll-l differ from the

pattern in well w5-1. Temperatures near the water table and the native soil boundary in

well w5-1 show heat anomaly as hot spots at this depth. Native soil should contain less

pyrite compared to mine waste material which consequently should be low-acid

producing site and low temperature zone. Temperature of the portal water is about 3-4°C

year round, in which the temperature of the portal water may represent the temperature of

upwelling water. Therefore, heat transfer by groundwater might affect the heat anomaly

near the water table of well w5-1. However, the hot spots near the water table are

warmer than the portal water showing the effect from other heat sources, which might be

heat produced from the exothermic pyrite oxidation from the surrounding.

Temperature profiles in well w l 1-1 change very little from 5 feet below the

surface to 20 feet below the surface which is about 0.5 °C in August and September

1999, and about 1.5 °C in July 1999. On the other hand, the temperature changes by

about 3 °C from 5 to 20 feet below surface in well w5-1, suggesting that the greater

change of temperature in well cluster w5 may be due to the reduced effect of heat from

pyrite oxidation.
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Winter Temperature Profiles for Well W5-1
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Summer Temperature Profiles for Well w5-1
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Temperature distribution with depth in trends A and B, classified by temperature

intervals of I °C (Figures 6.7-6.11) shows that the temperatures in well cluster w5 are less

influenced by wind activity compared to well cluster wll which may be because of the

following reasons. First, well cluster w5 is located at the middle of the dump in trend A

but well cluster w II is located near the edge of the dump in trend B. Second, it was

reported in chapter 4 that the material of the dump slope in trend A allows less air to flow

into the dump compared to the material of the dump slope in trend B. Temperature

distribution in trend B shows that temperature was low at the edge of the dump and

increased to the center during winter, and vice versa in summer. The evidence shows the

temperature change due to the effect of seasonal variation.

The evidence also supports the air advection due to wind activity occurring within

the dump indicating that the dump material has sufficient permeability to allow air flow.

The Waldorf mine dump material is indicated to be heterogeneous and allows air flow in

to the dump, supported by the presence of the color from the weathering of Fe-bearing

minerals as mentioned in chapter 4. The air flows into the dump with both advection and

convection mechanisms, which provides more oxygen into the dump and in turns allows

more pyrite oxidation reaction inside the dump. However, hot spots were not observed in

the unsaturated zone within the dump, which may be because strong wind activity within

the dump may re-distribute the heat from pyrite oxidation.
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Temperature profiles in well w9, located near the portal, show higher values

compared with other wells during snowmelt. The temperature was about 3 to 8°C, and

high temperature was indicated near surface. It was possible that the temperature of the

portal water percolating into the dump may influence the temperature profiles in well w9

due to its proximity to the portal. However, the temperature of the portal water is about

3-4°C year round. If the temperature profiles in well w9 are affected by the portal water

percolating into the dump, the temperature near the surface in this well would be about 3-

4°C. In spite of this, the temperature near the surface in this well was higher than 4°C.

Therefore, the portal water is not a factor control the temperature profiles in well w9.

The material in this well is mostly gravel-rich (Figure 4.1), so it is possible that the

temperature is increased from outside air flowing through the dump or sulfide oxidation

during snowmelt.

The temperature distribution also shows the effect of dump properties on

temperature profiles and temperature profiles support a hypothesis of upward flow of

groundwater within the dump which will be discussed in more detail in the next sections.
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6.4 Temperature Control by Dump Properties

The grain size distribution of the dump material controls permeability of the dump

material, which affects the amount of air flowing into the dump due to wind activity.

More air in the dump provides more oxygen for sulfide oxidation within the dump. The

greater the permeability, the more air will be transported into the dump. The amount of

outside air that flow into the dump, as well as the transport of the air within the dump,

depends on the permeability of the material at the dump surface and the material within

the dump, respectively. Fine grained material at the dump surface and within the dump

may prohibit air to flow into the dump and transport within the dump.

A very fine grained layer was found in trend A about 10 feet below the surface.

Therefore, the temperatures at 10 feet and below may be affected by this layer. In trend

A, the very fine grained layer is thicker at the edge and becomes thinner near the center

of the dump. The thickness is about 10 feet at the edge and 2 feet near the center.

Temperature was high at the edge of the dump and decreased to the center during winter,

and vice versa in summer. The layer acts as an insulating layer supporting less air and

heat flow within the dump. Heat below the layer cannot be released as quickly to the

surface during winter, and heat from the outside cannot be transported into the dump in

summer. The greater thickness of the layer has a greater effect on heat transport into the

dump.
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The temperature profile affected by the clay layer and fine-grained slope surface

of trend A are compared with the temperature profiles with no effect from the clay layer

and dump slope material at 16-17 feet below surface (Figure 6.12) and 24-25 feet below

surface (Figure 6.13). The figures show higher temperature at both depths in trend A

compared to trend B in winter and lower in summer, indicating that the clay layer and the

fined-grain material at the dump slope material in trend A prohibit the movement of air

and heat flow from outside into the dump and from below the clay layer to the

surroundings. Dissolved oxygen concentrations in groundwater in trend A tends to be

lower than in trend B, as shown later in Figure 7.8, which may support the limitation of

supplied oxygen from the outside air due to the effect of the clay layer. Variable degrees

of weathering of the dump material in trends A and B based on Fe-oxide staining in the

dump material supports the role of the clay layer as a permeability barrier. Trace and low

Fe-oxide staining were found mostly in the dump material in trend A, while only the

medium Fe-oxide staining was found in trend B, showing sufficient oxygen is flowing

into the dump in trend B for the weathering of Fe-bearing minerals. Temperature profiles

with depth in trends A and B, showing the effect of seasonal variation due to dump

material are also shown in Figures 6.7 to 6.11.
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The evidence mentioned above shows the possibility of reduced amounts of

sulfide oxidation occurring in the mine waste material in trend A compared to trend B.

However, the chemical properties of groundwater in well w2-1 (trend A) are distinctly

different from groundwater in other wells, due to its high acidity and sulfate and metals

concentrations, which would result from sulfide oxidation. If the dump material in trend

A retards oxygen and water for sulfide oxidation, it would be possible that groundwater

within the well is not the product of the water-rock reactions within the dump, and the

groundwater may be from a different source of groundwater than in other wells. The

chemical properties of groundwater leading to the water source will be discussed in the

next chapter.

6.5 Hydrogeochemical Controls on Temperature Profiles

Temperature profiles with depth in trends A and B presented in Figures 6.7 to

6.11 show hydrological controls due to seasonal variations and the possibility of upward

flow of groundwater. The near-surface temperatures (within 5 feet below dump surface)

in both trends A and B were below zero in March, 1999, indicating a frozen surface of

the dump (Figure 6.9). The water in the frozen area will melt in summer, and the melted

water may react with sulfide minerals in the dump. However, high temperature near the

surface may not be from the heat due to sulfide oxidation but due to the input of solar

energy. If there is no sulfide oxidation, temperature profiles in summer will decrease
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with depth. The temperature profile in the dump shows unsystematic temperature

distribution, indicating several sources of heat within the dump.

Very little snow was found on top of the dump during winter, but a snow pile

covered the portal due to wind activity. Therefore, it is possible that more water from the

melted snow at the portal and the significant snowmelt of the snow packed at the land

surface from the mountainside was supplied to well w9 than other wells. However, water

from the portal was found to be an insignifcant source of groundwater in wells during

remediation efforts by US Forest Service as mentioned in the last chapter. Likewise,

water from the melted snow at the portal may flow across the dump surface rather than

infiltrating the dump.

Temperature at the boundary between the native soil and mine waste in well w3

and w I during summer shows a region of low temperature at the edge of the dump, which

supports the possibility of colder groundwater in the bedrock fractures flowing upward

(Figures 6.8-6.11), in which the temperature of upwelling groundwater is about 3-4°C.

6.6 Summarv

Temperature profiles within the Waldorf mine dump were measured during

October, 1998, to August, 2000. Measured temperatures varied between _4°C and l2oe,

and this temperature range is not within an optimal temperature (between 25°C and 40°C)

suitable for bacteria to catalyze pyrite oxidation. Therefore, if the bacteria exist in the
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Waldorf mine dump, their role in influencing pyrite oxidation within the dump is not

important.

The temperature profiles are mainly the result of a number of factors, including

solar energy, heat produced from the exothermic pyrite oxidation, advection of air, and

advection by groundwater flow. Solar energy affects the temperature at the dump

surface, and the effect decreases with depth. Pyrite oxidation may occur within the dump

especially in the unsaturated zone due to the presence of pyrite and mineral products from

pyrite oxidation. However, thermal anomalies by pyrite oxidation in the unsaturated zone

were not observed and that may be because advection due to wind activities, which may

wipe out all hot spots. Hot spots were found near the water table and the native soil

boundary, which may be due to heat transport by groundwater within the dump and heat

produced from the exothermic pyrite oxidation from the surrounding.

Seasonal variations of temperature were observed in all wells. The highest

variation of temperature was found at the surface and decreased with depth. The

temperatures in all wells in both trends A and B during summer (August 1999) were

highest because during this time interval thermal anomalies from pyrite oxidation should

be most pronounced due to a higher oxidation rate and subsequent increasing

temperatures. The temperature profiles from the dump surface to about 20 feet below

surface in well cluster w5 are assumed to be a low-acid producing site. This temperature

profile can be used as a background condition such that temperatures in other wells

higher than the background may therefore show the heat produced from pyrite oxidation
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or heat from outside air due to air advection. The highest temperature profiles in well

cluster wI I indicate that well cluster wll may be a high acid-producing site. However,

the pHs of the two wells were about neutral, and sulfate concentrations in well clusters

w5 and wll were not the lowest and highest concentration, respectively.

Groundwater in all wells in the Waldorf mine dump is mainly from the native soil

and water discharging from bedrock fractures which will be explained in the next chapter.

Therefore, pH and sulfate concentrations in groundwater can not be used to represent

high or low acid-producing sites because the pH and sulfate concentrations in

groundwater are not from pyrite oxidation occurring within the unsaturated zone in the

dump material. Rather, the relatively small amount of water percolating down from the

unsaturated zone is negligible compared to the volume of upwelling groundwater.

However, the highest sulfate concentrations and high acidity were found in well w2-1, so

this well might be a high acid producing site, but no temperature measurements were

conducted in this well. The distinct chemical characteristics of groundwater in well w2-1

shows the possibility of a different source of groundwater in this well compared to the

other wells, as discussed in Chapter 7.

Grain size distribution and thermal conductivity of the dump material control the

heat transport within the dump. The transport of heat due to thermal-anomalies from

pyrite oxidation to the surrounding area depends on thermal conductivities of the dump

material. The temperature of the outside air influences the temperature profiles within

the dump, and the transport of the outside air is controlled by the grain size distribution of
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the dump material. The clay-size layer inside the dump material and the filled-grain

material at the outslope surface in trend A acts as an insulating layer to limit air and heat

transport within the dump material. On the other hand, high permeability at the outslope

surface at trend B allows more air into the dump. The uneven temperature in the

Waldorf mine dump leads to air convection driven by temperature gradients. However,

the convective transport of air cannot be seen clearly in this study due to the effect of the

advective air transport due to wind activity. The advection and convection of air cause

the circulation of air into the dump in addition to oxygen diffusion to allow more pyrite

oxidation reaction inside the dump.

Groundwater levels in the native soil were higher than groundwater in the mine

waste material in trend A, which suggests that groundwater may flow upward as

mentioned in chapterS. The temperature profile of well cluster w3 shows evidence to

support the upward flow of groundwater, in which much lower temperatures were found

in the native soil and at the boundary between the native soil and the mine waste material

of this cluster. The low temperature shows the possibility of colder groundwater in the

bedrock fractures flowing upward, in which the temperature of upwelling groundwater is

about 3-4°C. The next chapter will explain the chemistry of groundwater in the Waldorf

mine dump, and provide conceptual models of hydrogeochemistry in the dump. The

upward flow of groundwater from below the dump will also be used in the conceptual

numerical model, which will be presented later in chapter 8.
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CHAPTER 7.0

GEOCHEMISTRY OF THE GROUNDWATER

IN THE WALDORF MINE DUMP

Groundwater composition is controlled by geochemical reactions in the dump.

The reactions consist of sulfide oxidation, neutralization, adsorption, ion-exchange,

hydrolysis, dilution, dissolution and precipitation. This chapter describes and explains

the variation of aqueous chemical compositions in groundwater at the Waldorf mine

dump. The characterization of the mine waste material (chapter 4) and the hydrological

system at the site (chapter 5) in addition to temperature distribution (chapter 6) are used

to estimate sources and sinks of chemical components in the groundwater as well as the

factors controlling hydrogeochemical reactions.

Groundwater from the piezometer wells was collected from native soil and mine

waste, as determined from the cores collected during well installation. The groundwaters

from both sources were chemically distinct from each other. Seeps are normally located

along the toe of the dump marking a change of permeability between native soil and mine

waste. Thus, water flowing through the dump may exit at the seeps. Groundwaters from

four seeps (WDl, WD2, WD3, and WD4) along the toe of the Waldorf mine dump were

collected and analyzed. Of all the seeps, only seep (WDl) was located at the end of trend

A, and there is no seep at the edge of trend B.
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The change of aqueous chemical compositions described in this chapter will

support the hypothesis that the groundwater does not flow along transects A and B as

initially assumed, but the main source of groundwater is from regional groundwater

flowing upward from the native soil. The chemical compositions in groundwater from

wells, seeps, and the portal show their unique characteristics supporting different sources

of groundwater in the Waldorf mine dump.

7.1 Groundwater Analysis Results

The chemical analyses for cations by ICP-AES and ICP-MS are shown in

Appendix B and C, respectively. Field parameters and anion analyses are shown in

Appendix D and E, respectively. Oxygen isotopic results are presented later in this

chapter. The chemical compositions in groundwater at the site show temporal and spatial

changes. The ranges of chemical compositions of groundwater from seeps, portal, and

piezometer wells in mine waste and native soil in trends A and B, and from seeps and

portal, are presented in Tables 7.1, 7.2, 7.3, and 7.4 respectively. The number of

samples used to calculate these values are shown in parentheses. The "<D.L." values

indicate results lower than the detection limit. The results of ICP-AES were chosen to

calculate the average values for Ca, Fe, K, Mg, Mn, and Na. The ICP-MS data were used

to calculate averages for AI, Ba, Cd, Co, Cu, Li, Ni, Si02, solo, Sr, Zn, U, and Pb. The

data from IC were used for Cl, F, and NO)-. These data were chosen because they
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yielded good results in charge balance calculations. The uncertainty of ICP-AES and

ICP-MS analyses was limited at about 10%.

7.1.1 Field Parameters

Field parameters measured were plf, Electrical Conductivity, and Dissolved

Oxygen.

7.1.1.1 pH

Groundwater pH values at the site range from 2.8 to 8.4. Most groundwater

samples in the piezometer wells have pH above 6. The lowest pH was observed in the

groundwater samples from well w2-l, which range between 2.8 and 4.4. Of all the other

wells in both trends A and B for the whole study period, well w2-l is the only well that

has a very low pH. The pH profiles with distance from the portal in trend A shows a

similar trend for the whole period of this study, as shown by the example from August

15,1999, in Figure 7.1.
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Table 7.1 Chemical analyses in groundwater in the native soil along trend A. The
number in parenthesis shows number of samples.

Units w1-1 w3-1 w5-1 w7-1 w9-1

AI ltg/L 8.6-130 21-410 4-62 3-130 22-110

(19) (20) (18) (20) (19)

Sa ltg/L 20-89 17-43 14-23 33-97 15-37

(17) (17) (17) (17) (16)

Ca mg/L 32-50 33-60 42-100 33-49 39-85

(20) (20) (19) (20) (19)

Cd ltg/L 1.6-37 4.1-13 0.4-8.2 0.03-3.9 0.9-14

(17) (17) (17) (17) (16)

cr ppm 0.5-8.3 0.3-5.3 0.3-6.8 0.3-19.6 0.3-7.0

(20) (20) (19) (20) (19)

Co ltg/L 4.2-12 0.2-13 2.5-13 3.2-7.8 0.8-2

(17) (17) (17) (17) (16)

Cu ltg/L 1-31 3-24 0.8-4 0.5-16 1-22

(17) (17) (17) (17) (16)

Fe mg/L 1.4-8.5 0.02-1.5 0.02-1.9 3.1-12 0.02-0.06

(18) 7(5) (17) (20) (7)

pH 5.3-6.6 5.4-7.4 5.6-8 5.6-7.7 5.7-8

(20) (20) (19) (20) (19)

Alkalinity mg/L 6-39 10-38 7-37 4-29 4-44

(20) (20) (19) (20) (18)

K mg/L 1.2-9.5 0.9-5.9 1.8-6.8 2.4-23 1-8

(20) (20) (19) (20) (19)

Li ltg/L 0.3 0.3 0.9-4 0.3-3 N/D

(1) (1) (17) (16)

Mg mg/L 8.1-11 6.2-11 8.7-20 8.3-12 7.3-16

(20) (20) (19) (20) (19)
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Table 7.1 Chemical analyses in groundwater in the native soil along trend A. The
number in parenthesis shows number of samples (Continued).

Units wH w3-1 w5-1 w7-1 w9-1

Mn 119/L 376-16600 258-1640 1600-10600 6330-12000 442-1050

(17) (17) (17) (17) (17)

Na mg/L 3.3-4.9 2.8-4.6 4.5-5.2 4-6.1 2.8-4.7

(20) (20) (19) (20) (19)

Ni 119/L 1.7-8.4 2.3-5.3 2.7-7.3 0.3-3.6 1-3.7

(17) (17) (17) (17) (16)

Pb 119/L 0.3-4.7 0.08-51 0.4-2.8 0.08-12 0.7-3.1

(17) (1) (17) (14) (16)

8i02 mg/L 5.9-10 5.1-8.3 8.8-14 11-16 6.3-9.9

(17) (17) (17) (17) (16)

80/- mg/L 56-220 51-180 57-230 58-230 52-180

(17) (17) (17) (17) (16)

8r 119/L 390-580 380-790 590-1200 530-820 540-1400

(17) (17) (17) (17) (16)

Zn 119/L 140-410 370-680 210-1000 71-420 160-410

(17) (17) (17) (17) (16)

DO mglL 0.5-2 1-6 1-6 1-4 0.5-3

(17) (16) (16) (16) (18)

EC us/ern 280-1320 220-350 240-580 260-1520 280-750

(20) (20) (19) (20) (19)

U li9/L 0.06-0.2 0.01-0.5 0.04-0.1 0.01-0.4 0.03-0.4

(17) (17) (17) (17) (16)

F ppm 0.2-0.9 0.3-0.8 1.0-2.7 0.5-1.1 1.4-2.3

(20) (20) (19) (20) (19)

NO; ppm 0.1-0.9 0.7-1.3 0.1-0.6 0.1-0.6 0.2-1.2

(20) (20) (19) (20) (19)
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Table 7.2 Chemical analyses in groundwater in the mine waste along trend A. The
number in parenthesis shows number of samples.

Units w2-1 w3-2 w5-2 w7-2 w9-2

AI !!g/L 3800-24000 14-76 20-70 2-5 21-82

(19) (19) (20) (2) (20)

Sa !!g/L 5-17 11-28 10-25 20-44 10-33

(16) (17) (17) (8) (18)

Ca mg/L 47-133 27-57 29-100 39-44 19-97

(19) (19) (20) (10) (20)

Cd !!g/L 96-820 1.6-9.7 4.4-9.9 0.03-0.3 1-4.1

(16) (17) (17) (8) (18)

CI' ppm 0.9-1.0 0.2-14 0.3-24 0.4-3.0 0.2-5.0

(2) (19) (20) (10) (20)

Co !!g/L 26-230 0.2-1.2 0.2-1.1 16-29 0.03-1.4

(16) (17) (17) (8) (18)

Cu !!g/L 2400-23000 4-72 6-60 0.8-2 1-9

(16) (17) (17) (5) (18)

Fe mg/L 16-150 0.02-0.06 N/D 0.1-4.2 0.02-0.2

(19) (7) (10) (3)

pH 2.7-4.4 5.6-7.1 5.8-8 6-8.1 5.7-7.1

(19) (19) (20) (10) (21)

Alkalinity mg/L N/D 3-25 9-20 6-81 7-34

(19) (20) (10) (20)

K mg/L 0.6-21 0.8-15 0.9-26 2.1-5 0.6-6

(19) (19) (20) (10) (20)

Li !!g/L 4.5-30 N/D 1.5-4.8 0.3-1 1.2-3

(16) (17) (2) (16)

Mg mg/L 1.5-98 5-11 4.8-20 9.3-11 3.6-18

(19) (19) (20) (10) (20)
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Table 7.2 Chemical analyses in groundwater in the mine waste along trend A. The
number in parenthesis shows number of samples (Continued).

