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INTERNATIONAL LAND RECLAMATION AND MINE
DRAINAGE CONFERENCE AND THIRD INTERNATIONAL
CONFERENCE ON THE ABATEMENT OF ACIDIC DRAINAGE

Proceedings of a conference serving as the annual meetings of the American
Society for Surface Mining and Reclamation, the Canadian Land Reclamation
Association, and the West Virginia Surface Mine Drainage Task Force, in
conjunction with the Third International Conference on the Abatement of Acidic
Drainage.

ABSTRACT

Mine drainage and mine reclamation are topics of major interest to the
mining industry, federal and local governments, and the general public. This
publication and its companion three volumes are the proceedings of a conference
held in Pittsburgh, Pennsylvania, April 24-29, 1994. There were twelve sessions
(69 papers) that dealt with mine drainage, including modeling, geochemistry,
prediction, treatment, control strategies, characterization, hydrology, and case
studies. These sessions comprise volumes 1 and 2. The six sessions (34 papers)
that dealt with reclamation and revegetation of disturbed lands are included in
volume 3. Volume 4 includes the six sessions (34 papers) that dealt with such
topical issues as fires at abandoned mine sites, subsidence, hydrology, mine
wastes, and policy. Poster session presentations are represented by 49 papers and
92 abstracts that have been placed in the back of volumes 2, 3, and 4, consistent
with the subject of that volume.

Reference to companies and specific products in these papers does not imply
endorsement by the Bureau of Mines.



HARD-ROCK MINE CLOSURE CASE STUDY - CYPRUS COPPERSTONE MINE!

Scott H. Miller, Dirk Van Zyl, P.E., Ph.D.2
George R. Burns, Kurt Markkola?

Abstract: This paper presents a case study of permitting and issues associated with hard rock gold mine closure.
A mine closure design for the Cyprus Copperstone Mine in Arizona was prepared and submitted to State and
Federal agencies for review and comment. Issues addressed as part of the mine closure design included: open pit
stability; heap leach pad detoxification; tailings impoundment closure; and, waste rock disposal area closure. The
mine closure was designed to minimize long-term environmental impacts, reduce physical hazards, and return the
area to the pre-mining land uses.

Introduction

This paper presents a case study of recent planning and ongoing activities for hard-rock precious metals mine
closure at the Cyprus Copperstone Mine (Copperstone) in Arizona. This paper discusses the general environmental
and permitting issues involved in hard rock mine closure, as well as the site-specific operational and physical
conditions at Copperstone. Successful mine closure and permitting require the following elements--

Accurate prediction of site water balance, including capacity for stormwater retention and/or discharge,
evaporation, and process requirements. ‘

Accurate prediction of geochemical behavior of waste rock, tailings, ore heaps, open pit, or underground
workings when exposed to an oxidizing environment.

Adequate physical and geochemical stabilization of mine waste matenals through operational or reclamation
activities.

Adequate environmental and operational momtormg to identify changes in initial design assumptions.

It is further very beneficial if the mine has a clean operating history and complete monitoring history.

This paper reviews the issues addressed during the ongoing Copperstone closure and is organized into the
following sections:

Copperstone site and project description.

Open pit stability and waste rock disposal area closure.
Mine contractor’s compound closure.

Heap leach pad detoxification and regrading.

Plant closure

Tailings impoundment closure.

Compliance point monitoring and postclosure activities.

'Paper presented at the International Land Reclamation and Mine Drainage Conference and the Third International
Conference on the Abatement of Acidic Drainage, Pittsburgh, PA, April 24-29, 1994.

2Scott H. Miller, Senior Project Manager, Environmental Permitting, Dirk Van Zyl, P.E., Ph.D., Director, Mining,
Golder Associates Inc., Lakewood, Colorado, USA.

3George Burns, Resident Manager, Kurt Markkola, Chief Metallurgist, Cyprus Copperstone Gold Corporation,
Parker, Arizona, USA.



The objectives of successful mine closure are to provide long-term environmental protection to surface and
ground water resources, establish a stable physical setting, return the site to premining or other land uses, and
develop a low-maintenance or "walk-away" situation for the mining company. A period of postclosure monitoring
is typically required by the existing permits, and is recommended for the mining company to verify successful
closure.

Cyprus Copperstone Site and Project Description

_: The Copperstone Mine is located approximately 18 miles south of Parker, AZ, on unpatented mining claims
administered by the U.S. Department of the Interior’s Bureau of Land Management (BLM). The Copperstone Mine
operated under the following Federal and State approvals and permits: Plan of Operations (Federal, administered
by BLM); Groundwater Quality Protection Permit (State, administered by Arizona Department of Environmental
Quality, ADEQ); and, Air Quality Operating Permit (State, administered by ADEQ).

The Copperstone Mine is situated on the northern portion of the La Posa Plain, a desert basin located
between the Plomosa Mountains to the east and the Dome Rock Mountains to the southwest. The project site is on
a relatively flat desert surface water drainage divide with local northeast trending stabilized sand dunes. Surface
elevations range from 725 to 899 ft above mean sea level (msl).

The surficial materials are Quaternary eolian and alluvial sands which overlie the Pliocene-aged Bouse
Formation. The Bouse Formation is comprised of lenticular deposits of clay, sand and gravel, which are generally
moderately to highly cemented with calcium carbonate.