Units w2-1 w3-2 w5-2 w7-2 w9-2

Mn ~g/L 18000-1 09000 260-576 154-978 13200-17000 11-1100

(16) (17) (17) (8) (18)

Na mg/L 2.3-6 2.2-4 2-5.3 4.1-5.7 1.7-4.7

(19) (19) (20) (10) (20)

Ni ~g/L 47-360 0.5-14 4.7-10 2.5-9.7 1.4-16

(16) (17) (17) (8) (18)

Pb ~g/L 18-270 0.1-2.1 0.2-2.3 0.1-0.8 0.2-7.4

(16) (17) (17) (8) (18)

Si02 mg/L 8.7-11 5-7.7 7.2-12 9.9-13 6.8-10

(16) (17) (17) (8) (18)

50/" mg/L 300-830 39-190 61-310 47-140 29-230

(16) (17) (17) (8) (18)

Sr ~g/L 460-950 340-750 370-1700 600-800 260-1400

(16) (17) (17) (8) (18)

Zn ~g/L 17000-180000 130-370 960-3100 160-400 260-2100

(16) (17) (17) (8) (18)

DO mg/L 4-10 1-4 1-5 2-5 2-4

(5) (16) (16) (7) (16)

EC us/ern 850-1910 190-360 140-640 200-380 110-570

(19) (19) (20) (10) (21)

U ~g/L 11-110 0.04-0.1 0.02-0.2 0.03-0.2 0.03-0.3

(16) (17) (17) (8) (18)

F ppm 1.4-1.4 0.2-1.2 1.5-2.3 1.4-3.1 1.4-2.9

(2) (19) (20) (10) (20)

N03" ppm 0.8-1.0 0.7-1.7 0.3-0.9 0.1-0.3 0.3-1.0

(2) (19) (20) (10) (20)
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Table 7.3 Chemical analyses in groundwater in the native soil and mine waste along trend
B. The number in parenthesis shows number of samples.

Native Soil

Units w11-1 w13-1 w15-1

AI 119/L 4-53 340-1200 11-61

(11) (5) (20)

Sa 119/L 7-22 18-30 11-37

(14) (5) (17)

Ca mg/L 20-130 27-71 37-98

(17) (5) (20)

Cd 119/L 1-15 5.8-8.5 0.9-2.8

(14) (5) (17)

CI- ppm 1-23 0.3-0.9 0.2-2.3

(16) (5) (20)

Co 119/L 0_04-3.5 0.4-1 0.2-2.3

(14) (5) (17)

Cu 119/L 4-600 24-80 1-6

(16) (5) (17)

Fe mg/L 0.02-0.1 0.03-0.05 0.02-0.3

(3) (3) (13)

pH 6.4-8.4 4.8-6.1 4.9-7.7

(17) (5) (20)

Alkalinity mg/L 8-120 2-28 15-47

(11) (5) (20)

K mg/L 0.8-23 1.5-3.3 0.9-3.2

(17) (5) (5)

Li 119/L 1.4-5 2.2-4.7 1.8-4.5

(14) (5) (17)

Mine Waste

Units w11-2

AI mg/L 110-390

(10)

Sa 119/L 4-9

(9)

Ca mg/L 83-130

(10)

Cd 1191L 14-20

(9)

0 ppm 0.4-6.7

(10)

Co 119/L 2.1-3.4

(9)

Cu 119/L 75-210

(9)

Fe mg/L 0.02-1.4

(4)

pH 6-7.4

(10)

Alkali mg/L 5-41

nity (9)

K mg/L 1.2-8.1

(10)

Li 119/L 4.8-7

(9)
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Table 7.3 Chemical analyses in groundwater in the native soil and mine waste along trend
B. The number in parenthesis shows number of samples (Continued).

Native Soil

Units w11-1 w13-1 w15-1

Mg mg/L 3.8-26 5.5-16 6.8-18

(17) (5) (20)

Mn ~g/L 29-3860 749-1020 26-802

(14) (5) (17)

Na mg/L 2.3-9.1 2-3.8 2.7-10

(17) (5) (20)

Ni ~g/L 1.7-35 8.2-12 0.9-5

(14) (5) (17)

Pb ~g/L 0.4-43 3.6-8 0.1-1.6

(14) (5) (15)

Si02 mg/L 7.4-14 8.8-13 7.5-10

(14) (5) (17)

SO/- mg/L 39-340 97-200 82-250

(14) (5) (17)

Sr ~g/L 290-1800 640-2800 530-1600

(14) (5) (17)

Zn ~g/L 490-1800 990-2800 400-1300

(14) (5) (17)

DO mg/L 2-4 3-4 2.5-7

(12) (5) (16)

Mine Waste

Units w11-2

Mg mg/L 14-20

(10)

Mn ~g/L 750-2360

(9)

Na mglL 4-5

(10)

Ni ~g/L 12-33

(9)

Pb ~g/L 0.1-2.9

(9)

Si02 mg/L 11-17

(9)

SO/' mg/L 160-460

(9)

Sr ~g/L 1400-1800

(9)

Zn ~g/L 3600-5500

(9)

DO mg/L 4-5

(9)
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Table 7.3 Chemical analyses in groundwater in the native soil and mine waste along trend
B. The number in parenthesis shows number of samples (Continued).

Native Soil

Units w11-1 w13-1 w15-1

EC us/ern 240-730 210-400 210-710

(16) (4) (19)

U ~g/L 0.1-2.8 0.5-1 0.03-0.3

(14) (4) (16)

F ppm 0.9-2.9 1.1-2.3 1.9-3.1

(16) (5) (20)

N03· ppm 0.2-0.7 0.8-1.6 0.3-0.8

(16) (5) (20)

Mine Waste

Units w11-2

EC us/ern 640-780

(10)

U ~g/L 0.8-1.6

(9)

F ppm 2.3-3.0

(10)

NO; ppm 0.3-0.6

(10)
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Table 7.4 Chemical analyses in groundwater from seeps and portal. The number in
parenthesis shows number of samples.

Units Seep (WD1) Seep (WD2) Seep (WD3) Seep (WD4) Portal

AI mg/L 450-1800 750-2800 750-2700 1100-3700 93-140

(8) (5) (4) (7) (8)

Sa Jlg/L 11-16 12-18 12-18 12-18 12-15

(5) (5) (4) (5) (5)

Ca mg/L 31-84 26-64 26-66 27-95 77-99

(8) (5) (4) (7) (8)

Cd Jlg/L 22-94 26-120 26-120 34-130 15-20

(5) (5) (4) (5) (5)

cr ppm 0.17-0.23 0.2-0.7 0.2-0.3 0.2-0.3 0.1-0.4

(4) (4) (4) (4) (8)

Co Jlg/L 4.4-21 6.7-32 7.1-30 8-33 7.5-10

(5) (5) (4) (5) (5)

Cu Jlg/L 420-1300 540-2200 560-2200 780-2800 120-200

(5) (5) (4) (5) (5)

Fe mg/L 0.1-0.8 0.04-6.7 0.04-4.6 0.5-8.3 0.2-0.3

(4) (5) (4) (7) (4)

pH 3.7-6 3.2-4.8 3.2-4.5 3.2-3.6 5.8-6.9

(8) (5) (4) (7) (8)

Alkalinity mg/L 4-7 N/D N/D N/D 63-74

(3) (8)

K mg/L 0.8-1.4 0.7-1.3 0.7-1.3 0.7-1.3 1.1-1.3

(8) (5) (4) (7) (8)

Li Jlg/L 2.2-7.5 2.2-7.9 2.4-8.1 2.1-7.9 4.7-5.8

(5) (5) 7(4) (5) (5)

Mg mg/L 12-32 10-32 10-34 10-38 15-18

(8) (5) (4) (7) (5)
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Table 7.4 Chemical analyses in groundwater from seeps and portal. The nwnber in
parenthesis shows nwnber of samples (continued).

Units Seep (WD1) Seep (WD2) Seep (WD3) Seep (WD4) Portal

Mn ~g/L 2200-17300 5140-22300 5000-23100 6610-27100 8420-14000

(5) (5) (4) (5) (5)

Na mg/L 1.7-4.1 1.5-2.5 1.6-2.6 1.6-4 3.9-4.5

(8) (5) (4) (7) (8)

Ni ~g/L 19-61 20-69 22-65 26-87 22-28

(5) (5) (4) (5) (5)

Pb ~g/L 9-100 39-180 54-370 110-210 0.1-0.3

(5) (5) (4) (5) (5)

Si02 mg/L 6.8-9.3 6.5-9 7.1-9 7.7-9.5 7.8-12

(5) (5) (4) (5) (4)

S04" mg/L 130-250 130-240 170-240 180-270 94-250

(5) (5) (4) (5) (5)

Sr ~g/L 440-950 290-820 300-660 280-770 1100-1300

(5) (5) (4) (5) (5)

Zn ~g/L 4700-22000 4900-25000 5000-25000 6700-30000 4300-5800

(5) (5) (4) (5) (5)

DO mg/L 4-7 4-10 3-8 2.5-6 0-1

(5) (5) (4) (5) (7)

EC us/ern 310-730 340-880 330-880 340-940 500-600

(8) (5) (4) (7) (5)

U ~g/L 2-18 3.9-29 4.1-31 7.4-31 2.5-3

(5) (5) (4) (5) (5)

F ppm 1.4-2.7 1.3-3.2 1.3-3.6 1.3-1.6 2.3-3.1

(4) (4) (4) (3) (8)

NO,' ppm 0.4-0.5 0.4-0.6 0.4-0.6 0.4-0.5 0.1-0.3

(4) (4) (4) (3) (5)
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Figure 7.1 pH in Waldorf Mine dump in August 15,1999 in both trends A and trend B.

As shown from the groundwater pH values in Table 7.1 to 7.4, groundwater

exiting at the seep (WD 1) has a pH value lower than most wells, but higher than well w2-

1. The distinct pH in wells along trends A and B indicates that the wells are not along a

single flow path. The assumption that was made based on field observations at the

beginning of this study was that groundwater may flow along trend A and B parallel to

the surface water channels in the dump surface. The distinct pH in wells suggests

alternative groundwater flow paths that may flow perpendicular to Mt.McClellan through

the Waldorf dump as shown in Figure 7.2.
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Figure 7.2 Possible groundwater flow lines through the Waldorf Mine dump which flow
perpendicular to the Waldorf mine dump and parallel to the regional slope (orange-
arrowed line). Red dots represent the locations of wells.
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Muscovite dissolution:

(muscovite) (kaolinite)

Albite dissolution:

(albite) (kaolinite)

Biotite dissolution:

+ 1I2AlzSi20s(OHMs) (7.3)

(biotite) (kaolinite)

Ca-plagioclase or anorthite dissolution:

CaAI2Si20s(s) + 2fT +H20-7 Ca2+ +AI2Si205(OHh(s)
(Anorthite) (kaolinite)

(7.4)

K-feldspar dissolution

(7.5)

(K-feldspar) (kaolinite)

Rhodochrosite dissolution:

MnCOJ +u' =Mn ++ + HCOJ- (7.6)

Fe(OH)3 dissolution:

Fe(OH);(s) + 3fT -7Fe3+ + 3H20 (7.7)



191

The relationship between dissolved Mn and C03 (mmo1es) is shown in Figure 7.3,

to evaluate the possibility of dissolution of rhodochrosite. The dashed red line shows the

molar ratio 1:1 of Mn:C03, indicating that some samples possibly have Mn and alkalinity

controlled by rhodochrosite dissolution. However, most of groundwater samples have

C03 contents much greater than Mn, indicating that alkalinity in groundwater may not be

only from rhodochrosite dissolution. Low concentrations of Mn were found with high

alkalinity, indicating additional sources of alkalinity in addition to rhodochrosite

dissolution. The possible sources providing alkalinity might be dissolution of calcite,

siderite, and ankerite, and carbon dioxide. Even though the mentioned carbonate

minerals (calcite, siderite, and ankerite) were not found in the dump, which is possibly

due to very small quantities, below the detection limit for XRD, their presence in the

regional area is noted in the report of Sims (1988). However, low concentrations of Mn

may be because Mn has been selectively removed possibly by Mn(OH)x precipitation

with Fe(OH)" which is supported by the saturation indexes of Mn(OH)x in groundwater

only in well wl l-I indicating the Mn(OH)x precipitation. Carbon dioxide also dissolves

into the groundwater and provides a source of alkalinity.
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Figure 7.3 Relationship ofMn concentrations and alkalinity.

Rain may cause greater dissolution of neutralizing minerals from the regional area

of the mountain slope, which may provide higher pH. However, even though heavy rains

occurred during late July to mid-August, 1999, there was no significant change of pH in

groundwater as shown in the examples for wells w l-I and w2-l (Figure 7.4). The

variation of pH in groundwater in well w 1-1 shows a small change of increasing pH after

rain, but there is almost no temporal change of pH in groundwater in well w2-l. This

result indicates that different geochemical mechanisms occur in wells w 1-1 and w2-l: the

lowest pH is found in well w2-l, ranging between 2.7 and 4.4, while most pHs in other

wells including well WI-I, were above 6. The small change ofNa and K in groundwater

from well wl-l (Figure 7.5) also suggests that seasonal rainfall changes do not affect the

dissolution of Na- and K- bearing minerals if other mechanisms such as coprecipitation

and absorption ofthese elements do not occur.
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7 Trend of increasing pH
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One anomalous point of pH was found in most wells on August I, 1999 as shown

in well w2-1 (Figure 7.4). High pH on that particular day may be due to a greater rate of

dissolution of neutralizing minerals compared to acid-producing reactions, leading to

higher pH of groundwater on that day.
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Figure 7.5 Temporal variation ofK and Na concentrations in well wI-I.

7.1.1.2 Electrical Conductivi1y

Electrical conductivities of groundwater samples in the Waldorf mine dump range

from 110 to more than 1900 us/ern. High values of electrical conductivity indicate

greater total dissolved solid (TDS) concentrations. Analyses of total dissolved solid

concentrations were not conducted in this study, but the summation of major dissolved
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constituents in groundwater can be used to estimate TDS in groundwater. Figure 7.6

shows the relationship of estimated TDS (sum of Ca, Mg, Na, K, Fe, Mn, Si02, S04, AI,

Zn, Cd, Pb, Cu, Co, Ni, Ba, Sr) with electrical conductivities. The highest values of

electrical conductivity were found in well W2-1, indicating high concentration of total

dissolved solid in this well.
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Figure 7_6Relationship between calculated TDS and electrical conductivities.
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In general, the electrical conductivities in groundwater in the mine waste tend to

be higher than in groundwater in the native soil for both trends A and B for the whole

period of this study as shown by the results of groundwater sampling on August 3, 1999,

in Figure 7.7. The groundwater from the portal has a higher value of electrical

conductivity than some wells, indicating high dissolved solid concentrations in the portal

water. This observation suggests that the water exiting from the portal may be derived

from regional ground-water flow in the area through mineralized rock that is intersected

by the Wilcox tunnel and dissolving some constituents before it exits at the portal.
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Figure 7.7 Electrical conductivity in the Waldorf mine dump on August 3, 1999.
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The unsystematic trends in TDS in well waters and the portal waters (lower

electrical conductivity in some wells than in the portal as well as very high values of

electrical conductivity in well w2-1 compared to other wells and the portal) suggest that

groundwater in wells and the portal may originate from different flow paths. The dump

is located at a sharp break in slope of Mt. McClellan which is a natural regional discharge

area for groundwater as shown by the existing wetlands around the site. Therefore, it is

reasonable to assume that regional groundwater discharging in the native soil beneath the

dump has a different flow path from the groundwater discharging at the portal. Very high

values of electrical conductivity in well w2-1 compared to other wells and the portal,

which can be explained by two possibilities. First, there might be higher rate of the

oxidation of sulfide minerals to provide greater dissolved solid concentrations. Second,

groundwater flow in well w2-lmay be from a different source compared the groundwater

in other wells and the portal, in which it is also supported by the unique chemical

properties of this well as discussed later in this chapter. However, the rate of pyrite

oxidation in this well was investigated as discussed later in chapter 9. The result from the

investigation found that the smallest size of pyrite in the dump is similar in size to

kaolinite, which is about 111m. The rate of pyrite oxidation for the pyrite grain size of 1

11m,would be 7e-3 mol/rrr's, which is very fast, and is unrealistic compared with other

studies. Therefore, it is unlikely that the very high values of electrical conductivity in

well w2-1 are due to higher rate of the oxidation of sulfide minerals. In addition, the

TDS results suggest that there might be at least three different flow paths for groundwater
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within the dump needed to account for groundwater in the portal, well w2-l, and other

wells.

7.1.1.3 Dissolved Oxygen

The concentrations of dissolved oxygen in groundwater of the Waldorf mine

dump varied from 0 to 10 mg/L in trends A and B. The dissolved oxygen concentration

in water at saturation is about 8 mg/L at 25°C at sea level atmospheric pressure (Ritchie,

1994), but oxygen saturation decreases by about 4% per 1000 feet of elevation due to

decreased partial pressure (http://wow.nrri.umrn.edulwow/under/parameters/oxygen.htm).

The water temperature in the Waldorf mine dump is about 4°C. If it was located at sea

level, the dissolved oxygen at this temperature would be about 13 mg/L, but the Waldorf

mine dump is located at about 11,600 feet above sea level. Therefore, dissolved oxygen

in the Waldorf mine dump should be about 7 mgIL, if there is no oxygen consumption

within the dump. Dissolved oxygen was generally higher in groundwater in the mine

waste compared to that in the native soil for the whole period of this study (Figure 7.8),

The figure shows an example of the dissolved oxygen profile from August 15, 1999, as a

function of distances from the portal in trends A and B.
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Figure 7.8 Dissolved oxygen in groundwater in the Waldorf Mine dump on August 15,
1999.

Dissolved oxygen in the dump may be supplied by water and air transport into the

dump. The sources of water which may flow through the dump include the water from

the portal, water from precipitation onto the dump surface, and regional groundwater in

the native soil and discharging from bedrock fractures. However, the consumption of

oxygen within the dump is another factor controlling the concentrations of dissolved
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oxygen. Oxygen gas is consumed by oxidation reactions (e.g. sulfide and Fe2+ oxidation)

and by bacterial respiration within the dump.

Oxygen gas transported into the dump by advective processes may dissolve in the

groundwater within the dump. Therefore, the rate of oxygen gas transport into the dump

may affect the dissolved oxygen concentration in groundwater within the dump. If mine

waste is poorly aerated, the oxygen concentration inside mine waste would be expected to

be low (Guo et al., 1994). However, the presence of dissolved oxygen contents in

groundwater in the Waldorf mine dump was indicated in all wells for the duration of the

field sampling, as shown in Appendix D. The results of this field investigation suggest

that acid-generating reactions, which consume oxygen, do not reduce the oxygen

concentration inside mine waste to a significantly low level and there is plenty of oxygen

available for acid-generating oxidation reactions to take place. The evidence shows that

the rate of oxygen transport into the Waldorf mine dump is greater than the rate of

oxygen consumption. Therefore, aqueous dissolved oxygen concentrations in

groundwater in the Waldorf mine dump are the result of the balance between oxygen

supply from external sources and reactions consuming oxygen.