The mine consists of an elliptical-shaped open pit excavation. The mine pit walls expose alluvial materials
0 to 170 ft thick, which are underlain by faulted and altered quartz latite and basalt. Below the quartz latite,
Paleozoic-aged limestones and clastic rocks are exposed locally in the northern portion of the open pit. Mining was
completed to an elevation of 350 ft above msl with an ultimate mine pit depth of approximately 540 ft below the
original ground surface.

Mining was performed by drilling, blasting, loading, and hauling. Unmineralized rock and overburden were
hauled and deposited in waste rock disposal areas. Ore was hauled to the processing area, which consisted of rock
crushing and milling equipment and a carbon-in-leach (CIL) processing plant. Ore was crushed using a two stage
crushing system, ground with ball mills, and then cyanide-leached. Spent ore was piped, in slurry form, to two
separate lined tailings facilities for final deposition. The first area, cell A, was constructed and used for the ore
processed beginning in 1987. Cell B was subsequently constructed in 1988 for additional tailings storage capacity.
The reclaimed water from the tailings impoundment flowed to a double-lined reclaim pond and was subsequently
pumped to the plant. Reclaim water was recycled into the process facilities. The site facilities are shown on figure

A cyanide heap leach facility was constructed on top of deposited tailings solids in cell A in 1991. Pregnant
solution from the heap leach facility was collected in a pond located near the center of the heap leach pad in cell
A. During heap leach operation, reclaim solution from the tailings was used as barren make-up water for the heap
leach operation. Pregnant solution was pumped to the CIL plant for gold extraction.

Cyprus Copperstone Mine was designed, constructed, and operated as a zero-discharge facility. Process
solutions utilized for heap leaching or tailings management during operations were recycled and contained in the
lined tailings impoundments, lined heap leach facility, curbed process facilities, and lined solution transfer channels
for piped solution conveyance. During closure, to maintain the zero-discharge requirement, process solutions were
pumped to the tailings impoundment for evaporation. Heap leach pad rinse solutions were detoxified and recycled
prior to evaporation.
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Figure 1. Site facility map.




Mine and Waste Rock Disposal Area Closure

The mine pit configuration near the end of operation is shown on figure 1. The pit wall has been excavated
to between 47° and 63° slope angles. Some minor slope failures occurred during operation, mostly related to the
'geologic structure of the bedrock. Additionally the exposed slopes in the alluvium have failed locally. The bottom
of the pit (at elevation 350 ft above msl) is approximately 20 ft above the local ground water level.

It is expected that the pit slopes will ultimately ravel to an overall 1.5H:1V in the alluvial overburden, while
some future failures may occur in the structurally controlled rock faces. Because of the potential for future slope
failures a rock berm was constructed on the surface around the predicted outer limits of the eventually stabilized
pit rim. The berm was constructed of waste rock and excavated native soils. The berm is approximately 4 ft high
with angle of repose sideslopes. \

The waste rock disposal areas consist of a large contiguous rock pile on the east side of the pit, a north waste
rock disposal area, and a south waste rock disposal area (fig. 1). These waste rock disposal areas were constructed
in lifts through end dumping and dozing. The final lift was placed as loose "plug"” dumps, creating a hummocky
topography. The hummocky topography provides a more natural appearance as well as helping to collect wind-
blown seeds, eolian silts, and moisture. Waste rock generated during the final stages of mining has been deposited
in the southern part of the pit.

Geochemical Characterization

The mine pit overburden is comprised of both alluvium and bedrock. The bedrock is a quartz latite ranging
from a massive to laminated texture and locally brecciated along faults. Adjacent to the ore zones, the quartz latite
becomes sericitically or chloritically altered to various degrees. The altered zones contain minor amounts of barite,
chrysocolla, hematite, and magnetite. The waste rock and ore contain only insignificant amounts of sulfide
mineralization, and as such are not expected to have a potential for generation of acid drainage. A conformational
geochemical testing program was developed to predict the geochemical behavior of the waste rock. This program
consisted of the following four phases--

Phase 1. - Identification of waste rock domains.

Phase 2. - Selection of representative pit wall samples.

Phase 3. - Acid-base accounting laboratory tests.

Phase 4. - Meteoric water leach tests of waste rock samples.

v vvyyvy

The 57 million st of barren rock in the waste piles that will remain after closure were shown to be
geochemically inert through the acid-base accounting and meteoric water testing program. Because these materials
do not represent a potential source of contamination to surface or ground water, no treatment or discharge control
is anticipated. No limitations on future land or water uses will be created as a result of the facility closure.

The closure plan presented for the mine pit and waste rock disposal areas is consistent with the State air
quality and water quality permit requirements. This closure plan also meets the objectives established by the BLM
including--

> Stabilized waste rock disposal areas against water and wind erosion.

> A confirmational geochemical evaluation determined no potential impact to ground water from infiltration
of precipitation through the waste rock disposal areas

> Postmining land use consistent with the surrounding area except for the pit area.



Mine Contractor’s Compound Closure

Cyprus Copperstone employed a private contractor to perform the mining operations. The contractor set
up a compound with offices, maintenance facilities, refueling area, and storage yard in the contractor’s compound
area shown on figure 1. The fuel storage area consisted of a number of diesel tanks in a containment berm. The
base of the contained area under the front end of the diesel tanks was lined with a 60-mil polypropylene liner.

The mine contractor’s compound has been closed and reclaimed by removing equipment, followed by
sampling and analysis, and finally by covering with topsoil. Some buildings will remain as the property of the claim
fholder, as these facilities have been purchased and bonded. All other equipment related to the mine contractor’s
compound was dismantled and removed for future use elsewhere.

Quantities of petroleum-contaminated soil from the mine contractor compound and plant area were identified
based on the analytical results of a soil survey. The petroleum-contaminated soils have been excavated and are
being bioremediated on-site.

Heap Leach Facility

The heap leach facility containing 1.2 million st of ore was constructed on the cell A tailings area (fig. 1),
thus taking advantage of the existing buried liner under the tailings. Ten feet of waste rock was placed on the Cell
A tailings impoundment with an overlying 20-mil PVC liner prior to construction of the heap. The heap was
constructed in 20-ft lifts consisting of ore crushed to minus 5/8 in. Leaching was carried out with solution
containing about 2 Ib of free cyanide per ton of water delivered through drip emitters. The pregnant solutions were
collected in a pond located in the center of the heap.

The heap leach pad closure requirements established in the operating permits are as follows: rinseate to be
sampled from the pregnant solution pond should contain 0.2 mg/! or less total cyanide; the operator must assure that
all solids will be properly capped (at least 2 ft of nontoxic native rock and solids) or that the constituent
concentrations are less than or equal to the concentrations listed below. '

The three options evaluated to potentially achieve the 0.2-

mg/l total cyanide rinse effluent standard following detoxification . .
included-- Constituent Limits, mg/l
Cyanide 20
Semicontinuous and partial low volume fresh water rinsing. Arsenic 5
> Continuous rinsing with high volumes of recycled treated Barium 100
water. Cadmium 1
> Natural attenuation using recycled water containing either Chromium 5
indigenous or augmented microbial populations, both with Lead 5
possible nutrient addition. Nitrate 10
Selenium 1
A fourth closure option was c¢onsidered that involved recontouring Silver 5

the 1.2-million-st heap without treatment and covering the solids in
place with a cap. Although the treatment cost of this option was
obviously less than the costs of the other three, it was less appealing
owing to increased capping costs. As a result, the focus remained
upon the three initial closure options.

Although the evaporation rate at the mine is high in
comparison with precipitation, the use of large volumes of fresh water rinse and continuous rinsing to achieve the



desired effluent standard is not practical. Thus, the preferred approach involved rinsing and enhancement of natural
attenuation biological treatment to either eliminate or reduce the residual total cyanide content.

The use of biological treatment for destruction of cyanide is well known and has been applied successfully
fin full-scale applications at both conventional vat and heap leaching operations (Smith and Mudder, 1991, Mudder
:and Whitlock, 1984, and Thompson, 1990). Although biological treatment of cyanide is generally less expensive
than chemical treatment, it requires a longer period to initiate and complete. As a result, the benefits of reduced
treatment costs are offset by the costs associated with leaving the operation open for a longer period. However,
‘at Copperstone, time was less of a problem because of the need to allow the tailings pond surface to dry enough
to permit access for covering with waste rock.

The climatic conditions at Copperstone are optimal with respect to initiating biological degradation of
cyanide, using indigenous or augmented bacterial populations. A review of the chemical analyses of the reclaim
and pregnant solutions suggested that biological degradation was already occurring, as indicated by the observed
decrease in copper and cyanide levels and the corresponding increase in ammonia, nitrite, and nitrate concentrations.
The resultant pH decrease is probably due to copper hydroxide precipitation and the destruction of carbonate
alkalinity through nitrification.

Rinsing of the west half of the leach pad with fresh
water was initiated in November 1992. Figure 2 illustrates
the total cyanide degradation in the heap after the first fresh
water rinse. A significant decrease, on the scale of two
orders of magnitude, was observed. This suggested a
strong, well-adapted population of bacteria was present and
able to oxidize the available total cyanide very quickly.
Total cyanide concentrations decreased from approximately
148.0 mg/l to 4.4 mg/! in 3 months.

As a result, biological treatment was used at

WAD CYANIDE CONCENTRATION, (mg/l)
L

Copperstone to reduce the cyanide level in the heap to the N\

regulatory level of 0.2 mg/l total cyanide. The process ] \ L~
designed for enhanced biological treatment consists of: o= —t —— — =
production of bacteria proven to oxidize cyanide in spent 02-0ue 20 o hden .

ore and the pore solution in the heap; application of dilute
solutions of the treatment culture; and, analysis of
draindown solution and spent ore to verify biological
treatment efficiency.

The rinsing process was operated as a closed system . . ) )
with no discharge to the environment. The bacteria Figure 2. Decomposition of cyanide during rinse,

populations and nutrients are natural and nontoxic. west pad.

The heap leach ore has been rinsed to the regulatory limit of 0.2 mg/] total cyanide for leachate, the next
step is that rinsed ore will be collected for testing. Eight boreholes will be drilled and sampled and analyzed for
Synthetic Precipitation Leaching Procedure (EPA method 1312). Only if the solids criteria identified above are
exceeded will the heap leach material have to be graded and capped with 2 ft of waste rock.