Dissolved oxygen in groundwater from the portal is nearly zero, but dissolved

oxygen in all wells was much higher than zero. Therefore, if the water in the dump was

originally from the portal, there must be other sources of oxygen input into groundwater

in the dump. Regardless of the source of water flowing through the dump, oxygen within

the dump is supplied from either outside air or precipitation. The water in the native soil
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discharging from bedrock fractures has been appeared to be the mam source of

groundwater within the dump, and the water can be assumed to have zero dissolved

oxygen content like water from the portal because both water from the portal and water in

the native soil discharging from bedrock fractures are from regional groundwater from

mountainside slope. The water flows from the native soil upward into the mine waste

material. The rate of gas transport from outside air must be faster than the rate of the

groundwater flow to allow dissolution of oxygen in groundwater.

Generally, the dissolved oxygen concentrations in mine waste were higher than in

the native soil, which may be explained as follows: First, it is possible that the mine

waste material allows more air transport than in the native soil. The oxygen transport into

the dump due to advection seems to influence the dissolved oxygen in groundwater, as

suggested by higher observed oxygen contents close to the edge of the dump and lower

DO deeper in the dump. Second, the rate of ground-water flow through the mine waste

may be sufficiently fast relative to the upward flow rate of the groundwater from the

native soil through the water column, and that dissolved oxygen in groundwater in mine

waste may not have enough time to supply dissolved oxygen to groundwater in the native

soil. Third, the rate of oxygen consumption may not be fast enough to lower the

dissolved oxygen concentration in groundwater from the mine waste. Fourth, the native

soil, which has higher organic matter, will likely enhance microbially mediated oxygen

consumption.
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7.1.2 Anions

Anions measured were sulfate, alkalinity, chloride, nitrate, and fluoride.

7.1.2.1 Sulfate

Sulfate is a dominant anion in Waldorf groundwater, in which it is generally more

than 97% of the total anions. The concentration ranges from 29 to 830 mg/L. For

comparison, the concentrations of sulfate in some samples are well above the US

secondary drinking water standard of 250 mg/I. The highest sulfate concentration

appears in the most acidic environment (well w2-l shown in Appendix C), which has low

pH, high electrical conductivity, and high dissolved oxygen.

In the Waldorf mine dump, sulfate may be derived from both the oxidation of

sulfide minerals found in the dump, and the dissolution of secondary sulfate minerals

(such as gypsum (CaS04'H20), jarosite (KFe3(S04),(OH)6), and barite (BaS04)) which

result from weathering reactions at the site. The main sulfide minerals at the site are

pyrite (FeSz), sphalerite (Zn, Fe)S, chalcopyrite (CuFeSz), and galena (PbS). The

secondary minerals may occur either after the dump deposition or existed before mining

activity and were taken out to the dump during mining activity. The distinct sources of

sulfate in groundwater will be verified in the sulfur isotope section at the later part of this

chapter. Sulfate concentration generally increases with increasing iron concentration
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indicating the weathering of Fe-bearing sulfide minerals or Fe-sulfate minerals as shown

in Figure 7.9.
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Figure 7.9 Relationship of Fe and sulfate.

Schwertmannite (Fes08(OH)6S04) is a common mineral associated with acid

sulfate water and may occur in the Waldorf mine dump. If present it must be poorly

crystallized and in very small amount and difficult to detect by either visual observation

or XRD analyses.

The sulfate concentrations may be influenced by the precipitation and dissolution

of sulfate minerals. If sulfate is derived only from sulfide oxidation producing H+, and

H+ is not neutralized at the site, pH should be directly related to sulfate. The concept was
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used to calculate for idealized relationship between sulfate and pH from pyrite oxidation

by oxygen (Equation 1.1) and ferric iron (Equation 1.2). Two moles of sulfate and two

moles of H+, are produced from pyrite oxidation by oxygen, while two moles of sulfate

and 16 moles of H+, are produced from pyrite oxidation by ferric iron. The concentration

of sulfate in groundwater during this study ranges from 29 to 830 mg/L. These sulfate

concentrations were used to calculate for ideal pH, which were between 2.1 and 3.5 for

oxidation using oxygen, and between 1.2 and 2.6 for oxidation using ferric iron. The

green line shows the idealized relationship of pH with sulfate, if all sulfate is derived

from pyrite oxidation by oxygen, whereas the orange line presents the idealized curve if

all sulfate is derived from pyrite oxidation by ferric iron. However, there is no systematic

relationship between sulfate and pH as shown in Figure 7.10.

Generally, all pH values were above the ideal pH derived from pyrite oxidation by

ferric ion, and only pH values in well w2-1 were close to the ideal pH from pyrite

oxidation by oxygen. Groundwater in well w2-1 was less influenced by neutralization

mechanisms compared to groundwater in other wells, and pyrite oxidation in the Waldorf

mine dump may be mainly driven by oxygen as a reactant, which agrees well with the

isotopic data, discussed later in this chapter. Furthermore, it is possible that sulfate

concentrations in groundwater were not controlled only by sulfide oxidation but also

from dissolution or precipitation of secondary sulfate minerals. Neutralizing reactions

may also occur which would influence the relationship between sulfate and pH.
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sulfate, if all sulfate is derived from pyrite oxidation by ferric iron (Equation 1.2).

7.1.2.2 Alkalinitv

Alkalinity in the groundwater of the Waldorf mine dump ranges from 0 to 120

mg/L as CaC03. Because of the near neutral to slightly alkaline pH of Waldorf

groundwater, bicarbonate is the dominant carbonate species. The highest bicarbonate

concentrations occur in groundwater at the portal, and decrease in wells along trend A as

shown in Figure 7.11, which shows the data from August 15,1999. There is no
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significant difference of alkalinity values between mine waste and native soil. However,

the decrease of alkalinity with distance from the portal to the seeps cannot be used solely

to represent the neutralization along the flow path as initially hypothesized initial

assumption, as other evidence from pH, electrical conductivity, DO, Zn and Li

concentrations, and water level measurements show multiple sources of groundwater

within the dump.
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Figure 7.11 Alkalinity in trend A on August 15, 1999
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One of the sources of alkalinity in groundwater in the Waldorf mine dump could

be the dissolution of rhodochrosite (MnC03), supported by the relation of Mn and

alkalinity as shown in Figure 7.3 and saturation indexes of MnC03 indicating dissolution

in groundwater from most wells. Rhodochrosite is reported as a gangue mineral at the

site (Lovering, 1953), in which the dissolution of rhodochrosite releases bicarbonate to

the groundwater is shown in Equation 7.6. However, Figure 7.3 shows that most

groundwater samples do not follow stoichiometry of rhodochrosite. There were some

other sources influencing alkalinity into groundwater. The other possible sources of

alkalinity might be dissolution of calcite, siderite, ankerite, atmospheric and soil gas C02,

and C02 added by biological processes.

The relationship between dissolved Mg and Ca with C03 is shown in Figure 7.12,

to evaluate the possibility of dissolution of calcite, siderite, and ankerite. The dashed red

line shows the molar ratio I: I of Mg:C03 and Ca:C03 indicating that some samples

possibly have alkalinity and Mg controlled by siderite and ankerite dissolution. Mg is a

common cation substitution for Fe in siderite and ankerite. However, most of

groundwater samples have C03 contents much lesser than Ca, indicating that calcite may

be another source of alkalinity and there are additional sources of Ca in addition to calcite

dissolution.

Calcite (CaC03) is reported as another gangue mineral at the site, but there is no

evidence of calcite at the dump from core samples, and no rock samples from the

surrounding area were collected. However, the dump has been inactive for many years.
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Thus, it is possible that calcite in the dump and surrounding area near the site has been

completely dissolved, or might be still in small amount or localized concentrations.
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Figure 7.12 Relationship of Ca, Mg concentrations and alkalinity.

7.1.2.3 Chloride

Chloride concentrations range from 0.2 to 24 mg/L. Of all the chemical

constituents that have been measured, Cl in the dump is most likely the least reactive

(Dubrovsky, 1986). Therefore, chloride may be assumed to be a conservative ion for the

purpose of mass-balance calculations (Hem, 1995). However, chloride concentrations do

not vary systematically along the possible flow paths represented by well trends A and B.

Chloride concentrations with distance from the portal in July and August, 1999, are

shown in Figure 7.13. There is no systematic variation in chloride concentration in the
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Waldorf mine dump with increasing distance from the portal. This could be either due to

varying degrees of evaporation within the dump, or there might be different groundwater

flow paths through each well. If the variation in chloride concentration depends on the

extent of evaporation, an increase of 1)180 in groundwater should be observed for greater

degree of evaporation. However, insignificant change of oxygen isotopes in groundwater

(Table 7.5) was indicated. The values of oxygen isotopes in groundwater do not clearly

show the enriched in 180 by evaporation that possibly because very small amount of

water percolate into the dump as discussed in chapter 5. Therefore, the variation in

chloride concentration in the Waldorf mine dump could indicate different groundwater

flow paths through each well.

Chloride also occurs III micas by replacing hydroxyl anions (Munoz, 1984).

However, there is no documented occurrence of minerals containing chloride in the

Waldorf mine dump and no analyses of Cl concentrations in core samples were

conducted to verify this possibility.
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Figure 7.13 Chloride concentrations in trend A in July and August 1999.
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7.1.2.4 ~itrate

Nitrate concentrations in groundwater range from 0.09 to 1.7 mg/L, The sources

of nitrate within the Waldorf mine dump are likely from atmospheric precipitation and

the decomposition of organic debris.

7.1.2.5 Fluoride

Fluoride concentrations in the Waldorf mine dump range from 0.24 to 3.64 mgIL.

Aqueous fluoride may be derived from the dissolution of fluorite (CaF2), which is a

common gangue mineral in veins in Mount McClellan (Lovering, 1950). Fluoride can

also be a component of annite (ideally KFel+AlSi30lO (OH,Fh), as a substitution for

OK (Munoz, 1984). The fluoride concentration may also be influenced by adsorption on

mineral surfaces, especially clay minerals such as kaolinite and smectite which were

found in the dump.

Even though groundwater in wells has unique chemical characteristics suggesting

different sources, fluoride concentrations seem to decrease from the portal to the edge of

the dump along trend A (Figure 7.14). However, an unsystematic change of fluoride

concentrations in sample pairs from native soil and mine waste were observed. The

tendency of fluoride to decrease with distance from portal was similar to that observed

for alkalinity. However, there is no correlation between fluoride and alkalinity in

groundwater from both the native soil and mine waste material (Figure 7.15), indicating



212

different geochemical mechanisms controlling fluoride and alkalinity in groundwater in

the Waldorf mine dump.

F- Concentrations in Trend A

w9·2
- --- - - - -- -- - - -- - - - -- - - -- - - -- -;5-1- -w7·2- - - - - - -G - - - - - -- - - - - - - - --

r! 0 w9.1-- - - - - - -- -- - - - - - - ----- - - -- ---wB-·2- - - - - -- - - - -- ... - - - - - - -- - - - - - ---

w3.1 • w7·1
_________________ - - -t-W3-2 - - -- - - - - - - -- - - - - -- - -- - - - - - --- --- - - --

.w1-1

350 250 200 50150 100300
Distance from Portal (feet)

• native soil o mine waste • portal

3.0

2.5

2.0 ~
1.5 ~E~

LL
1.0

0.5

0.0
0

Figure 7.14 Fluoride concentrations in groundwater in trend A from both wells completed
in the native soil and wells completed in mine waste.
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Figure 7.15 Relationship between fluoride and alkalinity in groundwater from both mine
waste and native soil.

7.1.3 Cations

Cations measured were major elements (aluminum, calcium, sodium, potassium,

magnesium, silicon) and dissolved metals (iron, manganese, zinc, lead, nickel, cobalt,

cadmium, barium)

7.1.3.1 Major Element

Major elements in groundwater generally consist of aluminum, calcium, sodium,

potassium, magnesium, and silicon.



214

7.1.3.1.1 Aluminum

The concentrations of aluminum in the Waldorf mine dump range from 0.01 to 34

mgIL. Aluminum is controlled primarily by dissolution, pH dependent sorption, and

precipitation reactions. Figure 7.16 presents the relationship of the aluminum

concentration of groundwater in the piezometer wells, and the portal, in equilibrium with

gibbsite at 25°C.

A high concentration of dissolved aluminum in groundwater in the Waldorf mine

dump is present in well w2-1 where the pH is less than 5, indicating the possibility of

different mechanisms involving Al-bearing minerals in low pH environment of well w2-1

compared with water from the portal and other wells. The different flow paths of

groundwater flowing into well w2-1 and other wells and the possibility of greater

reaction rate of water-rock forming minerals in the low pH environment leading to higher

AI concentrations may control the Al concentrations within the dump.

Above a pH of 5, aluminum concentrations are lower, possibly due to gibbsite

precipitation as reported by Nordstorm (1999). On the other hand, aluminum occurs

primarily as Al3+, AI(OH)2+, and AI(OH)/ at pH below 5 (Langmuir, 1997), and at this

pH, AI concentrations in water may be controlled by the precipitation of aluminum

sulfate minerals such as alunite ((KA!](S04h(OH)6 ) (Nordstorm,1982) as shown in

Equation 7.8. However, groundwater in well w2-1 has saturation indexes of alunite much

less than zero, showing no alunite precipitation from groundwater in well w2-1.

Saturation indexes of alunite in groundwater of other wells also show alunite
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undersaturation, but jarosite forms (Equation 7.9) instead in some wells. Therefore, it is

reasonable to suggest the precipitations of alunite and jarosite depend on relative amounts

of dissolved iron and aluminum, and that controls Al concentrations in dump waters.

(7.8)

(Alunite)

s: + 3Fe3+ + 2 SO/- + 6H20 -7 KFe3(S04 h (0H)6 (7.9)

(Jarosite)
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Figure 7.16 The relationship of the aluminum concentration and pH for groundwater in
the Waldorf mine dump in equilibrium with gibbsite at 25°C.

The dissolution of aluminosilicates or aluminum hydroxide minerals (muscovite,

albite, biotite, plagioclase, and feldspar) in the Waldorf mine dump, may influence Al
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concentrations in groundwater within the dump. Aluminosilicate dissolution generally

also releases some other major cations (Na, K, Ca, Mg, Fe and Mn) shown above in

Equations 7.1 to 7.5, and these cations play an important role in the formation of

secondary minerals such as K- and Na- jarosite, and gypsum.

7.1.3 .1.2 Calcium

Calcium is the dominant cation in the groundwater of the Waldorf mine dump.

Dissolved calcium concentrations range from 26 to 130 mg/L. Anorthite (CaAhShOs),

gypsum (CaS04'2H20), apatite (Cas(P04h(OH,F,CI), hornblende (Ca,Na)2_

3(Mg,Fe,Al)sSi6 -(Si,Al)2022(OH)z, and ankerite (Ca Fe(C03h are the potential sources of

calcium for the water. Anorthite is an end-member of solid solution of the albite-

anorthite series (Klein and Hurlbut, 1993). Albite was detected by X-ray diffraction of

the core samples. Therefore, it is possible that there is a solid solution of albite-anorthite

in feldspars in the area. Apatite was not found from either visual or XRD analyses, but

phosphorus was found in the chemical analysis of the core samples, and apatite is a

possible source for this phosphorus. Therefore, apatite could be another source for Ca.

Hornblende and ankerite are minerals reported to be found in the rock at the site area.

However, hornblende was not found from either visual or XRD analyses in the core

samples, which is probably because of a very small amount.

As mentioned in the alkalinity section, even though calcite is reported as another

gangue mineral at the site, there is no evidence of calcite at the dump from core samples.
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In addition, the dump has been inactive for many years. Therefore, it is possible that

calcite in the dump and surrounding area near the site has been completely dissolved, or

might only be present in small amounts or in localized concentrations. Ankerite is

another possible source of calcium in the dump, but was not found from either visual or

XRD analyses in the core samples, which is probably because of a very small amount.

There was no evidence of increased Ca during high precipitation events,

indicating no influence of Ca by rain as shown as an example of Ca and so,"
concentrations in wells w5-1 and wll-l (Figure 7.17). The relationship ofCa and so,':

in the Waldorf mine dump is shown in Figure 7.18. The relationship of both ions exceeds

1:1, which indicates an excess of sulfate compared to that expected from gypsum

dissolution. Gypsum saturation indexes in all groundwater samples were less than zero,

indicating the possibility of dissolution. The details of the saturation index calculations

will be provided later in this chapter. The evidence indicates that the sources of Ca and

sulfate were not only from gypsum dissolution, but from multiple sources. Gypsum

dissolution is the primary source for Ca within the dump, and the other sources of Ca in

groundwater are from reactions involving Ca-bearing minerals.
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Figure 7.17 Ca2+ and sol- from wells W5-1 and Wll-I shows no influence from the
dissolution of gypsum.
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Figure 7.18 Relationships of Ca and sol- in groundwater.

7.1.3.1.3 Sodium

Sodium concentrations range from 1.5 to 10 mg/L. The incongruent dissolution

of albite releases sodium and forms kaolinite, as shown in Equation 7.2. Albite and

kaolinite were detectable by XRD in some samples of this study. Na+ can be replaced or

exchanged by some clay minerals (Moore and Reynolds, 1997).

7.1.3.1.4 Potassium

Potassium concentrations range from 0.59 to 26 mg/I. Dissolved potassium likely

originates from dissolution of potassium feldspars, biotite, and muscovite. These

minerals were found within the dump. Hydrolysis reactions form kaolinite and release



220

silica and potassium as shown in Equations 7.1, 7.3, and 7.5. Potassium can then re-

precipitate in secondary solids, such as jarosite or alunite. Dissolved potassium may also

be influenced by its incorporation into clay minerals (Hem, 1989).

7.1.3.1.5 Magnesium

Magnesium is a major dissolved cation III groundwater with concentrations

ranging from 3.6 to 98 mg/L, The major source of magnesium in the Waldorf mine dump

is probably from the dissolution of chlorite, biotite, hornblende, siderite, and ankerite.

Due to very small amounts of chlorite and hornblende, chlorite was not found by visual

observation of core samples but was detected by XRD. Hornblende was not found from

either visual or XRD analyses. Biotite was observed by visual observation and detected

by XRD. Biotite and hornblende are primary minerals reported in the area, and chlorite

is likely their alteration mineral. Mg is a common partial cation substitution for Fe in

siderite and ankerite. The relationship between the mmoles of dissolved Mg and CO) as

shown in Figure 7.12, shows that some samples possibly have Mg controlled by siderite

and ankerite dissolution.

7.1.3.1.6 Silicon

The concentrations of Si02 range from 5 to 17 mg/L. Silicon is made available at

the field site by dissolution of quartz, and aluminosilicate minerals such as K-feldspar

and albite. Quartz will not contribute significantly to silica concentration due to its low
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solubility which is about 6 mgIL at 25°C (Hem, 1985). Dissolved silicon usually exists

as silicic acid (H4Si04).

Chalcedony, a silica-bearing mineral, might be a sink of SiOl. The saturation

index for this mineral was close to zero in all samples indicating equilibrium between

chalcedony and the water.

7.1.3.2 Dissolved Metals

High concentrations of heavy metals, such as zinc, lead, nickel, barium, cadmium,

cobalt, and copper in groundwater or surface water samples are indicative of AMD

impacts. The mobility of metals released by sulfide oxidation is controlled by

precipitation-dissolution reactions, coprecipitation, solid-solution substitutions, and

adsorption-desorption reactions. Coprecipitation can effectively remove significant

concentrations of Ni, Co, Cu, Pb, and Zn. AdsorptionJcoprecipitation probably plays an

important role in controlling the concentration ofNi, Co, Pb, and Zn (Thornber, 1983).

In general, these heavy metals are released to solution during the oxidation of

pyrite and associated sulfide minerals or dissolution of secondary minerals in the dump.

As a result of increased pH from dilution and neutralization, metals can be adsorbed onto

solid phases such as Al and Fe hydroxides and Mn-oxides. Almost 95% of the samples

in this data set have a pH greater than 3, indicating that pH neutralization, or dilution

from water mixing with regional groundwater has taken place. Therefore, the

concentrations of heavy metals have likely been affected by these processes.
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7.1.3.2.1 Iron

Iron concentrations ranging from I to 150 mg/L were found in the dump. High

concentrations of Fe are typical in acid sulfate waters (Schwertmann, 1993; Shum and

Lavkulich, 1999) due to the oxidation of iron-bearing sulfide minerals and the dissolution

of the ferric minerals such as goethite/ferrihydrite (Fe(OHh (Stumm and Morgan, 1981;

Nordstrom 1982; Lambeth, 1992). However, low Fe concentrations were found at high

sulfate concentration indicating iron removal by precipitation. Generally, Fe(OH)3 is

precipitated within the dump at pH above 4.0, in which the saturation indexes (Appendix

J) of Fe(OH)3 are saturated or supersaturated in some wells. Thornber's (1983)

experiments determined that Fe(OHh precipitation can accumulate heavy metals. In

acidic environments, precipitation of jarosite may control Fe concentrations

(Schwertmann, 1993). Precipitation of iron hydroxide would lower groundwater

concentrations of dissolved iron. In the presence of sulfuric acid and excess free oxygen,

the precipitation of jarosite (KFe3(S04)2) can occur. Jarosite was detected by XRD in

core samples of the Waldorf mine dump. The saturation indices of jarosite in

groundwater also are shown to be positive, indicating precipitation.

K + 3Fe3+ +2804 2- + 6H207 KFe3(804h(0H)6 + 6F

(jarosite)

(7.12)
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7.1.3.2.2 Manganese

Manganese concentrations range from 11 to 150,000 ug/L, The possible source

of manganese in Waldorf is dissolution of manganese minerals such as rhodochrosite

(MnC03) associated with the ore deposit. Rhodochrosite was detected by XRD.

Manganese could also be present as an impurity within minerals, such as calcite, or as

primary or secondary oxide coatings (Bennett, 1999). Rhodochrosite is probably the

most important control on the pore water Mn concentration in the Waldorf mine dump.

Co-precipitation of Mn(OH)x with Fe(OH)x was another possible factor to control

manganese concentration in groundwater as mentioned in 7.1.1.1.

7.1.3.2.3 Zinc

Zinc concentrations in the dump are 71 to 180,000 ug/l., Sphalerite (Zn,Fe)S is a

major source of Zn in groundwater. The mineral was found in core samples from the

Waldorf mine dump. Sphalerite was reported as an ore mineral in the area (Lovering,

1953). Coprecipitation with Fe(OHh may play an important role in controlling Zn

mobility in weathered sulfide environments (Thornber, 1983), when Fe(OH)3 was found

in the dump material. Figure 7.19 shows the positive correlation of Zn and sol-

concentrations in wells w 11-1 and w5-1. In general, higher zinc concentrations are

observed in waters with higher sulfate concentration. This result suggests that greater

amounts of Zn are released in areas where there is more active sulfide oxidation.
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Figure 7.19 Relationship of Zn and sulfate in groundwater collected from wells w 11-1
and w5-1.

Much higher Zn concentration was observed in well w2-l compared to the water

from the portal and all other wells for the whole period of this study (Figure 7.20),

indicating the possibility of greater water-rock reaction in this well. Groundwater in well

w2-l is also indicated the greatest values of electrical conductivity, dissolved oxygen

concentration, sulfate and some dissolved metal concentrations, zero alkalinity and very

low pH, showing the unique characteristics of groundwater in this well. The rate of

pyrite oxidation for the smallest pyrite grain size was investigated (discussed later in

chapter 9), showing unrealistic rate for the pyrite grain size if the groundwater in well

w2-l is a product of pyrite oxidation reaction by the water having the characteristics

similar to the water from the portal. Therefore, those evidences lead to the possibility of

water-rock reaction due to either hydrologic or mineralogic differences of groundwater in
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well w2-1, which supports the assumption of different sources of water between well w2-

I, portal, and the rest of the wells. However, Zn concentrations in groundwater from well

wll-2 were similar to groundwater from the portal. Therefore, it is also a possibility that

groundwater in well wll-2 may be derived from the same source of groundwater as the

portal. The assumption can also be supported by the concentrations of sulfate and Li in

groundwater (Figure 7.21), based on the assumption that sulfate and Li are known as low

reactive constituents in groundwater.
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Figure 7.20 Zn concentration histogram.
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7.1.3.2.4 Lead

Lead concentrations in the dump are 0.06-270 ug/L, Galena is one source of lead

in Waldorf mine dump water. Lead also can be a cation substituted in jarosite (Sasaki et

al., 1998). However, if Pb is a trace element of jarosite, only a small amount of Pb from

dissolution of jarosite would be provided and saturation indexes of jarosite in some wells

show this mineral to be undersaturated. Therefore, galena is the main source

contributing lead to the groundwater, and it was detected in the dump material and the

mineral was also reported as an ore mineral at the site.

7.1.3.2.5 Nickel

Nickel concentrations in the dump are 0.3-360 ug/L. Ni commonly substitutes as

a trace metal for Fe in pyrite (Hurlbut, 1971). There are some other geochemical

mechanisms such as coprecipitation and adsorption to control nickel mobility in

groundwater (Lambeth, 1992; Kinniburg et al., 1976). However, there were no

investigations of these mechanisms in this study.

7.1.3.2.6 Cobalt

Cobalt concentrations in the dump are 0.2 to 230 IlgIL. Cobalt is another trace

element that substitutes for Fe in pyrite (Hurlbut, 1971; Blowes, 1990). High correlation

coefficient of 0.75 was observed between Co and Fe-oxide, suggesting similar
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geochemical mechanisms involving Co and Fe-oxide, which might be the possibility of

adsorption of Co on Fe-oxide.

7.1.3.2.7 Cadmium

Cadmium concentrations in the dump are 0.03 to 820 ug/l., The element is a

common replacement cation for zinc in the sphalerite lattice (Hurlbut, 1971). Therefore,

it would be released with zinc during sphalerite oxidation within the dump supported by

high correlation coefficient (r) of 0.98 between Cd and sphalerite (Table 4.17), and the

relationship between Zn and Cd in groundwater as shown in Figure 7.22. The same type

of correlation was found in other studies (Marcy, 1979; Fuge et al., 1994; Odor et al.,

1998).
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Figure 7.22 Relationship of Cd and Zn.
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7.1.3.2.8 Barium

Barium concentrations in the dump are 4.3 to 97 ~gIL. The source of barium may be

from barite associated with the ore deposit. Barium also replaces calcium in the feldspar

lattice. Feldspar is more soluble under acidic conditions, therefore could release barium

from acid mine drainage sites. On the other hand, barite (BaS04) is extremely insoluble

under most conditions (Lambeth, 1992), especially in high sulfate waters such as those

found at Waldorf. The saturation indexes of barite in groundwater samples of all

samples show supersaturation with respect to barite (Appendix J).

7.1.4 Isotopes

Oxygen and sulfur isotope compositions were determined to provide additional

evidence for groundwater evolution at the site, and to help constrain the possible

pathways of pyrite oxidation. Oxygen isotopes were analyzed from oxygen in sulfate and

water from groundwater at the site. Sulfur isotopes were analyzed from sulfur in sulfate

and also in pyrite. A limited number of isotopic analyses were performed due to cost

constraints. Two sets of oxygen isotopic compositions in sulfate and water, and sulfur

isotopic compositions in sulfate, were analyzed from June and October, 1999. Due to the

cost limitation, sulfur isotopes from pyrite were analyzed from a single sample of pyrite

collected at the dump. However, only one sample was not enough to represent pyrite

from the whole dump.
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7.1.4.1 Oxygen Isotopes

The oxygen isotope values of sulfate and water were analyzed to identify the

mechanism of pyrite oxidation at the Waldorf mine dump. Oxygen isotope values (15180)

are reported relative to Standard Mean Ocean Water (SMOW). As mentioned before,

oxygen in sulfate can be derived from two sources: dissolved 02 and H20 molecules as

shown in Equations 3.1 to 3.3. Kinetic isotope fractionation effects between H20 or O2

and sulfate must also be accounted for (Taylor et aI., 1984; Toran and Harris, 1989). The

oxygen isotope composition of groundwater in the Waldorf mine dump varies between

-16.7 to -18.9 %0(Table 7.5), and the oxygen-isotope composition of dissolved oxygen in

equilibrium with atmospheric O2 (+23.5%0) is approximately +24 %0 (Horibe et aI.,

1973).

The oxygen isotope composition of sulfate in the Waldorf mine dump varies

between --6.7 to -10.3 per mil, indicating oxygen in sulfate is influenced by oxygen from

the atmosphere. If oxygen in sulfate is mainly derived from dissolved oxygen III

groundwater, the 15180 in sulfate would have similar values to 15180 in groundwater. In

contrast, the 15180 in sulfate is heavier than 15180 in groundwater, showing the kinetic

isotope effect between sulfate and atmospheric oxygen. The isotope results support that

pyrite oxidation by oxygen in Equation 1.1 (FeS2+7/202+H20 ------> Fe2++2S0/-+2H+,

which has MIr =1440 KJmor1
) dominates the oxidation mechanism of pyrite. There is

no significant difference in oxygen isotopic composition between water in the native soil

and mine waste.
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Table 7.5 The per mil oxygen isotope fractionation (Li8180S04_H20= 8180S04- 8180H20)
between dissolved sulfate and water. "N.A." means "Not Analyzed".

June 8180H20 8180S04 18 October 8180H208180S04 Lil8Li OS04-H20 OS04-H20
1999 1999
wl-l -17.0 N.A. N.A. wl-1 -18.1 N.A. N.A.
w2-l -17.7 -8.6 9.1 w2-1 -17.1 N.A. N.A.
w3-1 -18.9 -8.8 10.2 w3-1 -17.6 N.A. N.A.
w3-2 -18.0 -8.8 9.2 w3-2 -17.8 -9.0 8.8
w5-1 N.A. N.A. N.A. w5-1 -17.2 -10.3 6.9
w5-2 -18.3 -9.5 8.7 w5-2 -17.1 -10.1 7.0
w7-1 -17.5 -6.7 10.8 w7-1 -17.3 -9.3 8.0
w7-2 -17.5 -3.6 13.8 w7-2 -17.2 N.A. N.A.
w9-1 -17.2 N.A. N.A. w9-1 -17.1 N.A. N.A.
w9-2 -18.6 -9.1 9.5 w9-2 -17.1 -10.0 7.0
w11-1 N.A. N.A. N.A. wll-1 -16.7 -9.6 7.1
wll-2 N.A. N.A. N.A. wll-2 -17.2 -10.0 7.2
w13-1 -17.3 -9.2 8.1 w13-1 N.A. N.A. N.A.
w15-1 -18.3 -8.1 10.2 w15-1 -17.3 N.A. N.A.

The per mil oxygen isotope fractionation (Li180S04_H20= 8180s04 - 8180H20)

between dissolved sulfate and water (Table 7.5) reflects primarily the variation of

8180S04. The range in Li180s04_H20in Waldorf mine dump is 8.1 to 13.8 per mil in June,

1999, and 7.0 to 8.8 per mil in October, 1999. The experimental studies of oxygen

isotope fractionation between sulfate and water vary from +4.0 %0 (anaerobic, sterile) to

+18 %0 (aerobic, with T ferrooxidans) (Taylor, et al.,1984). Therefore, the oxygen

isotope fractionation between sulfate and water in the Waldorf mine dump appear to

correspond to the experimental fractionation conducted in aerated environments and may
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involve with bacterial activity as shown in the mentioned report, and also it is supported

by the content of dissolved oxygen in all wells.

It is likely that oxygen isotope fractionation between sulfate and water was higher

in June, 1999 (early summer) than October, 1999 (early fall). The occurrence shows the

variation of seasonal hydrologic conditions. The greater discharge of groundwater during

snowmelt in June may provide various DO contents into groundwater in the Waldorf

mine dump. The oxygen isotope fractionation due to dissolution of previously

precipitated sulfate minerals by infiltrated water from snowmelt at the mountainside may

be another cause of higher oxygen isotope fractionation between sulfate and water in

June. However, there are no results of oxygen isotope of sulfate minerals in this study to

support this hypothesis.

7.1.4.2 Sulfur Isotope

Sulfur isotope values (1)34SS04)were reported in the standard delta notation

relative to Canyon Diablo Troilite (CDT) standard. The range of 1)34Ss04values in

ground water are -1.4 to +6.0 in June, 1999, and -1.2 to +5.7 in October, 1999 (Table

7.6). The 1)34SCDTof pyrite in the dump was analyzed in only the sample of 8-wl-I-27, in

which the value of 1)34Spyriteis zero.
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Table 7.6 Sulfur isotope values (834S relative to eDT) in groundwater. "N.A." means
"Not Analyzed".

Well June 1999 October 1999
wl-l +1.0 +0.5
w2-l -0.3 0.0
w3-l -0.6 -0.7
w3-2 -0.7 -0.3
w5-l N.A. -1.2
w5-2 -0.8 -0.7
w7-l +0.3 N.A.
w7-2 +6.0 +5.7
w9-l -1.2 -1.1
w9-2 -1.4 -0.9
w l 1-1 N.A. -1.0
wll-2 N.A. -1.0
w15-l -0.7 -0.9
WDI -0.2 -0.5
WD2 -0.2 N.A.
WD3 -0.4 N.A.
WD4 -0.4 -0.2
Portal -1.2 -1.0

The sources of sulfate in the Waldorf mine dump are rain, dissolution of evaporite

sulfate minerals, and oxidation of sulfide minerals. The variation of 834S,ulfatein each

well compared to 834Spyritemay indicate that the sulfate of most groundwater may mainly

come from pyrite oxidation due to near zero values of 834S,ulfatein groundwater. The

834S,ulfatein w7-2 are much heavier than 834Spyrite,which indicate a different source of

sulfur in sulfate for this well, and not pyrite oxidation as observed in other systems
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containing sulfide (Harrison and Thode, 1958; Kaplan and Rittenberg, 1964). The

S180sulfatein w7-2 (Table 7.5) also are much heavier than Sl80sulfateinother wells, which

supports the different sources of sulfate of this well. The isotopically heavier S34Ssuifate

and Sl80sulfateare primarily affected by sulfate mineral dissolution, which is mainly

gypsum because groundwater has high calcium concentrations and is mainly a calcium

sulfate type of water as shown in Figure 7.23. Another possibility is that sulfate in the

groundwater may be derived from other sulfide minerals besides pyrite.

7.2 Major element characteristics of groundwater

Piper trilinear diagrams of all water samples collected from wells (0 ),the portal

(D)' and seeps (+) during this study are presented in Figure 7.20. The piper plot shows

groundwater in wells, seep, and the portal in the Waldorf mine dump to be the calcium

sulfate type, but the different groupings of groundwater in wells, seep, and the portal are

not shown clearly. However, groundwater in the portal tends to have lower concentration

of Ca and sulfate compared to groundwater in wells and seep. In addition, groundwater in

some wells has lower concentration of Ca and sulfate than the portal, indicating the

possibility of different sources of groundwater in the portal and some wells. As

mentioned before, groundwater in the Waldorf mine dump has unique characteristics in

each well, so major ions of calcium and sulfate can not be used to divide groundwater
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group. Trace elements such as Li and Zn have therefore been used to support the

different sources of groundwater as shown in Figures 7.19 and 7.20) .

.,

20 Na+K HC03+CO 3 20

%meq/l

.,~ ..
Chloride (el)

ANIONS
" CICa eo ..,....-- 40

Calcium (Ca)

CATIONS

Figure 7.23 Piper diagram presents groundwater chemistry in Waldorf mine dump, in
which " 0 " presents groundwater in wells, "D " presents groundwater in the portal,
and "+" presents groundwater in seeps
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7.3 Correlation Matrix of Groundwater in the Waldorf Mine Dump

Correlation coefficients between elements higher than 0.50 suggest the possibility

that the elements are most likely related by similar geochemical conditions or processes.

Correlation coefficients of higher than 0.80 between AI, Mg, Cd, Co, Cu, Zn, Ni, Mn

with Fe (Table 7.7) suggest that these elements may be released due to weathering of

aluminosilicate minerals and rhodochrosite and oxidation of sulfide minerals.

Table 7.7 Correlation coefficient of groundwater compositions.

Ba Ca Cd Co Cu Fe K Mn Mn Na Ni Pb

AI -0.21 0.23 0.98 0.96 0.97 0.88 -0.18 0.87 0.94 -0.28 0.97 0.58

Ba 1.00 -0.29 -0.19 -0.12 -0.18 -0.01 0.21 -0.25 -0.05 0.31 -0.24 -0.19

Ca 1.00 0.27 0.22 0.26 0.23 0.27 0.55 0.19 0.46 0.32 0.05

Cd 1.00 0.98 0.99 0.87 -0.16 0.90 0.96 -0.24 0.98 0.59

Co 1.00 0.98 0.85 -0.13 0.87 0.99 -0.19 0.96 0.55

Cu 1.00 0.87 -0.14 0.87 0.96 -0.22 0.98 0.53

Fe 1.00 -0.12 0.72 0.87 -0.15 0.84 0.39

K 1.00 -0.05 -0.07 0.72 -0.15 -0.18

Mo 1.00 0.84 -0.06 0.93 0.65

Mn 1.00 -0.10 0.94 0.54

Na 1.00 -0.24 -0.38

Ni 1.00 0.63
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Table 7.7 Correlation coefficient of groundwater composition (continued)

Si02 S04 U Zn DO Alk nH E.C. F CI S04 N03

AI 0.00 0.72 0.93 0.96 0.43 -0.17 -0.64 0.83 0.11 -0.09 0.58 0.11

Sa 0.17 -0.26 -0.20 -0.20 -0.38 -0.18 0.21 -0.28 -0.51 -0.01 -0.23 -0.25

Ca 0.41 0.61 0.23 0.28 0.20 0.29 0.11 0.53 0.43 0.43 0.68 0.04

Cd 0.00 0.71 0.96 0.99 0.43 0.09 -0.60 0.82 0.18 0.00 0.72 0.07

Co 0.05 0.66 0.93 0.98 0.37 0.36 -0.55 0.78 0.11 -0.04 0.39 -0.30

Cu 0.01 0.69 0.94 0.99 0.40 0.22 -0.56 0.78 0.15 0.01 0.65 0.04

Fe 0.12 0.69 0.86 0.85 0.27 -0.27 -0.53 0.72 -0.27 0.01 0.36 -0.14

K 0.47 0.04 -0.16 -0.17 -0.09 0.10 0.32 -0.08 0.42 0.65 0.06 -0.13

Mo 0.17 0.80 0.88 0.90 0.46 0.32 -0.54 0.90 0.41 0.23 0.84 -0.05

Mn 0.13 0.63 0.91 0.96 0.29 0.25 -0.53 0.74 -0.06 0.00 0.25 -0.47

Na 0.64 0.03 -0.27 -0.23 -0.25 0.32 0.53 -0.04 -0.01 0.57 0.18 -0.25

Ni 0.03 0.72 0.95 0.98 0.47 0.33 -0.63 0.85 0.29 0.07 0.75 0.03

Pb -0.12 0.38 0.69 0.57 0.47 0.29 -0.66 0.48 0.22 -0.06 0.48 -0.03

Sio2 1.00 0.32 -0.02 0.01 -0.01 0.13 0.19 0.19 0.19 0.17 0.24 -0.40

S04 1.00 0.65 0.68 0.35 0.00 -0.46 0.76 0.14 0.22 0.58 0.06

U 1.00 0.96 0.47 0.43 -0.61 0.77 0.25 -0.03 0.67 0.02

Zn 1.00 0.43 0.24 -0.56 0.80 0.33 -0.08 0.76 0.01

Do 1.00 -0.02 -0.43 0.32 0.39 0.04 0.40 0.08

Alkalinity 1.00 0.25 0.31 0.41 0.31 0.19 -0.17

oH 1.00 -0.55 0.12 0.27 -0.22 -0.15
Electric

Conductivitv 1.00 0.42 0.22 0.94 -0.14

F 1.00 0.04 0.40 -0.23

CI 1.00 0.22 0.01

SO, 1.00 -0.05

NO, 1.00
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Ni and Co have been known to commonly substitute for Fe in pyrite (Hurlbut,

1971). The correlation coefficients of 0.85 and 0.84 between Fe with Co and Ni,

respectively, suggest that pyrite oxidation is most likely to release Ni and Co in

groundwater. The correlation coefficients between Cd, Cu, Zn, with sulfate are 0.72,

0.65, and 0.76, respectively, indicate that these elements are most possibly released by

similar mechanisms, which are the oxidation of sphalerite or chalcopyrite. Generally, Cd

substitutes in sphalerite, and the oxidation of sphalerite will also release Cd into

groundwater. Therefore, Cd in groundwater correlates strongly with Zn with the

correlation coefficient of 0.99, suggesting that these metals are released from the same

mineral source such as sphalerite oxidation, and transported under the same geochemical

conditions as Zn. This evidence also supports the high correlation coefficient between Zn

and Cd in soil samples.