After verification of rinsing and detoxification of the spent ore, the pregnant solution pond liner will be
punctured to prevent the development of perched water in the heap. The center of the heap where the pond is
located will be filled with spent ore, forming a low spot to the southwest corner. Rinsed spent ore from the east
side of the heap leach area will be dozed and graded to cover the western part of the tailings impoundment.



No materials will be removed from the overall lined area as part of the heap leach closure. The chemical,
physical, and biological characteristics of the heap leach facility will pose no potential environmental liabilities after
the biological treatment is complete. Cyanide concentrations will be at an environmentally acceptable level, and
the bacteria and nutrients are nontoxic. Active treatment will not be necessary after closure of the heap leach
facility. No discharge control will be required after closure because of low precipitation and high evaporative
losses. No limitations on future land or water uses will be created as a result of heap leach closure activities.

This closure plan presented for the heap leach pad is consistent with the State water quality and air quality
permit requirements. This closure plan also meets the objectives established by the BLM including--

> All process fluids will be detoxified and evaporated from the site eliminating a potential for ground
water contamination.
The spent ore will be stabilized against wind or water erosion.
The cover will be graded and compacted to minimize infiltration.

> The area will be returned to premining land use.

Plant Cl

The processing plant and facilities will be closed and reclaimed by removing buildings and equipment. Two
buildings will remain as the claim holder will purchase and secure bonding. Should cyanide contaminated soils be
identified, the material will be excavated and buried in the tailings impoundment. The only materials which will
remain consist of broken concrete building foundations. These materials will be covered with waste rock and top
soil. Natural vegetation will establish through invasion. No treatment or control of discharge will be required as
a result of the closure of these facilities. No limitations on future land or water uses will be created as a result of
mining or closure activities in these areas.

Tailings Impoundment Closure

The tailings impoundment facility was constructed
with two cells to contain the tailings. A 40-mil PVC liner
underlies both cells of the impoundment facility. Cell A
was constructed with liner extending underneath the
embankments. Cell B was constructed as a fully contained
impoundment with liner extending up the embankment
sideslopes on three sides. The west embankment of Cell B :
served as a center drainage core between cells A and B.
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The tailings have been deposited as a slurry using
thin-layer deposition techniques.  The tailings were
deposited in thin layers in a managed cyclic rotation to
maximize consolidation and drying of the tails. Deposition
in cell A started in the third quarter of 1987. In 1988 a ° ® W “ * ®
downstream raise to cell A was constructed and cell B
earthworks were also completed. The average production
rate throughout the operating life was 2,900 st/d. Figure 3
graphically shows the tailings deposition history of cell B.
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Figure 3. Tailings deposition, cell B.



The tailings facilities were constructed with internal drainage systems overlying the liner. Seepage collected
in the underdrain system flows to the reclaim solution pond located outside the southeast corner of cell B. The
tailings consolidate through self-weight and desiccation as water is decanted from an overlying pond, and by
dewatering through the drainage system. The tailings deposition was managed to promote rapid drying of tailings,
thus minimizing subsequent consolidation, and to allow placement of cover materials as soon as possible after project
cessation.

In 1989 a net was placed over cell B to prevent avian mortality. This floating net consists of a polypropylene
net suspended by cables. To allow permanent suspension of the net above the tailings, vertical risers were
constructed. These were attached to polypropylene drums with a steel frame. These drums acted as "floats",
fraising the net as the tailings level rose. Maintenance activities were conducted on the net throughout the project
life.

Closure and reclamation of the tailings impoundment started after milling ended. The polypropylene drums
‘were punctured in March 1993 to allow them to be covered with tailings. After mill closure in June of 1993
evaporation of the excess tailings liquid evaporation began. It is expected that it will take at least six months to
evaporate the remaining tailings and process solutions. The net will then be dropped on the tailings surface.
Concrete scrap from the plant demolition and any cyanide contaminated soils will be placed on the net prior to
covering it with about three feet of waste rock and spent heap leach material. The net will act as reinforcing while
placing the cover thereby improving access.

The waste rock and spent ore will be spread and compacted with earthmoving equipment. Experience on
site shows that these material break down readily under trafficking thereby forming a surface which will enhance
runoff during the high intensity rainfall in the area.

Because of the expected settlement of the tailings surface over the first few years after cover placement it
‘may be necessary to perform maintenance operations on the cap. Such maintenance may consist of regrading and
reworking the cover surface to eliminate cracks and maintain positive drainage.

The reclaim solution pond liner system consists of a 30-mil XR-5 geomembrane liner and a 30-mil PVC
geomembrane secondary liner. A leakage collection system between the primary and secondary liners includes a
sand layer at the bottom of the pond and a drainage net in the pond sideslopes. Monitoring of the leak detection
system located at the northwest corner of the reclaim pond is performed by sampling through a 4-in-diameter pipe.

The tailings impoundment closure requirements established in the State permit are as follows: the operator
must assure that all solids will be properly capped with at least 3 ft of nontoxic native rock and solids; and, the area
surrounding the tailing pond should be graded to preclude the migration of tailings off the impoundment during a
100-yr, 24-hr storm event.

In addition, any sludge or residue from the reclaim solution pond will be analyzed using U.S. Environmental
Protection Agency approved methods for submittal to the agencies prior to burial or disposal.

Analyses of representative water quality samples from water collected from the tailings impoundment and
water draining from the impoundment underdrain during operations indicated that free and weak acid dissociable
cyanide are detected in significant quantities. These results indicate that the tailings water which ponds on the top
of impoundment is of similar quality to the tailings pore water from the underdrain.

To determine the quantity and duration of water expected to drain from the tailings impoundment underdrain,
a consolidation analysis was performed. During operations piezometers were installed at different depths and
monitored in both cells A and B. A review of the piezometer data indicated that pore pressures during tailings
deposition were less than the expected hydrostatic pressures at the piezometer locations. This indicates a downward



gradient in the tailings deposit, and that the tailings are normally consolidated. Because the tailings are normally
consolidated, classical consolidation theory was used for the postoperational consolidation analysis.

This analysis evaluated settlement likely to be caused by the surcharge load provided by the cover material
to be placed on the impoundment. These results suggest that the surcharge load would result in approximately 0.6
ft of settlement. Secpage from the tailings impoundment underdrain system is estimated to increase in response to
the surcharge load. The initial seepage flow is estimated at 41 gpm during the first several months, decreasing to
approximately 3 gpm within 1 yr of cover placement. It is recognized that classical consolidation theory is not
appropriate for large strains and may over-predict the consolidation period. However, it is usually conservative and
was deemed adequate for this project.

The performance of the engineered tailings cover was evaluated to estimate stormwater runoff and infiltration
from the reclaimed surface. This evaluation was performed using the HELP model version 2.05. Site-specific
evaporation and precipitation were used in this evaluation. Three cases were evaluated with the HELP model in
which the hydraulic conductivities for a 3-ft-thick cover layer of 1x10?, 1x10#, and 1x10° cm/s were evaluated.

The results from the HELP model suggest that zero runoff is expected from the reclaimed tailings surface,
and that 94% of the precipitation falling on this surface will be lost to evaporation for a 1x10*cm/s cover layer.
The remaining 6% will infiltrate the tailing deposit, where it would be collected in the tailings underdrain system.
The average annual seepage rate for a 1x10*cm/s cover is estimated as 0.16 gpm. When the hydraulic conductivity
of the cover layer is reduced to 1x10°cm/s, the surface evaporation is reduced to 77% of precipitation. For this
case, surface runoff is estimated to be 23% of precipitation. A third case was evaluated in which the hydraulic
conductivity of the cover layer is 1x103cm/s, resulting in 87% evaporation with zero runoff.

The results from the HELP model indicate that zero surface runoff is expected from the cover layer with
a hydraulic conductivity of 1x10“cm/s or less. The HELP model predicts that a peak daily precipitation for the site
is 1.45 in. Zero runoff is also estimated for this peak precipitation event when the hydraulic conductivity of the
cover is 1x10*cm/s or less. Based on the texture of the cover material, it is unlikely that the hydraulic conductivity
would be much lower than 1x10#cm/s. Therefore, it can be concluded that very little runoff can be expected from
the reclaimed tailings surface under average precipitation conditions.

A simplified water balance for the reclaim pond was evaluated to determine the volume of solution present
in the pond during the postoperational and reclamation period.

Seepage resulting from consolidation will drain into the existing reclaim pond for evaporation during the first
2 yr. Based on on-site evaporation data (83 in lake evaporation per year) the evaporative capacity of the reclaim
pond is 10.7 gpm. The initial seepage rate from the tailings impoundment is estimated to exceed the evaporative
capacity of the reclaim pond for the first 6 months. During this period some buildup in solution may occur in the
pond until a negative water balance is established. The pond has ample capacity to store this volume without
overflowing. The netting covering the reclaim pond will be left in place until the reclaim pond is backfilled.

The reclaim solution pond closure will be conducted once the flow from the tailing impoundment drains
drops below 10.7 gpm. As discussed above, this is the balance point between inflow and evaporation.

The pond will be reclaimed by covering the lined area with alluvium and waste rock. A standpipe will be
installed in the infilled pond for water level monitoring. The seepage will infiltrate the cover materials and be
retained as soil moisture content, or be lost to evapotranspiration.

The quantity of inflow into the reclaim solution pond is currently about 40 gpm. This inflow quantity is

expected to diminish to approximately 3 gpm within 1 yr. Because of the potentially low qu.aliFy of this water
flowing into the reclaim solution pond, the liner will be left intact. The quantity of flow within 1 yr will be
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insignificant.  As such, filling in the pond with alluvium and waste rock will prevent the potential for wildlife
exposure to the cyanide-bearing water.

In summary, no materials will be removed from the tailings pond during closure. The net will be dropped
on the surface of the tailings after evaporation of excess tailings liquid is completed. Finally the tailings
impoundment will be covered with 3 ft of waste rock and spent ore.

This closure plan also meets the objectives established by the agencies including--

> All process fluids will be detoxified and evaporated from the site, eliminating a potential for ground
water contamination.

> The tailings will be stabilized against wind or water erosion.

> The cover will be graded and compacted to minimize infiltration.

> The area will be returned to premining land use.