The low correlation coefficient of 0.57 between Na and Cl suggests that Na and

Cl may not be released from the same source or from the same chemical process. It is

possible that Cl may originate from precipitation from the atmosphere, while Na may be

from either atmospheric precipitation or albite dissolution. The relationship between Na

and Cl is shown in Figure 7.24.
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Figure 7.24 Relationship ofNa and Cl in waters collected at the Waldorf study site.

The correlation coefficient between Na and K is 0.72 suggesting that these

elements may be released from the similar mechanisms. Figure 7.25 shows the

relationship between Na and K, which suggests that these elements may be released by

similar geochemical conditions, which are dissolution of albite and the weathering of

interlayer cations from muscovite.
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Figure 7.25 Relationship ofNa and K in waters collected at the Waldorf study site.

7.4 Saturation Index Calculations

The saturation indexes for the groundwater in all wells, seeps, and the portal, were

determined using the computer program EQ36 as presented in Appendix J. The model

was also used to predict the geochemical evolution generating the products in well w2-1,

which is indicated as the well producing the highest degree of acid mine drainage within

the dump. O2 and C02 were set to equilibrium with the atmosphere because dissolved

oxygen concentrations were observed in all wells, indicating the dump is well aerated.

The result from the saturation indexes shows the individual groundwater compositions

responded differently with time.
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Supersaturation of barite was found in most groundwater sample, indicating that

barite precipitation could control sulfate concentrations in groundwater, while the

saturation indexes of jarosite suggest it is undersaturated in most groundwater samples

(Appendix J). The undersaturated conditions of jarosite in groundwater in some wells

and gypsum in all wells indicate that the dissolution of gypsum and jarosite may

influence sulfate in groundwater samples. Silicon in groundwater was controlled by

chalcedony; its saturation indexes were above zero. The supersaturation of kaolinite in

most samples indicates the evidence of the weathering of silicate minerals at the site,

which kaolinite is the primary product from the mechanism. The saturation index of

Fe(OH)) is strongly dependent on pH as shown in Figure 7.26.
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Figure 7.26 Saturation index of Fe(OH)) with pH.
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7.5 Hydrogeochemical Processes in the Waldorf Mine Dump

The original assumption that groundwater from the portal is the main source in

the dump and that groundwater flows along trends A and B is most probably incorrect, as

shown by the unique characteristics of groundwater supplied into each well. Instead,

the new hypothesis regarding the groundwater flow path is that groundwater within the

native soil may flow perpendicular from Mt. McClellan through the dump as shown in

Figure 7.2. The chemical characteristics in groundwater, therefore, depend on the

groundwater flow path to supply water to each well, and the portal.

Several lines of evidences point to different sources of groundwater within the

dump. Sulfate and Li concentrations in groundwater show the possibility of three

different groups of groundwater in the Waldorf mine dump, which are groundwater of

well w2-1, groundwater in the portal and well wI1-2, and groundwater in all other wells,

as shown in Figures 7.20 and 7.21. Unsystematic variation in chemical properties, such

as chloride, in groundwater in each well, provides additional support that groundwater in

the dump may not come from one source.

The possible sources of groundwater III the dump are regional groundwater

flowing in the native soil and out from the bedrock fractures beneath the native soil,

regional water flowing out at the portal, and water from precipitation. Generally,

regional groundwater flowing in the native soil and flowing out from fractures in bedrock

beneath the native soil is the main source of groundwater in the dump. Therefore, the
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chemical compositions of groundwater at the site are controlled by the groundwater flow

paths and mineral compositions where the groundwater flows through. Chemical

compositions of regional groundwater flowing out at the Wilcox tunnel are controlled by

mineralized rock that water passes through in the tunnel. However, unsystematic

correlation of chemical compositions between groundwater in the portal and groundwater

in wells and also the investigation of United State Forest Service explained later in the

next chapter shows lack of influence of groundwater flowing out at the Wilcox tunnel on

groundwater in wells.

Precipitation from snowmelt and ram events directly percolates through soil

surface at mountainside slopes into regional groundwater system and then flows into the

dump. The precipitation from snowmelt and rain events may also percolate through the

dump material from the dump surface, picking up more constituents from the dump via

hydrogeochemical processes within the dump. However, there is no significant change of

water levels in mine waste after snowmelt and during the rain event in all wells as

described in chapter 5, indicating that the amount of the water from snowmelt and water

from the precipitation may not be high enough to change water level in mine waste.

7.6 Summary

The aqueous chemical compositions along the flow paths of trends A and B were

observed under the initial assumption that water from the portal is the main source in the
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dump material and groundwater roughly flows along the two trends of wells, but the

distinct pH's, electrical conductivity, Li, sulfate and Zn concentrations in wells indicates

that the wells are not along a single flow path. In contrast, groundwater supplied in the

Waldorf mine dump may flow perpendicular from Mt.McClelian through the dump, and

this groundwater flow path controls the chemical properties of groundwater within the

dump due to water-rock reactions between groundwater and mineral compositions where

the groundwater flows through. Therefore, the flow path provides the unique chemical

characteristics of groundwater in each well.

Evidence from chemical properties of groundwater discussed in this chapter and

water level measurements in chapter 5, as well as temperature profiles in chapter 6,

support the main source of groundwater within the dump originating from regional

groundwater flowing in the native soil and discharging from the bedrock fractures

beneath the native soil. The assumption will also be supported by the results from

hydrologic model and USFS investigation that will be discussed in the next chapter.

The distinct pH's, electrical conductivity, Li, sulfate and Zn concentrations

indicate three different groups of groundwater in the Waldorf mine dump which are:

groundwater residing in the vicinity of well w2-1, groundwater from the portal and well

wll-2, and groundwater from all other wells. The higher water level in the native soil

compared to water levels in the mine waste material, as well as the evidence of

temperature profiles, indicates the groundwater in each well is mainly from water in the

native soil, and flowing out from the bedrock fractures.
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Oxygen in the dump was supplied from the water flowing into the dump and

outside air. Oxygen may be consumed by acid-generating reactions and microbial

activity. The rate of oxygen consumption is relatively lower than the rate of oxygen

supply. Therefore, the consumption of oxygen does not reduce the oxygen concentration

inside mine waste to a significant low level and there is plenty of oxygen available for

acid-generating oxidation reactions to take place. The higher values of dissolved oxygen

in mine waste than in native soil are due to atmospheric oxygen transport through the

highly permeable material in the dump. High dissolved oxygen contents close to the

edge of the dump become lower as the dump material is penetrated horizontally

consistent with dissolved oxygen with the dump being significantly affected by the

advection of air due to wind activity.

Generally, dissolution, oxidation, precipitation, adsorption, and coprecipitation,

are mechanisms controlling the chemical composition in groundwater. Groundwater in

the Waldorf mine dump is the calcium-sulfate type. Sulfate concentrations in the

Waldorf mine dump are controlled by both the oxidation of sulfide minerals and the

dissolution of secondary sulfate minerals found in the dump. As the main source of

groundwater is from the native soil and discharging from the bedrock fractures, sulfate in

groundwater in wells may possibly come from oxidation of sulfide minerals and the

dissolution of secondary sulfate minerals from the area that water flows through. Sulfide

oxidation and dissolution of secondary sulfate minerals occurring within the dump would

be less influential on sulfate in groundwater in wells.
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Calcium is a major cation in groundwater, for which the possible sources are from

plagioclase, gypsum, apatite, hornblende, and ankerite. These minerals are either

detected by visual observation or XRD diffraction and are also reported from previous

studies. Aluminium, sodium, potassium, and silicate are mainly derived from the

dissolution of aluminosilicate minerals. Dissolved metals in groundwater are contributed

from sulfide minerals such as pyrite, sphalerite, chalcopyrite and galena, which are ore

minerals at the site. No significant difference of alkalinity values between waters in mine

waste and native soil were observed. The sources of bicarbonate alkalinity in the

Waldorf mine dump may be from the combination of the dissolution of rhodochrosite,

dissolution of carbondioxide from the outside air and also from microbial activity.

The oxygen isotope composition of sulfate in the Waldorf mine dump varies

between -6.7 to ~10.3 per mil indicating that pyrite oxidation mechanisms in the Waldorf

mine dump primarily involves dissolved oxygen. The evidence is supported by the

results of pH and sulfate in groundwater shown in the area of the idealized curve of pyrite

oxidation with oxygen (Figure 7.10). Higher oxygen isotope fractionation during

snowmelt season compared to early fall. The seasonal variation of the oxygen isotope

fractionation can be explained two ways. First, higher discharge of groundwater during

snowmelt may provide various DO contents in groundwater in the Waldorf mine dump.

Second, the dissolution of previously precipitated sulfate minerals by infiltrated water

from snowmelt at the mountain side causing kinetic effect may be another reason

providing higher oxygen isotope fractionation. However, higher oxygen isotope
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fractionation during snowmelt may not be influenced by evaporation supported by the

insignificant change of oxygen isotopes in groundwater, which do not clearly show the

. h di 180 d .ennc e ill ue to evaporation,

The variation of /534Ssulfate in groundwater in each well showed that sulfate in

groundwater is mainly from pyrite oxidation in which secondary sulfate minerals, such as

gypsum, are its products. As mentioned before, gypsum dissolution is another source of

sulfate in groundwater. Therefore, it is possible that there is no significant isotopic

compositional difference between sulfide from pyrite and sulfate from gypsum.

High correlation coefficients between elements represent the possibilities of the

similar geochemical conditions or processes releasing those elements in groundwater.

The results of correlation coefficient matrixes of the elements suggest that the elements

from weathering of aluminosilicate minerals and rhodochrosite and oxidations of sulfide

minerals may be released from similar geochemical conditions. The saturation indexes

can be used to support the mechanisms occurring in the dump relative to dissolution and

precipitation.
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CHAPTER 8.0

HYDROLOGIC MODELING

The complexity of the hydrogeochemical environment at the Waldorf mine dump

has already been shown by field and analytical studies. Therefore, hydrologic modeling

was performed to form and test conceptual models of the groundwater flow system, and

also to help understand and predict the effects of geochemical processes that may be

active at the site. Field investigations of the hydrologic systems and the geochemistry of

groundwater as well as the dump temperatures indicate that the main sources of

groundwater flowing into the mine waste are from the native soil and from bedrock

fractures discharge. The groundwater in each well at the Waldorf mine dump tends to

have unique chemical characteristics, which suggests groundwater flowing through the

wells may not be along a single flow path, but the groundwater flow paths may be

perpendicular to Mt.McClelian through the Waldorf mine dump as shown in Figure 7.2.

Another possibility is that groundwater in each well may have different stages of

evolution of the groundwater in response to a common set of geochemical reactions.

Groundwater flowing upward from bedrock fractures affects the groundwater

level only in trend A, supported by the observations that the water level in this trend is

higher in the wells completed in native soil compared to those in the mine waste material.

Only well w11-2 in trend B was completed in mine waste material, in which the water

level in this well compared to the well completed in the native soil in the same cluster
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showed insignificant effect of upward flow. Groundwater levels were measured after the

groundwater exiting from the portal was diverted to the side of the dump, after the

hydrological investigations by the USGS were completed. The measured water level for

two months after the investigation showed slow decline of water level in wells close to

the portal and little or no change of water levels in wells further from the portal after the

remediation, for which detailed information will be provided later in this chapter. The

evidence indicates that the water from the portal may only effect to the water level in

wells close to the portal. It is possible that the wells close to the portal get a large amount

of their water from the portal, and the wells further from the portal get an increasing

proportion of their water from upward flow from the native soil or from bedrock

fractures. However, the amounts of water in these latter two sources were not

investigated in this study. The water level in well w9-1 completed in the native soil rose

during snowmelt, but there was no significant change of water level in any of the other

wells. Therefore, it is possible that precipitation from snowmelt and rain may be a

significant component in the regional groundwater flowing in the native soil compared

with that percolating directly through the dump top surface and passing through the dump

material into groundwater system.

Hydrologic modeling was conducted to investigate the factors controlling

groundwater flow within the dump including the hydraulic properties of the dump

material and water sources, which included the water discharging from the portal, the

water fluxes flowing in the native soil, and upward flux of water from bedrock fractures.
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Properties of these factors were adjusted until the model predictions matched the water

level measurements made in the field. Of these factors, hydraulic conductivities of the

dump material of each well were measured.

Measured hydraulic conductivities from slug test used in the model did not

provide a good match of water levels between model prediction and measurement.

Therefore, hydraulic conductivities in most wells were adjusted for modeling purpose,

and the details information of the uncertainties in measured hydraulic conductivities will

discussed later in this chapter. The results from the simulations in this study present

some potential hydrologic conditions based on data gathered from the field and analytical

investigations. However, due to the complexity of the field site, other scenarios than

those discussed here are possible.

8.1 Numerical Modeling of the Groundwater Flow System

Groundwater simulations were performed using MODFLOW96 (McDonald and

Harbaugh, 1996a, 1996b) and MODPATH (Pollock, 1994). MODFLOW is a three-

dimensional finite-difference ground-water flow model that calculates the flow of a

constant density material through a porous medium, while MODPATH performs flow

path modeling using particle tracking, in tandem with MODFLOW. MODPATH

calculations were performed as a post-processor to compute the average velocity the

groundwater. MODPATH was only performed with results of MODFLOW simulations

that yielded the best match with the measured water levels.
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8.2 Conceptual Model Setup

There are two possible groundwater sources, which are: I) regional groundwater

discharge at the portal, and 2) regional groundwater flows in Mt.McClellan slope surface

and flows in the native soil beneath the mine waste dump. The regional groundwater also

flows upwards from bedrock fractures beneath the native soil, discharges into the native

soil and mine waste material. Water from precipitation was distributed into regional

groundwater flowing in the native soil.

Precipitation from snowmelt and rain percolates directly through the soil surface

at mountainside slopes into the regional groundwater system and then flows into the

dump. The precipitation influence on the water level in the native soil during snowmelt

was described in chapter 6. The precipitation from snowmelt and rain may also percolate

through the dump material from the dump surface. However, the precipitation

percolating through the dump material from the dump surface is only a small amount, as

supported by the observation that there was negligible change of water level in the dump

in response to any individual rain events throughout the duration of the study. Therefore,

the precipitation percolating through the dump material from the dump surface was

eliminated from the conceptual groundwater model, and only precipitation from

snowmelt and rain as it contributes to the regional flow system was accounted for in the

model. Regional groundwater flowing into the native soil and mine waste material were

the accounted in the model (Figure 8.1). The amounts of regional groundwater including

precipitation were estimated from the results of the numerical model. Hydraulic



252

conductivities in the saturated zone, groundwater fluxes in the native soil and mine waste

material are important factors controlling water levels within the dump.

Mt.McClellan

~Ck Fractures

Water from bedrock
fractures (2)

Figure 8.1 Cartoon representing water sources affecting water level in the Waldorf dump,
including the water discharging at portal (I) and the regional groundwater flows in native
soil and water beneath the native soil from fractured areas in the bedrock (2).
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As mentioned before, the groundwater in the native soil and water discharging

from bedrock fractures, and groundwater discharging at the portal, are the main sources

of groundwater within the dump, as supported by the data of the chemical characteristics

of groundwater (chapter 7), groundwater level measurements (chapter 5), and

temperature profiles showing upward flow of cold water (chapter 6). Groundwater does

not flow along trends A and B as believed in the initial assumption, but rather the

groundwater flow path may be perpendicular to Mt. McClellan and through the Waldorf

mine dump instead. To simulate the groundwater system within the dump, measured

hydraulic conductivities and groundwater levels are needed. However, no new boreholes

were drilled and the measurements of hydraulic conductivities and groundwater levels

were measured only in the drilled boreholes based on the initial flow path assumption.

Consequently, the two-dimensional cross sections of trends A and B were chosen to

perform the steady state simulations of the groundwater system based on the new

assumption, even though the wells are not aligned along real flow paths. However, the

following additional explanations justify the use of cross sections along trends A and B to

simulate groundwater flowing perpendicular to Mt. McClellan and through the Waldorf

mine dump.

First, the main source of groundwater within the dump is the groundwater in the

native soil discharging from bedrock fractures, represented by groundwater fluxes from

the native soil in the model, which influence groundwater level in each well. Therefore,

the groundwater flow paths along trends A and B from the model are of less significance
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than the effect of groundwater fluxes beneath the native soil in controlling the

groundwater level in each well. Second, the retention time along trends A and B would

be longer than the retention time of flow paths that lie perpendicular to the piezometers

because the flow paths along trends A and B are inclined at a nearly 45 degree angle to

the possible flow paths that are perpendicular with the piezometers. Trends A and B thus

represent longer flow paths than what is probably the case in the real flow system (Figure

7.2). Therefore, it is possible that the real retention time of groundwater would be less

than the results from MODPATH.

The hydrologic simulations of water flow in cross-sections were designed to

allow groundwater to flow in the saturated zone of the native soil and mine waste

material. The saturation thickness of the native soil was set for 3 feet based on the drilled

core data, while the saturation thickness of the mine waste material was set

approximately for 2 feet based on water level in the material. Water discharging at the

portal and groundwater flowing in the native soil including water discharging from

bedrock fractures were set as the water fluxes used in the simulation. The water

discharging at the portal influences the water flux set in mine waste material.

Groundwater flowing in the native soil including water discharging from bedrock

fractures influences the water flux set in the native soil. The result of the retention time of

groundwater from the model will be investigated to support the duration of groundwater

flow affecting changes of water levels in wells.
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Sixty-one columns with one row and forty-two layers were constructed for trends

A and B (Figures 8.2 and 8.3). Constant column spacings of 5 ft, row spacings of I ft,

and layer spacings of I ft, were used. Water flowing in trend A flows out at the seep at

the toe of the dump and also flows out through the native soil (Figure 8.4), whereas the

water flowing in trend B flows out from the native soil because no seep was observed in

this trend (Figure 8.5). The area allowing water to flow in was set as injection wells, and

the area allowing water to flow out was set as a drain. The bedrock was set as a no-flow

boundary.
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L42

Figure 8.2 Grid construction of hydrological simulation for trend A. Red boxes show the
observation wells completed in mine waste material, and green boxes show the
observation wells completed in native soil.
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Figure 8.3 Grid construction of hydrological simulation for trend B. Red boxes show the
observation wells completed in mine waste material, and green boxes show the
observation wells completed in native soil.
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"

"

Figure 8.4 Grid and boundary conditions for trend A. Grey grid cells represent no flow
boundary. Purple and pink grid cells represent native soil and saturated mine waste
material. White grid cells represent unsaturated mine waste material. Red grid cells
show the observation wells completed in mine waste material, and green grid cells show
the observation wells completed in native soil. Yellow grid cells show injection wells
and drain.
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Figure 8.5 Grid and boundary conditions for trend B. Grey grid cells represent no flow
boundary. Purple and pink grid cells represent native soil and saturated mine waste
material. White grid cells represent unsaturated mine waste material. Red grid cells
show the observation wells completed in mine waste material, and green grid cells show
the observation wells completed in native soil. Yellow grid cells show injection wells
and drain.
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The heterogeneous nature of the dump material and water fluxes has an impact on

groundwater behavior. The measured hydraulic conductivities of the dump material in

the saturated zone were used in the initial model. However, the models using measured

hydraulic conductivities did not provide a good match between simulated water levels

and measured water levels. Therefore, estimated hydraulic conductivities were used in

the models. The estimated hydraulic conductivities were adjusted by about one-order of

magnitude in most area, except the area of mine waste material near the edge of the dump

in which the estimated hydraulic conductivities were adjusted about two-order of

magnitude. The detailed discussion of adjusted hydraulic conductivities will be discussed

later in this chapter.

Seasonal variations may control the flux of groundwater flowing upward from

bedrock fractures discharging into the native soil. Field investigations of water level

measurements show that the water levels in the native soil in the well close to the portal

(w9-1) were higher after snowmelt and during the rain event, indicating that more water

flows in the dump (Figure 5.12). However, there are less significant effects in all other

wells. There is no significant change of water levels in the mine waste material after

snowmelt and during the rain event in any of the wells. It would support the assumption

that regional groundwater from wells w9-1 and other wells are from different flow paths,

and the flow path of regional groundwater contributing water in well w9-1 is highly

affected from precipitation. The amount of water from snowmelt and water from

precipitation percolating into groundwater system may not be enough to change the water
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levels in the mine waste, or the mine waste is so hydraulically conductive that the

transient recharge from the snowmelt and rain does not lead to a long-lived change in

water level. However, there was no field investigation of the amount of water from

snowmelt and water from precipitation percolating into groundwater system, and the

hydraulic conductivities of mine waste material in unsaturated zone.

Water level measurements representing the average water level for the whole

period of study were used to calibrate the results of the steady state simulation. Since

only the water level in well w9-l was affected by snowmelt and rain events, the date of

water level measurement chosen to represent the average water level in all wells was

considered based on the water level measurements in well w9-1. Water level

measurements on August I, 1999, were chosen to represent the average water level.

Even though the date was shortly after the rain began, the water level in well w9-1 on this

date was not affected from the rain event yet as shown in Figure 5.6. The figure shows

the steady condition of water level in well w9-l before rising water levels in this well in

mid-August due to higher flux from a rain event. Precipitation from snowmelt and rain

directly percolates through the soil surface at mountainside slopes into the regional

groundwater system and then flows into the dump. This water flows into the native soil

and is presented in the hydrologic model as a higher flux.
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8.3 Parameters Used in the Model

Parameters used in groundwater flow model were hydraulic conductivities,

leakance, well flux, and drain conductance.

8.3.1 Hydraulic Conductivities

Aquifer hydraulic conductivity values (K) were assigned to each grid cell.

Initially, the hydraulic conductivities that were measured at the site for both the native

soil and mine waste material in the saturated zone were used in the model. The saturated

zone in the model includes the lithologically distinct layers of the native soil and mine

waste material. The hydraulic conductivity in the native soil was assigned for three feet

of thickness based on data obtained during drilling. The hydraulic conductivity in the

mine waste material in the saturated zone was assigned for the thickness between the top

of the native soil to the average water levels in wells completed in mine waste material,

in which the saturated thickness of the mine waste material was about 2 feet.

Hydraulic conductivities of native soil and saturated mine waste material were

adjusted in some areas to improve the results of the model simulations. The hydraulic

conductivities in the mine waste material in the unsaturated zone were not measured.

However, the hydraulic conductivities in the mine waste material in the unsaturated zone

were assumed to have no effect on water levels within the dump because the primary

sources of groundwater are from regional groundwater discharge to the native soil from

bedrock fractures beneath the native soil.
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The simulation was started using measured hydraulic conductivity and adjusted

fluxes to match predicted water level with the measurement. However, the results show

higher predicted water levels in mine waste material and native soil from wells at the

middle to the edge of the dump in trend A compared with measured water levels, even

though the fluxes at the area were set to decease. The results led to the possibility of

higher hydraulic conductivity of the dump material at the area to allow more water to

transmit through the material and cause the water levels decrease at the area.

Even though measured hydraulic conductivity values in mine waste material and

the native soil were not significantly different (2-9 ft/d), noticeable differences in grain

size characterization between mine waste material and the native soil can be used to

assume that higher hydraulic conductivity values in mine waste material compared to the

native soil are possible. More of the larger grain size and unconsolidated material was

observed in the mine waste compared to the native soil thus it is possible that more

conductive material is present in mine waste material compared to the native soil. Mine

waste material in the saturated zone in trend A at the area of the middle to the edge of the

dump was described as intermediate containing 50-65% gravel and 1-6% fines, and the

degree of Fe-oxide staining was indicated to be trace Fe-oxide. The evidence of trace Fe-

oxide staining confmns that the area has always had high fluxes of water, which causes

low oxidation rates. Field observations indicated water in trend A exits from the dump at

seeps and the seeps have never dried out, showing that there is plenty of water flow in

this area and high hydraulic flow. Therefore, hydraulic conductivities were adjusted up
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by about one-order of magnitude for modeling purpose, and the area closed to the edge of

the dump was adjusted about two-order of magnitude. There are several uncertainties in

the measured hydraulic conductivity of the dump material which also support changing in

the model values.

1) The data set of measured hydraulic conductivities may not have been

adequate. One round of slug tests using pressure transducers was performed

in each well during this study due to the limitation of equipment availability.

Only the slug test in well W7-1 was reproduced to confirm the precision of

the test, and the results of the duplicated slug test in the well showed an

excellent accuracy of the test. However, an excellent accuracy of the

measurement from one well might not be enough to represent good

performance of slug tests in other wells. The reproducible measurements of

hydraulic conductivity tests in all wells are needed to confirm the data.

2) The borehole in this study was 0.04 ft ro, and an uncertainty in hydraulic

conductivity measurements attributable to the small diameter of the boreholes

may lead into the underestimation of the hydraulic conductivities.

3) Hydraulic conductivities were only measured in bore holes, which may not be

representative of hydraulic conductivities of the soil material between the

bore holes due to the heterogeneity ofthe dump material.

4) Size variation of the developed area around the screen may control the test

response.
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5) Slug test analysis is based on the assumption of horizontal radial flow, and

upward flow at the site may cause error. The area most affected by upward

flow was found near the edge of the dump. The hydraulic conductivities at

the area were adjusted by about two-order of magnitude in order to match

predicted water levels with measured water levels.

6) There might be silt entering in well screen which may cause underestimation

of hydraulic conductivities at the site.

Generally, a coefficient of variation may be used to quantify the uncertainty.

However, a single set of measured hydraulic conductivities is not enough to calculate

coefficients of variation.

Various degrees of influence from upward flow can be seen in trend A: the

highest impact of upward flow is seen in well cluster w3, located near the edge of the

dump. Water levels in the well completed in the native soil in this cluster (w3-1) were

about three feet higher than in the well completed in mine waste material in the same

cluster (w3-2). This difference in water levels between the native soil and mine waste

material in well cluster w3 shows the possibility that the hydraulic conductivities in

native soil and mine waste material in this well cluster are much different. However,

measured hydraulic conductivity values of native soil and mine waste material of wells

w3-l and w3-2 are 8 and 9 ftJday, respectively. However, the model using the measured

hydraulic conductivities with variation of water flux did not predict the different water

levels in mine waste material and native soil, but instead predicted higher water levels
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than those measured in both wells w3-1 and w3-2. Therefore, it is reasonable to assume

that hydraulic conductivities of mine waste material in this area are higher than those

measured, to allow water to flow more easily through the dump material. A similar

explanation may also apply in the well clusters nearby, which are well clusters w2 and

w5. Of these two well clusters, well cluster w2, which has only one well and is

completed in mine waste material (w2-1), has a water table in w2-1 which was always at

the screened interval. Consequently, hydraulic conductivities of the dump material from

the middle to the edge of the dump were adjusted to two-order of magnitude.

8.3.2 Leakance

Leakance (Vcont) is a function of leakage, representing vertical flow between two

lithologically distinct layers within an aquifer. Leakage involves the movement of water,

which may enter or leave the aquifer depending on head differences between two

aquifers. Leakance, or vertical hydraulic conductivity, represents the hydraulic

conductivity divided by thickness of the material between the cells in that layer to the cell

in the layer below (Equation 8.1) The calculation of vertical hydraulic conductivity

between two midpoints (i,j,k and iJ,k+l) is shown in Figure 8.6. Vertical hydraulic

conductivity is needed for MODFLOW model to calculate the vertical conductance

which is used to determine flow between adjacent cells, in which the movement rate of

water depends on thickness and the hydraulic conductivities of the cells. Vertical
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hydraulic conductivity is important when the adjacent cells have different hydraulic

conductivities.
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Figure 8.6 Diagram for verticalleakance calculation.
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where Cw and R; represents the width of columns and rows, respectively; bj, bv-i,

Kij.k and Kij,k+! represent the thickness and the hydraulic conductivities of cells i,j,k and

i,j,k+l, respectively (modified from McDonald and Harbaugh, 1988).
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8.3.3 Well Flux

The flux of regional groundwater including water discharging from the portal and

flowing into mine waste material and the native soil, and water flowing in soil on the

surface of Mt. McClellan flowing into the dump area within the native soil, and the water

flowing into the native soil from fractures in bedrock were set and adjusted until the

results of water levels from the simulated models and the water level measurements are

matched. There was no measurement of these water fluxes, which were initially

estimated and manually adjusted using trial and error. Discharge of regional groundwater

in the native soil and mine-waste material was modeled as a set of injection wells. The

locations of these wells were adjusted. The discharge of groundwater from fractures was

treated separately from regional groundwater in the model. The locations of the model

injection wells were adjusted to match the locations of greatest head differences between

the native soil and mine waste material. The upward flow was only observed in Trend A.

The trend of injection well aligns in northeast direction which is the same direction as a

fault observed at the study site. Therefore, it is possible that the locations the injection

wells represent groundwater discharge from bedrock fractures aligned with the fault

direction

8.3.4 Drain Conductance

The drain boundary is located at the downhill edge of the dump, so the drains

represent seeps at the toe of the dump. The drain package is used to simulate seep flow
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controlled with the drain elevation. The drain cell is only activated when the water table

rises above the drain elevation. If the water table falls below the drain elevation, the

drain no longer flows. The drain conductance (C) in each cell was calculated as shown in

Equation 8.2 and Figure 8.7.

(8.2)

where C; and R; represents column and row width, respectively. K represents

the hydraulic conductivities of the cell, and E, and Ed represent the elevations of the cell

bottom and the drain (modified from McDonald and Harbaugh, 1988).
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Figure 8.7 Diagram for drain conductance calculation.
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8.4 Model Descriptions and Results

Several numerical models were constructed to simulate the groundwater system

within the dump. Step by step simulations were performed, starting with the very simple

model using measured hydraulic conductivities and estimated well fluxes. The values of

the hydraulic conductivities were fixed to the values measured at the site. Only the well

fluxes were set and adjusted, with the expectation that the results from the simulated

models would match the field measurements from August 1, 1999, as mentioned in

previous section. The distributions of measured hydraulic conductivities in trends A and

B are shown in Figures 8.8 and 8.9, respectively. However, the simulation constructed in

this manner did not converge. Therefore, hydraulic conductivities were estimated to

improve the model.



271

2145678910111213'41516171819W2\UD~~~VU~~~U~~D~~~~~41UQ"q.Q.~~~~~~~~D~~W61

inactive cell

Figure 8.8 Distribution of measured hydraulic conductivities and well fluxes in Trend A.
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Figure 8.9 Distribution of measured hydraulic conductivities and well fluxes in Trend B.

The estimated hydraulic conductivities were based on the measured hydraulic

conductivity adjusted within one-order-of- magnitude in most area, except the area near

the edge of the dump in which the estimated hydraulic conductivities were adjusted about

two-order of magnitude. The results from these models matched the predicted results and

measured water levels best. The differences between the predicted and measured water

levels were less than half foot in all wells. The distributions of hydraulic conductivities
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and well fluxes in trends A and B are shown in Figures 8.10 and 8.11, respectively. The

model results from trends A and B are shown in Figure 8.12 and 8.13. The model shows

that water discharging from bedrock fracture significantly affects water levels in the

dump.

MODPATH simulations were performed to examme the residence time of

groundwater in trends A and B using water-particle tracking. The residence time was

calculated for groundwater moving in the saturated zone from the portal to the edge of

the mine dump. The results indicated that the average residence time of groundwater

between flowing through the dump is about two months for trends A and B. The

relationship between traveling time of particles and distances from the edge of the dump

in trends A and B are shown in Figure 8.14, in which the curve in trend A shows

changing slope at the middle of the dump due to significant different hydraulic

conductivity of the material at the area compared to the area nearby.



Figure 8.10 Distribution of hydraulic conductivities and well fluxes in Trend A.
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Figure 8.11 Distribution of hydraulic conductivities and well fluxes in Trend B.
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Figure 8.12 Water levels measurement on August 1, 1999 compared with simulated
results in Trend A.
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Figure 8.13 Water levels measurement on August I, 1999 compared with simulated
results in Trend B.
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Figure 8.14 Traveling time of particles and distances from the edge of the dump.
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8.5 Seasonal Variation Controlling the Groundwater Level in the Waldorf Mine Dump

Water level in well w9-1 was observed to have the greatest seasonal variation

(Figure 5.6) during snowmelt. The water levels in well w9-1 during snowmelt were the

highest throughout this study. Groundwater modeling was conducted to investigate the

well fluxes controlling the water levels in well w9-1 during snowmelt. The highest

discharge of Leavenworth Creek due to snowmelt was observed about mid-June, 1999,

as shown in Figure 5.3, and the highest water level in well w9-1 during this study was

indicated during this time (June 19, 1999). Therefore, it was assumed that water level

in well w9-1 was affected by snowmelt. After June 19, 1999, the water level in this

well tended to decrease with time.

The distributions of the adjusted hydraulic conductivity and well fluxes

representing regional groundwater flowing within the dump providing the best result for

trend A mentioned in the previous section, were used in the model. The artificial well

fluxes were adjusted until water levels from the model prediction matched the

measurement. The increasing flux (from 3.5 ft3/d to 4.5 ft3/d) of water from bedrock

fractures located near well w9-1 (Figure 8.15) was needed to control the water level in

this well during snowmelt. The model results compared to the actual water level

measurement in June 19, 1999 are shown in Figure 8.16.
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Figure 8.15 Distribution of hydraulic conductivities and well fluxes for investigation of
the effect from snowmelt.
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water levels in the native soil

- 11600 -,----------------------,
~ 11595

11590mIII 11585
!Jo! i' 11580
~ :!. 11575
'" 11570g 11565
~ 11560
~ 11555 -!-----,-----c------,------r------1
Gi

Ii

iii
iii

w1-1 w3-1 w5-1 w7-1 w9-1

• water leloelmeasurement on August 1, 1999 o simulated results

water levels in the mine waste material

- 11595,-------------------·---,
~ 11590m 11585
III ~ 11580
~ 1l 11575
.g e 11570
g 11565
~ 11560
~ 11555 -!-------r-----.,-------,--------1
Gi w2-1 w3-2 w5-2 w9-2

• water leloelmeasurement on August 1, 1999 o simulated results

Figure 8.16 Waterlevel measurement on June 19, 1999, and predicted result.



282

8.6 Remediation by the US Forest Service

The US Forest Service (USFS) attempt a simple remediation at the Waldorf mine

dump in June, 2002. The remediation was based on the idea that water flowing out from

the portal over the dump surface was the main source of water in the dump and caused

the chemical reactions between the groundwater with the material within the dump. The

strategy of the remediation is not to allow water from the portal to react with the material

within the dump. Therefore, USFS diverted the water exiting the portal to the side of the

dump as shown in Figure 8.17. The United States Geological Survey (USGS)

investigated hydrological characteristics of the Waldorf mine dump and the area nearby.

This investigation required water flowing on top of the dump surface again. Therefore,

about three weeks after the remediation started, the water exiting from the portal was

allowed to flow on top of the dump surface again for a week so the USGS could perform

its investigations.

Groundwater levels were measured after the groundwater exiting from the portal

was diverted to the side of the dump, following the hydrological investigations by the

USGS were completed on August I, 2002. Groundwater levels in wells along trend B

were not measured for this investigation because the wells were damaged. Groundwater

levels in wells in trend A (w9-2, w9-1, w7-1, w7-2, w5-, w3-1, w3-2, w2-1, and w l-l )

were measured for two months from August 1,2002 to September 27,2002 (Table 8.1)



283

Water used to flow over the
dump surface

Figure 8.17 Water discharging at the portalwas diverted to the side of the dump.
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Table 8.1 Measurements of groundwater levels after the investigations by USGS were
completed and the direction of water exiting from portal was changed to flow to the side
of the dump. All measurements are in feet below the ground surface.

Well 8/1/02 8./2/02 8/4/02 8/6/02 8/9/02 8/15/02 8/23/02 8/29/02 9/12/02 9/29/02

W9-2 11.5 11.5 11.5 11.92 11.98 11.9 11.95 12 12.35 12.3

W9-1 11.5 11.5 11.3 11.33 11.3 11.24 11.34 11.4 11.65 11.6

W7-1 20.8 20.5 20.7 20.85 20.8 20.93 21.0 21 21.15 21.1

W7-2 20.22 20.55 20.7 20.85 20.8 20.93 20.98 21 21.15 21

W5-1 23.2 23.2 23.25 23.53 23.25 23.7 23.75 24 23.85 23.9

W3-1 24.8 25.2 24.85 24.83 24.75 24.5 24.9 24.5 24.5 24.5

W3-2 27.6 27.6 27.6 27.6 27.6 27.6 27.6 27.6 27.55 27.6

W2-1 28.85 28.85 28.58 28.8 28.8 28.82 28.8 28.85 28.8 28.8

WI-I 27.2 26.85 26.55 26.5 26.5 26.4 26.4 26.4 26.4 26.4

The water levels in the wells close to the portal and those completed in mine

waste material (w9-2 and w7-2) and water levels in the well at the middle of the dump

and completed well in the native soil (w5-1) decreased about a foot about two months

after the USGS investigation was completed. Water levels in well w7-1, completed in the

native soil, decreased about a half foot in two months. There was no significant change

of groundwater levels during this investigation in other wells (Figure 8.18). The

evidence shows that wells close to the portal were influenced by water discharging from

the portal.
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The simulated results for the residence time of groundwater flowing in the dump

between the portal and seep in trends A and B were about two months. The residence

time in trends A and B represents the approximate traveling time of groundwater flowing

over the distance between the portal to the seeps of trends A and B. The results showed

that the water in the dump should have dried up within two months after the portal water

was diverted to the side of the dump, if the water from the portal is the main source of

water controlling water levels within the dump. However, residence times of regional

groundwater flowing perpendicular to Mt.McClellan might possibly be shorter than the

simulated results due to lesser distance compared to the distance of groundwater along

trends A and B (Figure 7.2).
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Figure 8.18 Groundwater levels after the investigations by USGS were completed and the
direction of water exiting from portal was changed to flow to the side of the dump.
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Figure 8.18 Groundwater levels after the investigations by USGS were completed and the
direction of water exiting from portal was changed to flow to the side of the dump
(continued).
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Figure 8.18 Groundwater levels after the investigations by USGS were completed and the
direction of water exiting from portal was changed to flow to the side of the dump
(continued).

Distributions of hydraulic conductivity and well fluxes providing the best match

between average measured water levels in August I, 1999, and predicted water levels in

trend A (Figure 8.10) while removing water fluxes from the portal discharge was

simulated to investigate the effect of these fluxes on water levels. The water fluxes in

mine waste material were set to represent the fluxes mainly controlled by water

discharging from the portal. Then, the flux was taken away to represent the diversion of

water. The new distribution of hydraulic conductivities and fluxes is shown in Figure

8.19. The simulated results agree closely with decreasing of water levels in wells closed

to the portal.
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Figure 8.19 Distribution of hydraulic conductivities and well fluxes for investigation of
the effect from groundwater discharging from the portal.

Water level measurements were made for two months after the completion of the

project conducted by USGS. The water levels in well w9-2, w7-2, and w5-l, had the

greatest decrease in water level of about a foot within two months. However, there was
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no dry well after two months of investigation. In contrast, groundwater still persisted two

months after changing diverting the direction of water exiting from portal to flow to the

side of the dump. Groundwater from the portal influenced water levels in wells close to

the portal, and is also not only the main source of the groundwater within the dump. If

groundwater from the portal is the main source of groundwater within the dump, all wells

should have become dry within two months.