Postclosure Monitoring

Postclosure monitoring by Copperstone will be performed to evaluate the success of the closure activities.
The following monitoring activities will be performed:

> Water-level measurements will be recorded in the backfilled reclaim solution pond.

> A new groundwater monitoring well be installed downgradient of the tailings/heap leach area and sampled
quarterly for total cyanide and metals for several years.

» Visual inspection of tailings impoundment cover.

Visual inspection of stabilization and resistance of waste materials against wind and storm water.
Conclusions

The Copperstone Mine closure plan, as discussed above, is predicted to be successful for the following
reasons: the mine closure activities result in a low-maintenance return to preexisting land uses; the mine closure
activities comply with all State and Federal regulations; the site water management plan allows for detoxification
and evaporation of all process solutions; and, the mine pit, waste rock disposal areas, heap leach facility, and
tailings impoundment will all be stabilized physically and geochemically upon final closure.
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THE GIBRALTAR NOR'TH PROJECT ASSESSING ACID ROCK DRAINAGE'

Robenm J. L. Patterson® and Keith D. Ferguson®

Abstract: The Gibraltar Mine is 4 large open pit copper operation located north of Williams Lake , British
Columbia. Acid rock drainage (ARD) was first discovered on the property in 1982. Since this period all
drainage has been collected and pumped to the concentrator for neutralization in the lime circuit. Copper is also
recovered from some of the waste rock dumps using sulfuric acid leaching followed by solvent extraction and
electrowinning. The Gibraltar North project is a new ore body being considered for development. An extensive
program of testing and analysis was conducted to determine the potential of the waste from the project to produce
ARD and to develop mitigative measures. The quantity of potentially acid generating material was estimated in
two ways. First, statistics for acid base accounting (ABA) data were used to estimate the percentage of waste
rock and ore that would likely be acid generating. Second, the location of a pyrite "halo" was mapped using
visual pyrite estimates and assay results; a sulfur criterion was developed to separate blocks that were potentially
acid-generating. [Estimates of the quantity of potentially acid generating material from the two methods were
different because the ABA data base under represented the quantity of waste rock in the upper benches and over
represented the quantity of waste rock in the lower benches. Results highlighted the need for careful selection of
samples in ARD testing programs. The potentially acid-generating zones on the pit walls were mapped using the
location of the pyrite halo. In this way the quantity and location of potentially acid and non-acid-generating walls
were identified. The Gibraltar North tailing exhibited a significantly higher potential to generate ARD compared
to the current tailing.

Additional Key Words: acid rock drainage (ARD), acid base accounting (ABA), acid-generation estimations,
neutralizing potential, pyrite halo, sulfur plots, tailing acid generation, and pit wall acid generation.

Introduction

Location and Description of Operations

The Gibraltar Mine, which has been in operation since 1977, is located approximately 160 km south of Prince
George, British Columbia, near McLeese Lake (fig.1). Access is by way of a 18 km paved highway that joins
Highway 97 near the north end of McLeese Lake. The ore bodies occur as large low-grade copper-molybdenum
porphyry deposits.

Ore is mined by the open pit method and is concentrated using conventional crushing, grinding, and flotation
processes. Tailing is discharged to a impoundment area with 80% of the water recycled as process water. Additional
copper is extracted from the waste dumps using sulfuric acid as a leach solution followed by solvent extraction and
electrowinning to remove copper.

Ore reserves occur in five mineralized zones. These are the Gib West, Gib East, Polyanna, Granite Lake, and
recently discovered Gib North zone. Mining has occurred in all zones except the Gib North, which is not being
developed due to economic restraints.

'Paper presented at the International Land Reclamation and Mine Drainage Conference and the Third International
Conference on the Abatement of Acidic Drainage, Pittsburg, PA, April 24-29, 1994.

Robert J.L. Patterson, Sr. Environmental Engineer, Gibraltar Mines Ltd., McLeese Lake, British Columbia, Canada.

3Keith D. Ferguson, Environmental Manager, Placer Dome Canada, Vancouver, British Columbia, Canada.
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Gibraltar North Pit Project - Description

The recently discovered Gib North Zone lies to the northwest of the Gib East pit and is intersected by the
access road into the minesite. If developed, the projected pit dimensions will be 1,000 by 550 m by 230 m deep.
Stripping will entail 7.2 million mt of overburden and 109 million
mt of waste to produce 34.7 million mt of ore. As the zone
contains a thick mantle of waste, stripping would take up to 4 yr
to expose ore, followed by 3 yr of ore production.

Current Status of ARD

BRITISH

ARD was not detected at the minesite until several years S
after startup of mining. As early as 1975 copper-contaminated
flows were detected coming out of rock fills or. the property. It
was not until 1982, an extremely wet year, that ARD manifested
its presence throughout most waste fills on the property. The
presence of this seepage prompted the construction of a property-
wide collection and pumping system during the 1982 - 83
construction periods. All surface drainage was then treated and
discharged to the tailing pond.

The present practice in regard to handling of wastes is Figure 1. Location map.
disposal on a dump structure adjacent to the pit being mined.
Each dump is surrounded by a ditch system for leach solution return where leaching is being practiced, as well as
by a secondary ditch system to collect seepage out of the leach circuit. Reclamation steps have been execised on
several dumps. Reclamation is geared more to aesthetic improvement than to ARD prevention, although the practice
no doubt has had some mitigative benefits.

Acid-Base Accounting For The Gib North Zone
Sample Selection

A total of 27 vertical drill holes were chosen to obtain samples for acid-base accounting on the Gib North zone
and were also used for metal analysis. These holes were all within the proposed open pit as currently planned and
were distributed over as wide an area of the surface of the pit as possible. However, as limited drilling was conducted

away from the ore body, fewer samples of waste rock were available from the upper benches distant from the ore
zone.

Samples were composited over 13.7 m of core, which represents the proposed bench interval. The composites
were made up from 3 m pulp samples. Each composite was comprised of five pulps with the fifth only half the mass
of the other four. Four of the pulps were 50 g and the fifth was 25 g. A total of 395 samples were tested for ABA,
including 151 ore and 244 waste rock samples.

Analytical Methods

Samples were tested for ABA according to the methods described in Sobek et al. (1978). The standard
analyses for paste pH, total sulfur, sulfate sulfur, and neutralization potential (NP) were performed. In addition, a
total carbon assay was obtained from the Leco furnace used for the total sulfur determination. The "fizz" rating and
color of precipitate in the NP titration were also recorded. The acid potential (AP), net neutralization potential (NNP),
equivalent NP from the carbon assay (assuming all the carbon was present as carbonate), and neutralization potential-
acid potential ratio (NP/AP) were determined by calculation from the assayed ABA parameters.



An inductively coupled plasma metal scan was also performed on 326 samples (143 ore and 183 waste rock).
Copper grade information, obtained from previous assays of the samples, was used to separate the samples into ore
and waste, using a 0.18% copper cutoff.

ABA Results

ABA results for the waste rock and ore are summarized in tables and 2.

Table 1. ABA results for waste rock

Statistic Paste pH Total S, Potential, mt/kmt CaCO, NP/AP
% AP NP NNP

Number 183 244 244 244 244 244
Mean 9.01 66 | 20 24 3 5
Variance 31 1.05 | 1023 284 1344 169
Std. Dev. 55 1.02 | 32 17 37 13
Maximum 11.07 6.82 | 213 80 75 170
Upper quartile 9.43 74 | 23 32 21 46
Median 9.07 31110 21 7 1.8
Lower Quartile 8.63 .14 4 10 -7 i
Minimum 745 .01 03 3 -209 02

In general the paste pH was neutral to alkaline. All of the sulfate sulfur assays were less than detection (not
shown in table). These data suggest the samples had not oxidized significantly prior to testing and no acidic salts
are present. The total sulfur was relatively low for waste rock with a mean of only 0.66%. The NP was very low
with 2 mean of only 24 mt/kmt CaCO,,.

The paste pH was lower in the ore samples compared to the waste rock, with some relatively acidic paste pH
recorded. Sulfate sulfur results were all below detection. Despite the low pH in some samples, very few oxidation
products (acidic salts) had apparently accumulated. It is not clear if these oxidation products are present in situ in
the ore or were formed after drill core recovery. The total sulfur and AP were substantially higher, and the NP
slightly lower in the ore compared to the waste rock. In general the sulfur content (and AP) increased with copper
grade (fig. 2) and is additional support for the existence of a pyrite halo around the ore body.

Table 2. ABA results for ore samples.

Statistic Paste pH Total S, Potential, my/kmt CaCO, NP/AP
% AP | NP | NNP
Number 143 151 151 151 151 151

Mean 8.03 298 | 93 17 -76 0.33
Variance 0.58 440 | 4296 146 4964 0.18
Std. Dev. 0.76 2.10 | 65 12 70 043
Maximum 9.31 115 359 62 39 2.7
Upper Quartile 8.62 354 | 111 26 =27 041
Median 8.15 247 | 77 14 -56 0.18
Lower Quartile 752 143 | 45 7 -106 0.08
Minimum 498 041 | 13 3 -355 0.01
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The carbon assay results were converted to an equivalent NP, assuming all the carbon was present as
carbonates. The actual NP and equivalent NP from the carbon assay agreed for most samples (fig. 3). About 10 to
15 samples had a higher carbon equivalent, suggesting that a portion of the carbon may not have been present as
carbonate or that the NP was underestimated by the assay titration for a few samples.

An NP/AP of 1 (equivalent to NNP = 0) is
sometimes used to separate potentially acid and non-acid
generating samples. Plots of NP and AP relative to this
criterion are shown in figures 4 and 5. About 35% of the
waste rock and about 95% of the ore samples were
potentially acid-generating. There was a slight trend to
lower NP with a higher AP. Cumulative frequency plots
for ABA parameters are shown in figure 6. The
significantly lower acid production potential of the waste
rock relative to the ore is apparent. Only about 5% of the
waste rock was strongly potentially acid generating (NNP
< -50 mt/kmt CaCO, or NP/AP < 0.2).
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Figure 2. Sulfur versus copper grade

In general, the ABA characteristics of Gib North project waste rock are consistent with a low sulfur-very low
NP system. A significant proportion of the waste rock according to ABA is potentially acid generating; however,
the extent of acid production may not be large given the low sulfur content. The acid production potential correlates

with the copper, and therefore the ore is much more
strongly potentially acid producing than the waste rock.