8.7 Summary

The results of the simulation using the combination of measured and adjusted

hydraulic conductivities and well fluxes distributed from regional groundwater, provided

the best match of predicted results and measured water levels. The results support the

hypothesis that groundwater levels within the dump were influenced by regional

groundwater discharging from the portal and water flowing into the native soil from soil

surface and flowing upward from bedrock fractures. Groundwater levels in each well

along trend A were controlled by these sources of water into different degrees. Water

levels in wells closed to the portal get a large amount of their water from the portal

compared to water flowing in native soil, and the wells further from the portal get an

increasing proportion of their water from upward flow from the native soil or from

bedrock fractures. Water discharging the portal tend to affect wells close to the portal

and completed in mine waste material, except in the well at the middle of the dump along

trend A which was completed in the native soil but had high affect from this water source
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because of very small fluxes of groundwater discharging from bedrock fractures at the

area. Generally, groundwater discharging from the portal had a greater affect in well

clusters with small fluxes of groundwater discharging from bedrock fractures, except in

the well cluster closest the portal. Water levels in this well cluster completed in the

native soil (w9-1) have an insignificant component of groundwater discharging from the

portal, because simulated results show high amount of groundwater discharging from

bedrock fractures in this well. Precipitation from snowmelt and rain only influenced

regional groundwater flowing in the native soil in well w9-1, where water levels rise

during the precipitation event. The evidences also support the possibility of different

flow paths of regional groundwater distributed into well w9-l and other wells.

The USFS has attempted remediation based on diverting the portal water and thus

preventing reactions with the material within the dump, and allowing the dump to dry.

However, diverting the water from the portal to the side of the dump will probably not

work because water from the portal is not the main water source controlling the water

level within the dump. Water in the native soil including water discharging from bedrock

fractures cause the remediation concept by USFS be insufficient to remediate the site. It

is possible that an effective remediation for the site would be the concept to deal with

water flowing in the native soil including upward flow. Even though mine waste

material would be the main source of acid contamination into Leavenworth Creek, it

would be too expensive to scrap out the dump material thereby not allowing water-rock
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reactions to occur within the dump. Other remediation scenarios will be discussed in the

next chapter.

Typical residence times of two months for the water in trends A and B flowing

from the portal to seeps was predicted. However the chemical compositions of

groundwater in each well cannot be explained evolution along only one flow path, and

distinct groundwater flow paths were indicated. However, the residence time can be used

as a factor to indicate the time-dependent geochemical processes of each well within the

dump individually. Furthermore, the results from groundwater modeling investigation

provide a possible basis for designing suitable methods for remediation at the Waldorf

dump and other dumps having similar hydrologic and chemical conditions.
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CHAPTER 9.0

CONCEPTUAL MODEL OF THE WALDORF MINE DUMP

The understanding of the Waldorf mine dump, Colorado, has improved through

the identification of physical and chemical interactions within the dump, reported in this

study. The Waldorf mine dump hosts a complex interaction of hydrologic, geologic, and

geochemical processes, as shown in the previous chapters. Water flow and storage,

minerals existing in the area, dump physical properties, and atmospheric oxygen supply,

are significant factors controlling the hydrogeochemical mechanisms within the dump.

These factors were investigated and discussed in the previous chapters. Groundwater

within the Waldorf dump flows in an aquifer, which contains two layers-dump material

and the underlying native soil. Differences of physical and chemical properties of the

material in these two layers and also different flow paths for water sources control

groundwater compositions in individual wells. Therefore, the investigations of water

sources and chemical properties are important in understanding hydrogeochemical

mechanisms operating within the dump, which in turn will help in the design of an

appropriate remediation method for the site.
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9.1 Hydrological Characterization of the Waldorf Mine Dump

Groundwater within the Waldorf mine dump may flow in parallel paths through

the dump, along the slope gradient of Mt. McClellan. Regardless of the source, water

may flow within the dump in preferred flow paths due to heterogeneity of the dump

material. Figure 9.1 shows a schematic conceptual model of the hydrology of the Waldorf

mine dump, represented by the cross-section of trend A. The figure shows that regional

groundwater flows in the soil of the mountain slope down-gradient into the native soil

beneath the dump material (arrow I in figure 9.1). Some amount of regional ground

water also flows out at the portal of the collapsed tunnel (arrow 2). Groundwater

discharging from the portal percolates into mine waste material (arrow 3) and flows to

wells completed in mine waste material (arrow 4) and some amount of this water flows

into native soil (arrow 5). Moreover, regional groundwater discharging from bedrock

fractures beneath the native soil (arrow 6) flows into the native soil, and possibly into the

dump material. From there, it can continue flowing in the dump, and exit at seeps along

the toe of the dump. Water not entering the dump material continues to flow in the native

soil and some of it discharges downhill from the dump in the wetland area. These

processes control water levels within the dump. It is possible that groundwater in all the

wells along trends A and B is comprised of water from all sources, in varying

proportions.
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Results from the MODFLOW simulation indicated that regional groundwater

flowing in the native soil, including water discharging from the bedrock fractures beneath

the native soil, is most likely the primary source of groundwater within the dump. These

simulations are consistent with the observation of higher water levels in the native soil

than the water levels in the mine waste material in trend A, and also the temperature

profiles within the dump, which showed the upward flow of colder groundwater from the

native soil into the dump material. The hydrologic measurements made following the

remediation by the US Forest Service (USFS) indicate that groundwater discharging from

the portal comprised a significant portion of the groundwater in the dump material near

the portal (chapter 8). Mine dump groundwater further from the portal is supplied mainly

from groundwater flowing upward from the native soil, including upwelling groundwater

from bedrock fractures.
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Figure 9.1 Conceptual model of the hydrology of the Waldorf mine dump.

Due to a higher hydraulic conductivity of mine waste material compared to the

native soil, it is possible that the area closest to the portal may have more water from the

portal flowing in mine waste material than from the native soil. However, with

increasing distance from the portal, a greater proportion of the water in the saturated zone

of the mine waste is contributed from the native soil. Towards the middle of the dump,

the amount of portal water relative to discharged ground water flowing in the mine waste

material is low enough that no change of water levels occurred in the wells completed in

mine waste material within two months after the portal water was diverted from flowing
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over the dump. Other wells further from the portal obtain even less groundwater

discharging from the portal and are dominated by upward flow. The measurement of

water levels in all wells after the USFS remediation by diversion of the groundwater

discharging from the portal provided significant evidence for this groundwater flow

characterization.

Of wells close to the portal and completed in the native soil, water levels of well

w9-1 measured after the remediation by USFS were consistent. The water level in this

well was more controlled by groundwater discharging from bedrock fractures compared

to groundwater discharging from the portal. Results from MODFLOW indicated a

greater amount of groundwater discharging from the bedrock fractures flowing into this

well compared to the amount of groundwater discharging from the portal, which kept

water levels in this well relatively constant following remediation diversion of the portal

water.

With the exception of well w9-1, groundwater levels in other wells completed in

the native soil close to the portal (w7-1 and w5-1) were more affected by groundwater

discharging from the portal because of the very small amount of groundwater discharging

from bedrock fractures flowing into these wells, as shown in the model results in Chapter

8. Water levels in well w7-1 decreased about three inches, while water levels in well w5-

1 decreased about six inches within two months after construction of the U.S.Forest

Service remediation. There was no significant change of groundwater levels after the

investigation in other wells (Figure 8.28).
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Unlike trend A, the investigation of groundwater levels in wells along trend B

showed no influence of upward flow. However, there is only one well on this trend

completed in water-saturated mine-waste material. The measurement of groundwater

levels in all wells along this trend was not investigated because the wells were damaged.

Consequently, the effect of groundwater discharging from the portal on the water levels

in wells along this trend was not investigated and there are no post-remediation data on

groundwater sources and flow paths for this trend.

Precipitation from snowmelt and rain possibly percolates through the soil surface

on mountainside slopes into the regional groundwater system and then flows into the

dump. The amount of precipitation percolating into the dump material from the dump

surface did not affect water levels in the mine waste material throughout the study. The

complexity of groundwater flow characterization controls the geochemical property of

groundwater within the dump.

9.2 Groundwater Classification

Chemical properties of groundwater in the Waldorf mme dump depend on

interactions between groundwater with the minerals of the material that the groundwater

flows through and the proportion of groundwater from the various sources along

preferred flow paths. The chemical compositions in groundwater from wells, seeps, and

the portal show unique characteristics indicating different degrees of water-rock
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interactions between minerals within the dump and water supplied into the Waldorf mine

dump. The chemical properties of groundwater in the Waldorf dump also suggest that

groundwater may flow parallel to the slope of Mt. McClellan through the Waldorf dump.

Therefore, it is reasonable that groundwater flowing into the wells may be from different

flow paths parallel to each other due to the complexity of the flow network within the

dump. Nonetheless, classification of the groundwater in the dump is important in

understanding the possibility of hydrogeochemical interactions occurring within the

dump. Over the length of the groundwater flow path, the water may react with both the

primary and secondary minerals along the flow path, and will eventually introduce the

reaction products into the groundwater system at the base of the dump.

The chemical compositions of groundwater in each well depend on interactions

with the minerals existing in the area, including quartz, mica (biotite and muscovite), K-

feldspar, plagioclase, pyrite, chalcopyrite, galena, sphalerite, chlorite, jarosite, gypsum,

kaolinite, smectite, barite, Fe-oxide, calcite, rhodochrosite, siderite, ankerite, fluorite,

apatite, hornblende, and schwertmannite. As mentioned before in the discussion of

groundwater flow paths, chemical properties of groundwater in mine waste material were

also affected by both water exiting from the portal and percolating from the dump surface

into mine waste material and also regional groundwater flowing into mine waste material

by upward discharge from the native soil. Groundwater discharging from the portal

percolated into mine waste material, eventually reacted with minerals in mine waste,

which contain greater amounts of sulfide minerals compared to the material in the native
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soil. Consequently, the interaction of regional groundwater with mine waste material

results in groundwater with properties similar to acid mine drainage. In contrast,

groundwater in native soil mostly lacks those properties. The degree of acid drainage

properties in the groundwater decreases with increasing the proportion of upward fluxes.

There is a wide variation in the range of values of pH in groundwater in the

Waldorf mine dump. This range of values was used initially to divide groundwater in the

dump into two main categories; these are low pH (w2-1, pH<4.5), and neutral (portal and

all other wells, pH > 7.5), as shown in Figure 9.1. However, the relationship between pH

and Zn in Figure 9.2 shows a wide range of observed Zn concentrations in waters having

near-neutral pH. Zn concentrations in water from the portal and well wll-2 were the

highest compared to other wells in the neutral pH group; these samples plot above the

dashed line in the green box in Figure 9.2.
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Figure 9.2 Relationship of Zn concentrations and pH. The orange and green boxes show
groundwater having low pH and neutral pH groups, respectively.

The Zn analyses raise the possibility that groundwater sampled in well wll-2 and

the portal is distinct from other wells in the neutral pH group. However, Zn is not a

conservative element thus cannot be used to identify water sources. Therefore, Li and

sulfate were chosen as potential indicator elements of different groundwater sources, as

shown in Figure 9.3. Besides well w2-1, Li in well wll-2 and the portal is present in

higher concentration compared to groundwater in other wells. Zinc concentrations in

water from the portal and well w 11-2 were also the highest compared to other wells in the

neutral pH group. The relationship between Li and sulfate shows three categories of

groundwater. The categories were similar to those derived from the relationship between
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pH and Zn. Thus, three categories of groundwater were identified based on pH, Li, Zn

and S04 concentration as follows:

I) Low pH, very high Li and Zn, high S04 (well w2-1)

2) Neutral pH, high Li and Zn, low to high S04 (portal, wI1-2)

3) Neutral pH, low Li and Zn, low to high S04 (all other wells)

9.3 Geochemical Reaction of Groundwater in the Waldorf Mine Dump

The different categories described above may be a result of varying proportions

from different groundwater sources, which have different chemical properties, as well as

varying degrees of interactions between groundwater and minerals within the dump.

Groundwater in wells completed in mine waste material tends to have chemical

properties similar to acid drainage compared to that in wells completed in the native soil

due to the greater content of sulfide minerals in mine waste material compared to the

native soil. However, groundwater discharging from the bedrock fractures influences

chemical compositions of groundwater in the native soil due to possible dilution of this

water. The geochemical reactions that control the evolution of the groundwater in

different categories above will be explained in the following sections.
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9.3.1 Low pH, vervhigh Li and Zn. high S04 (well w2 1)

The unique chemical properties of groundwater in well w2-1 include low pH with

high sulfate and metals concentrations, indicating the possibility of a high rate of

oxidation of sulfide minerals. The initial assumption is that groundwater sampled in well

w2-1 may be the reaction product of regional groundwater with the mine waste material

that the groundwater flows through. If there are no reactions between regional

groundwater and the material that the groundwater flows through for two months, based

on the residence time calculated from hydrologic model, the chemical properties of

groundwater in the portal at a given observation date should be similar, chemically, to the

groundwater in well w2-1 two months later. If this conceptual model is correct, chemical

properties of groundwater in the sample collected from well w2-1 on September 5, 1999

should be similar to the water sampled from the portal on June 29, 1999. However, the

chemical compositions of groundwater in well w2-1 on September 5, 1999, and the

groundwater from the portal on June 29, 1999, are significantly different as shown in

Table 9.1.

Water from the portal on June 29, 1999, has the potential to precipitate barite due

to its positive saturation index (Table 9.1). The higher concentrations of Cd, Cu, Fe, Pb,

Zn, and sulfate in well w2-1, could result from sulfide oxidation reactions. Sulfide

oxidation may be the main source of sulfate. However, there might be several sources of

sulfate in groundwater in this well, in addition to that derived from pyrite oxidation.
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(6/29/1999).
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Chemical composition of groundwater well 2-1 (9/5/1999) and portal

Residence time of about two months

•
Portal (6/29/99) W2-1 (9/5/99)

pH 5.8 2.9

S04 (mg/L) 250 530

Ca (mglL) 80 101

Mg (mgIL) 15 55.3

Na (mg/L) 4.4 3.9

K (J.1glL) 1100 590

Ba (J.1g/L) 12 9.5

Zn (J.1g/L) 4300 84000

Mn(J.1g/L) 8200 71000

Cd (J.1g/L) 15 380

Cu (J.1g/L) 200 10000

Fe (mg/L) 0.2 77.1

Ni (J.1g/L) 24 200

Pb (J.1g1L) 0.2 54

SI barite 0.18 0.18

SIFe(OHh -0.37 -5.42

SI Goethite 4.95 -0.1

SIGypsum -1.32 -1.24

SI Anhydrite -1.65 -1.56



306

High wind activity at the site caused all heat produced from pyrite oxidation at the

site to be rapidly dissipated. However, in the area of well clusters w5 and w7, there

appears to have been less effect from wind flow near the boundary between native soil

and mine waste material. Thus, these areas are slightly warmer as a result of exothermic

reactions of pyrite oxidation in the mine waste material.

The following shows the procedure used to calculate the amount of pyrite

oxidation that would account for the increased sulfate and iron in w2-1, assuming the

initial water prior to geochemical reactions within the dump was similar to the water

discharging from the portal. Fe and S will be added back into the water in the calculation

if S- and Fe-bearing minerals precipitate, and Fe and S will be subtracted in the

calculation ifS-and Fe-minerals oxidation and dissolution appear likely.

1) The difference of S concentration in sulfate between the portal and well

w2-1 is 0.093 grams per liter.

2) Fe added into groundwater of w2-1 due to the reactions of water from

the portal with the dump material was calculated from the difference of

Fe concentration between the portal and well w2-1, which is 0.077

grams per liter.

3) Subtract S from sulfate due to chalcopyrite oxidation, which is

calculated based on the difference in Cu concentration between the

portal and well w2-1. S in sulfate from chalcopyrite oxidation is 0.01

grams per liter. Therefore, total S is 0.083 grams per liter.
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4) Subtract Fe from chalcopyrite oxidation, which is 0.009 grams per liter.

Therefore, total Fe is 0.068 grams per liter.

5) Subtract S from sulfate due to sphalerite oxidation. S in sulfate from

sphalerite oxidation is 0.04 grams per liter. Therefore, total S is 0.043

grams per liter.

6) Subtract S from sulfate due to calcium sulfate dissolution. S in sulfate

from calcium sulfate is 0.017 grams per liter. Therefore, total S is 0.026

grams per liter.

7) Calculate Fe:S that may be possible from pyrite oxidation along the

flow path is 0.068 grams per liter: 0.026 grams per liter.

The ratio of Fe:S in pyrite equals 0.022g per liter: 0.026g per liter, which, if the

rest of the S is derived from dissolution of pyrite, corresponds to 4 x 10-4moles of pyrite

destroyed per liter of water within two months, or 7.7 x io" molls. The excess Fe

suggests some other sources of Fe in the system, besides pyrite oxidation. This indicates

either that pyrrhotite is the main iron sulfide undergoing oxidation, or alternatively that

pyrite weathering in conjunction with other processes released iron.

Iron may have been added to the water from dissolution of Fe-oxide, which is

found in the dump material. The saturation indexes of Fe(OHh minerals indicate a

tendency for mineral dissolution along the flow path, but the saturation indexes of these
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minerals are the result of a complex geochemical mechanisms of ferric oxyhydroxide

minerals.

PHREEQC Inverse models (Parkhurst and Appelo, 1999), which calculate

geochemical reactions accounting for the change in chemical composition of water along

a flow path, were developed to indicate chemical evolution of groundwater in well w2-1

during a two-month period. The results identified the main iron sulfide oxidation and

possible sources of dissolved Fe in the system. The ratio of Fe:S in the groundwater is

0.068 to 0.026 grams per liter, while the ratio of Fe:S in pyrite equals 0.022g Fe to 0.026g

S. Therefore, simple dissolution of pyrite does not account for the observed ratios of Fe

to S in solution, and other reactions must be taking place.

The initial conditions of the model assume that groundwater composition in well

w2-1 originated from the geochemical reactions between water originally having similar

properties to the water discharging from the portal with the minerals found within the

dump. These calculations were performed while maintaining equilibrium with

atmospheric gases. Therefore, the input in the inverse models includes the chemical

analytical data of water discharging from the portal at a given observation date (June 29,

1999) as the initial point along the flow path. This water was assumed to react with

minerals within the dump, and produce the compositions in groundwater in well w2-l

approximately two months later (September 5, 1999) as the final point along the flow

path.
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Chemical data of the model input files for both initial and final points consist of

field-measured pH, temperature, and measured concentrations of major ions and trace

elements. Mineral phases in the input files represent the minerals found within the

Waldorf dump: calcite, siderite, rhodochrosite, Fe(OHh jarosite, pyrite, pyrrhotite,

sphalerite, gypsum, K-feldspar, anhydrite, anorthite, albite, and mica. The Waldorf dump

has been inactive for many years and there is no evidence of calcite and siderite at the

dump from core samples. It is possible that calcite in the dump has been completely

dissolved. However, it still might be present in small amounts or localized

concentrations. Calcite and siderite are common minerals, which may be found in

mineralized rock and therefore in mine waste dumps. Therefore, calcite and siderite were

set as mineral phases in this inverse model. Other minerals listed in the "Minerals" input

to PHREEQC were also found within the dump (see chapter 4).

The inverse model was set as an open system. Initial concentrations of major

ions were from of the chemical analyses for each element. Sulfur was set as S(6) in the

form of sulfate ion (SOl} Generally, dissolved Fe in the open system consists both

Fe2+ and Fe3+, but only analytical data of total dissolved Fe concentrations were available

in this study. Uncertainty of 0.2 (20%) was used in the inverse model for each element,

except pH and Fe, in which the balance of 10% for Fe and 0.1 pH units were set instead

(Table 9.2).

The results of 173 models are found in the inverse calculation. However, the

output from the inverse model, shown in Table 9.3, is from the most realistic set of
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conditions for which the model converged. Some other model results are shown in

Appendix K. The calculation starts with the compositions of the initial and final

solutions, which are groundwater from the portal discharge and well w2, respectively.

The concentrations of each element are shown in three columns, each in units of mol/kg

water. The first column contains the original analytical data. The second column

contains any adjustment within the specified uncertainty to the analytical data. The third

column contains the revised analytical data for the solution, which is equal to analytical

data plus any adjustment.

The lists of mass transfers also are shown in three columns, at the bottom of Table

9.3. The first column contains the inverse model that is consistent with the adjustment

printed in the listing solutions. Mass transfer of phases in the reaction calculations are

relative to the phase. Positive mass transfer in the model results shown in Table 9.3

indicates dissolution; negative mass transfers indicate precipitation. The second and the

third column of the mass transfers are the minimum and maximum amount of each phase

that could be transferred into or out of solution, and still remain consistent with the

specified uncertainties. The results indicate that the main sulfide reaction is the

dissolution of pyrite and sphalerite, and the additional iron in groundwater is derived

from the dissolution of Fe(OHh.
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TITLE Chemical evolution of groundwater in Waldorf
SOLUTION 1 portal

units mmolll
temp 4.0
pH 5.8
S(6) 2.604
Ca 1.996
Mg 0.617
Na 0.191
K 0.028
Zn 0.066
Mn 0.149
Fe 0.004

SOLUTION 2 w2
units mmolll
temp 4.0
pH 2.9
S(6) 5.521
Ca 2.52
Mg 2.275
Na 0.170
K 0.015
Zn 1.284
Mn 1.292
Fe 1.381

EQUlLlBRIUM--.pHASES 1
02(g) -0.7
C02(g) -3.5

INVERSE_MODELING 1
solutions 1 2
uncertainty 0.2
range
balances

Fe(2) 0.1
pH 0.1

phases
Calcite
Siderite
Rhodochrosite
Fe(OH)3(a)
jarosite-K
Pyrite
FeS(ppt)
Sphalerite
Gypsum
K-feldspar
Anhydrite
Anorthite
K-mica
Albite

END



Table 9.3 Selected output of inverse model

Solution portal

Input Delta Input+Delta
pH 5.800E+OO , O.OOOE+OO 5.800E+OO
~ O.OOOE+OO , O.OOOE+OO O.OOOE+OO
Alkalinity -1.892E-06 , O.OOOE+OO -1.892E-06
C(-4) O.OOOE+OO , O.OOOE+OO O.OOOE+OO
C(4) O.OOOE+OO , O.OOOE+OO O.OOOE+OO
C, 1.997E-03 , 2.171E·05 2.018E-03
Fe(2) 4,OOlE-06 , O.OOOE+OO 4.001 E-06
Fe(3) 7.480E-11 , O.OOOE+OO 7.480E-l1
H(D) O.OOOE+OO , O.OOOE+OO O.OOOE+OO
K 2.801E-05 O.OOOE+OO 2.801 E-05
Mn(2) 1.491E-04 O,OOOE+OO 1.491E-04
Mn(3) O,OOOE+OO , O.ooOE+OO O.ODOE+OO
N' 1.911E-04 , O.OOOE-tOO 1.911E-04
0(0) O,OOOE+OO , O.OOOE+OO O.OOOE+OO
S{-2} O,ooOE+OO O.OOOE+OO O.OOOE+OO
S(6) 2.605E-03 -2.569E-04 2.348E-03
S O.OOOE+OO O.OOOE+OO O.OOOE+OO
zn 6,602E-05 O,OOOE+OO 6.602E-05

Solution 2 w;

Input Della Incot-Delte
pH 2,900E+OO , O.OOOE+OO 2.900E+OO
~ O.OOOE+OO O.OOOE+OO O.OOOE+OO
Alkalinity -1.633E-03 , O,OOOE+OO -1.633E·03
C(-4) O.OOOE+OO , O.OOOE+OO O.OOOE+OO
C(4) O.OOOE+OO , O.OOOE+OO O.OOOE+OO
C, 2.522E-03 , -5.045E-04 2.018E·03
Fe(2) 1.382E-03 , O.OOOE+OO 1.382E-03
Fe(3) 4.569E-12 , O.OOOE+OO 4.569E-12
H{O) O.OOOE+OO , O.OOOE+OO O.OOOE+OO
K 1.501E-05 , O.OOOE+OO 1.501E-05
Mn(2) 1.293E-03 , -2.564E-04 1,037E-03
Mn(3) O.OOOE+OO , O.OOOE+OO O,OOOE+OO
N, 1.702E-04 , O.OOOE+OO 1,702E-04
O{O) O.OOOE+OO , O.OOOE+OO O.OOOE+OO
S{-2) O,OOOE+OO , O.OOOE+OO O.OOOE+OO
S(6) 5.526E-03 , 1.105E·03 6.631E-03
S O.OOOE+OO , O.OOOE+OO O.OOOE+OO
Zo 1.285E-03 , O.OOOE+OO 1.285E·03

Solution fractions: Minimum Maximum
Solution 1 9.9970E-01 9.9970E·Ol 9.9980E·01
Solution 2 1.000E+OO 1.000E+OO 1.000E+OO

Phase mole transfers: Minimum Maximum
ISiderite ·6.66E-04 -1.433E-03 -6.557E-04 FeC03
Rhodochrosite 8.878E-04 8.557E-04 1.433E-03 MnC03
Fe{OH)3(a) 1.113E-02 9.141E-03 1,169E-02 Fe{OH)3
Jarosrte-K -3.385E-05 -1.147E-04 4699E-05 KFe3(S04)2(OH)6
Pyrite 1.189E-02 9.863E-03 1.246E-02 FeS2
FeS{ppt) ·2.065E-02 -2.173E-02 -1.705E-02 F,S
Sphalerite 1.219E-03 9.489E-04 1.489E-03 ZoS
K-leldspar 2.086E-05 -5.138E-05 9.310E-05 KAISi306
Albite -2.086E-05 -9,3l0E-05 5.138E-05 NaAISi308

Redox mole transfers:
Fe(3) 1.10E-02
S{-2) 4.35E-03

Sum of residuals (epsilons in documentation): 3.5390E+OO
Sum of delta/uncertainty limit: 3.5390E+OO
Maximum fractional error in element concentration: 2.0000E·01

Model contains minimum number of phases.
=================================
Summary of inverse modeling:
Number of models found: 173
Number of minimai models found: 77
Number of inteaslble sets of phases saved: 309
Number of calls to cll: 4743

312
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Numerous studies have reported the oxidation rate of pyrite under vanous

conditions (Table 9.2). The grain size of the pyrite was calculated based on the pyrite

oxidation rate estimated from studies in Table 9.2 and in Equations 9.1 and 9.2. Table

9.3 shows the grain size calculation.

Table 9.2 Comparison of abiotic, microbial, and field oxidation rates (pH 2, T 25°C)
(Nordstrom and Alpers, 1999).

Reaction / process Abiotic rate Microbial rate Field rate

Oxidation of pyrite by ferric iron 1 to 2 X 10"

(McKibben and Barnes, 1986; mol m"s'!

Rimstidt et al., 1994)

Oxidation of pyrite by oxygen 0.3 to 3 x 10,12 8.8 x 10"

(McKibben and Barnes, 1986; mol m"s,l mol m"s,l

Olsen 1991)

Oxidation of waste dump 0.03 x 10"

(Ritchie, 1994 ) molm"s,l

Oxidation of tailings (Elberling et 20 to 60 x 10"

ai, 1993) mol m-2s-1

Pyrite surface area (m') pYrite destroyed (molls)
Rate of pyrite oxidation (moll m's)

(9.1)

Specific surface area (m2/g) Q
pd

(9.2)
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Where d is the grain size diameter, and the density, p was set = 5 g em", and based on

sphere or cube forms (Nicholson, 1994).

Table 9.3 Grain size calculation.

Previous
studies of
pyrite
oxidation
rate
under

Rate of pyrite oxidation Pyrite destroyed Pyrite surface area Pyrite surface area grain Size grain Size
mol/m2s molls m2 m2/n m om
5.00E-03 7.70E-" 1.54E-08 6.l0E-O' 1.79E·06 '.79E+OO
3.00E-03 7.70E-l1 2.57E-08 1.12E+OO 1.08E-06 1.OBE
1.00E-03 7.70E-l1 l.70E-OS 3.35E+OO 3.SSE-O? 3.58E-Ol
5.00E-04 7.70E-l1 1.54E·07 6.70E+OO 1.79E-07 1.79E-Ol
1,OOE-04 7.70E-l1 7.70E-07 3.35E+Ol 3.SSE-OS 3.58E-02
5.00E-05 7.70E-" 1.54E-06 6.70E+Ol 1.79E-08 1.79E-02
1.00E-05 7.70E·l1 7.70E-06 3.35E+02 3.58E-09 3.SSE-03
5.00E-06 7.70E-" 1.54E-05 6.70E+02 1.79E·09 1.79E·03
1.00E-06 7.70E-l1 l.70E-OS 3.35E+03 3.58E-l0 3.58E-04
6.DOE-O? 7.70E-l1 , .28E·04 5.58E+03 2.15E-l0 2.15E-Q4
5.00E-07 7.l0E·l1 1.54E-04 6.70E+03 1.79E-l0 1.79E-04
4.00E·07 7.70E-l1 1.93E-04 837E+03 1.43E-l0 1.43E-04
3,OOE-07 7.70E-l1 2.57E-04 1.12E+04 l.OSE-l0 1.08E-04
2.00E-07 7.70E-l1 3.85E-04 1.67E+04 z.rzs.u 7.17E-05
8,80E-OS 7.70E-ll 8.75E-04 3.80E+04 3.l5E-ll 3.15E-05

-< 2.00E-08 7.70E-l1 3.85E-03 1.67E+05 7.l7E·12 7.17E·06
l.00E-OS 7.70E-l1 7.70E-03 3.35E+05 3.58E-12 3.58E-06
3,OOE-l0 7.70E-ll 2.57E-Ol 1.12E+07 1.OSE·13 1.08E-07
3,OOE-12 7.70E-l1 2.57E+Ol 1.12E+09 1.OSE-15 1.08E-09
2.00E-12 7.70E·l1 3.85E+Ol 1.67E+09 7.l7E-16 7.17E-1O
1.00E-12 7.70E-l1 7.70E+Ol 3.35E+09 3.58E-16 3.58E-1O
3.00E-13 7.70E-l1 2.57E+02 1.12E+l0 1.OSE-16 1.08E-l0

Oxidation
rate of
pyrite grain
size 1 Jt m

The calculated grain size is very small compared to pyrite grain size within the

dump. However, the smallest size of pyrite found in the dump is similar in size to

kaolinite, which is about Iurn. The rate of pyrite oxidation for the pyrite grain size of I

J.1m,would be 3 x 10-3mol/nr's, which is very fast, and is unrealistic compared with other

studies (Table 9.3)_ Therefore, there are two possibilities to explain this discrepancy:

first, the two months of residence time is too short, and second, the water from well w2-1

does not originate from groundwater having similar chemical properties as groundwater

exiting at the portal. The hydraulic conductivity in well w2-1 was similar to other wells.
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Therefore, the travel time should not be affected by substantial differences in hydraulic

conductivity. Thus, it is unlikely that the water from well w2-l originates entirely from

groundwater having similar chemical properties as groundwater exiting at the portal. In

contrast, it is likely that groundwater supplied to well w2-l originates from the distinctive

regional groundwater having low pH with high sulfate and metal concentrations. An

alternative explanation is that groundwater flowing upward from the native soil into the

mine waste material may have less effect on groundwater in well w2-l compared to other

wells, which are completed in mine waste material because well w2-l was completed

about two feet above the native soil, and this is much higher than other wells completed

in mine waste material close to the native soil.

9.3.2 Neutral pH, high Li and Zn, low to high S04 (portaL wll-2)

Based on Li, sulfate, Zn, and pH, groundwater in well wll-2 has a similar

chemical composition to water discharging from the portal, even though the USFS

remediation showed no effect on the water level of well wll-2. Thus, the first possibility

is if water flowing into the well is originally from the portal, there are low reaction rates

between water discharging from the portal with the minerals that the water passes

through as it flows towards well wll-2. The second possibility is water flowing into the

well is not originally from the portal, but from the reaction between regional groundwater
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flowing into mine waste material and reacting with minerals that the water passes

through.

Based on the assumption of two months retention time of water in the Waldorf

mine dump from the geohydrologic model, groundwater compositions from the portal on

June 29, 1999, are compared with groundwater in well wll-2 collected about two months

later. Groundwater sampling in well wll-2 on August 18, 1999, was selected, because it

was the closest sampling of two months retention time from June 29 (Table 9.4). Lower

concentrations of sulfate, but higher concentrations of Ca, Cd, Pb, and Zn in well wll-2,

were observed. This result shows the complicated mechanisms occurring in the flow path

of groundwater supplied into well wI1-2. Sulfide oxidation and gypsum dissolution

could provide higher concentrations of Ca, Cd, Pb, and Zn. There was no evidence of

sulfate-mineral precipitation from saturation indexes. An altemative explanation is that

dilution by the upward discharge of groundwater through bedrock fractures may explain

the decrease of sulfate concentrations. These circumstances show the possible

complexity of the groundwater flow network, and support the second possibility that

water flowing into the well is not originally from the portal, but from the reaction

between regional groundwater flowing into mine waste material and reacting with

minerals that the water passes through, as well as possible mixing of water from more

than one source, as shown in figure 9.1.
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Table 9.4 Some major ions in groundwater in well wll-2 on August 18, 1999 compared
to the groundwater from the portal on June 29, 1999.

Portal wl1-2

(June 29,1999) (August 18, 1999)

pH 5.8 6.1

S04 (mg/L) 250 190

Ca (mgIL) 80 130

Mg (mglL) 15 12

Na (mg/L) 4.4 4

K (ug/L) 1100 1100

Ba (/!g/L) 12 6.8

Zn (/!gIL) 4300 4800

Mn (/!g1L) 8200 1100

Cd (/!g/L) 15 19

Cu (ug/L) 200 170

Fe (mg/L) 0.2 4800

Ni (/!g1L) 24 14

Pb (/!g1L) 0.2 2.9

SI barite 0.18 0.16

SIFe(OHh -0.37 -4.69

SI Goethite 4.95 0.63

SI Gypsum -1.32 -1.06

SI Anhydrite -1.65 -1.38
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9.3.3 Neutral pH. low Li and Zn. low to high S04 (all other wells)

Of all wells in this category, results from the MODFLOW simulations show that

well cluster w3 probably had the greatest input of groundwater discharge from the

bedrock fractures. It is assumed that groundwater in the well completed in the native soil

in this cluster (w3-1) is most likely representative of this water. Furthermore, the

simulated results also show that well wl-l located near well w3-l at the edge of the

dump and well w9-1 located near the portal, were also found to have high groundwater

discharge from bedrock fractures. The amount of groundwater discharging from the

bedrock fractures varies in the following order: w3-l > wi-I> w9-1> w7-1 and w5-1

(Chapter 8). It is possible then, that the groundwater composition in each well is mainly

the result of variable groundwater discharge from the bedrock fractures. However, water

discharging from bedrock fractures in each area also may have different chemical

properties depending on the mineral composition of the material that the water flows

through, which in tum may be an important control on the chemical properties of the

groundwater within the wells. Furthermore, the degree of water-rock interactions

between the water discharging from bedrock fracture and material in the dump is another

factor controlling chemical properties of the groundwater within the wells.

Regional groundwater with different flow paths has been shown to be the main

source of groundwater in this dump. Groundwater discharging at the portal was found to

affect wells completed in mine waste material and close to the portal (w9-2 and w7-2),
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and the residence time from the portal to well w9-2 and w7-2 was approximately 30 and

45 days, respectively. The change of groundwater compositions along one possible flow

path can be examined, beginning with groundwater discharging from the portal flowing

to well w9-2 and w7-2, as shown in Table 9.5. The starting composition on this possible

flow path is the sample collected at the portal on June 29, 1999. Generally, groundwater

compositions tend to become more diluted along the flow line. If the flow path is a

unique path at the area, it would be possible that decreasing concentrations of sulfate and

elements may be from their removal by mineral precipitation along the path, such as

barite and jarosite {but the table shows that jarosite is undersaturated, so there should be

no tendency for it to precipitate.}.
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Table 9.5 Some major ions in groundwater in well w9-2 (August I, 1999) and w7-2
(August 15, 1999) compared to the groundwater from the portal on June 29, 1999.

Portal W9-2 W7-2

(June 29,1999) (August I, 1999) (August 15, 1999)

pH 5.8 6.4 6.3

S04 (mglL) 250 230 68

Ca (mg/L) 80 52 26

Mg (mg/L) 15 10.6 10.4

Na(mg/L) 4.4 3.4 5.5

K (flg/L) 1100 1100 1600

Ba (ug/L) 12 33 24

Zn (ug/L) 4300 2100 250

Mn (ug/L) 8200 46 13000

Cd (flg/L) 15 3.4 0.03

Cu (ug/L) 200 4 <0.5

Fe (mglL) 0.2 51 660

Ni (flglL) 24 4 3.6

Pb (ug/L) 0.2 I < 0.06

SI barite 0.18 0.55 0.28

SI Fe(OHh -0.37 -0.79 0.32

SI Goethite 4.95 4.54 5.54

SI Gypsum -1.32 -1.51 -1.93

SI Anhydrite -1.65 -1.84 -2.25

SI Jarosite -1.98 -4.96 -1.71
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9.4 Current efforts of remediation

As mentioned before, the remediation by the USFS, based on the strategy of not

allowing water from the portal to react with the material within the dump by diverting the

water exiting at portal to the side of the dump (Figure 8.17), was not a complete

remediation of the Waldorf dump acid drainage. Shutting off water exiting at the portal

may only drop water levels in the wells near the portal, as shown by the data collected

and supported by the numerical model, but would not remediate the acid drainage from

the Waldorf mine dump efficiently. Even though water exiting at the portal was shut off,

groundwater still flows out from seeps, showing that some other sources provided water

into the dump. The investigation of chemical properties of groundwater exiting the seep

after the remediation show the characteristics of acid drainage as shown from the low pH,

high conductivity, and high metals concentrations.

9.5 Other remediation scenarios

Because mine waste material has a high percentage of sulfide minerals compared

to the native soil material, the main concern of acid mine drainage problems is to avoid

water interaction with the solid waste. Removing the dump material might be one way to

remediate the dump to prevent interaction between groundwater and solid waste.

However, this way might not be the practical way to remediate the site due to the high
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cost to ship off-site to a treatment plant. Furthermore, the Waldorf mine dump is located

at 11,600 feet above sea level, which may cause difficulty for transportation. Without

appropriate treatment for the dump material, this solution will not reduce the metals in

the dump material.

The most acidic groundwater in well w2-1, was mainly the product of regional

groundwater and mine waste material, and has less effect of dilution from the

groundwater flowing upward from bedrock fractures, and this water may eventually exit

at the seeps. Consequently, another possibility for remediation is to build a collection

system around the toe of the dump to collect all water from the dump and remove it for

further treatment. A constructed wetland is a method worth considering, which may

provide long term treatment with little or no maintenance. The existing wetland along

the toe of the dump can be designed and re-vegetated to be used for acid drainage

treatment.

Given the highly variable flow pattern at the elevation of 11,600 feet, constructing

a water treatment plant also would be a good option for treatment at the Waldorf dump.

The installation of a permeable reactive barrier along the toe of the dump to treat the

contaminated groundwater before it is transported downhill into Leavenworth Creek

might be another good possibility.

Groundwater in the native soil, including groundwater discharging from bedrock

fractures, is the main source of groundwater within the dump. Therefore, remediation by
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diverting the water exiting from bedrock fractures would be more efficient in treating the

drainage. It might be complicated to divert the upwelling groundwater, which could be

done by drilling a horizontal drain from the toe of the dump into the slope to divert the

upwelling groundwater. Aside from being expensive, it is difficult to drill accurately

enough to an appropriate location due to complexity of the hydrology at the site.
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