Pyrite-Copper-Geology Database

An independent assessment of the quantity of
material with a potential to produce ARD was made using
visual pyrite estimates, copper assays, and the geological
model of the Gib North deposit. The data indicate that
there is a pyrite halo around the Gib North ore body,
which should provide a reasonable estimate of the
quantity of potentially acid-generating material. This halo
can be identified by visual estimates of pyrite made by
the geologists during core logging. Beyond the halo, the
waste material is practically devoid of sulfide minerals.

The limit of the pyrite halo was chosen to be equivalent
to a 0.6% total sulfur based on the following reasons:

1. Only 17% of the samples with less than 0.6%
sulfur had a NP/AP less than 1, whereas 75%
of the samples greater than 0.6% sulfur had a
NP/AP less than 1 from the ABA database for
waste rock.

2. Ata 1:1 NP-AP ratio, 0.6% sulfur is equivalent
to an NP of about 19 mt/kmt CaCO3, close to
the median NP of 21 mt/kmt CaCO3 for the
ABA database for waste rock.

3. Lappako (1991) found that rocks with less than
0.6% S did not produce ARD owing to
neutralization by silicate minerals in long-term
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field tests of low sulfur-containing rocks in Minnesota. This finding may not be universally applied to all
minesites because of differences in sulfide mineral reactivity and climatic conditions at a particular site,
however, it does serve as a useful guide.

4, From observation of drill core and sulfur data, a low sulfur value such as 0.6% S is a reasonable boundary
to identify the extremity of the higher sulfur containing material.

Sections were prepared approximately every 18 m 250
across the ore body. Traces for all the currently available
holes were plotted with actual copper and sulphur assays _ 2001 Potentially acid generating
and visual pyrite estimates. The sulphur dataset was g
limited (ABA database only), whereas visual pyrite S eole
estimates and copper assays were available for all the § -
holes. Jeory i} .
< Non-acid generating
Samples greater than 0.6% sulfur or 1% visual et .
pyrite were automatically considered to be within the |ofse
pyrite halo. For values between 0.5% and 1.0%, the sulfur s o .
associated with the copper was added to the visual pyrite 0 50 100 150 %00
estimate assuming all the copper was present as NP, mukmt CaCO,

chalcopyrite. Waste blocks were separated from the ore .. .
blocks using krigged copper estimates (0.18% Cu cutoff). Figure 5. Waste AP:NP

The location of the pyrite halo on the drill hole traces was identified by the actual or calculated sulfur values.

The geological model of the ore body was then used to identify the location of the pyrite halo between drill hole
traces. The halo was assumed to follow the general

outline of the ore body then contoured onto the section. s

8

Finally the contoured sulfur halos on the sections
were transferred to bench plans through the pit. The
intersection of the bench level with the pyrite halo on each
section was marked, and the resulting points were
connected to identify the location of the halo on plan.

]
o

Potentially . .
Acid-generating- = - - - - Lior vmiens sqen e

E 3
(=2

CUMULATIVE FREQUENCY, %
»
o
T

In general, there were very few discrepancies in the
overall shape of the pyrite halo generated by the visual : . T
pyrite and by sulfur assay values; only small isolated pods "o : 2 3 4
of halo material in the upper part of the pit identified by NF/AP
the visual pyrite method were not included in the estimates
based on the actual sulfur assay information. The visual

pyrite method, therefore, may be conservative. The use of pyrite estimates to determine the location of the pyrite halo
is believed accurate to about +20%.

Figure 6. Cumulative frequency plots for NP:AP

Estimates of Acid-Generating Material

Criteria Used To Estimate Acid Generating Material

Three factors control whether acid rock drainage (ARD) is likely to be produced at a minesite:

1. The magnitude and variability in the maximum capacity of the rocks to produce and to consume acid.
2. The availability of potentially acid-producing and neutralizing minerals on particle surfaces.
3. The relative rates of acid production and neutralization.
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Static methods such as acid-base accounting (ABA) directly assess the magnitude and variability of the
maximum capacity. of the rocks to produce and to consume acid. To make predictions, the results from ABA are
compared with empirical criteria because mechanistic models of the acid production process are not available. The
other two factors that control ARD production are included indirectly in these criteria. Separate criteria have been
developed to classify homogeneous individual rock samples and heterogeneous rock dumps composed of several rock
types with different acid production potentials.

Criteria for Individual Waste Rock Samples. Ferguson and Morin (1991) and Cravotta et al. (1990) both presented
theoretical arguments suggesting that the NP/AP criterion could be about 2:1. However, in the database presented
by the former authors, 166 laboratory leaching tests indicated no sample with a positive NNP produced acidic
leachate. Moreover, there is no clear documented evidence of rock with a positive NNP producing ARD under field
conditions.

A safety factor is required for mines in wet climates where carbonate minerals may be preferentially removed
in the mine wastes relative to sulfide minerals. The precipitation at Gibraltar is only 500 mm/yr, therefore, the
potential for preferential removal of carbonates should be low. A NNP = 0 (NP/AP = 1) should provide an adequate
measure of safety for an initial evaluation of the ABA data.

Criteria for Tailings. Ferguson and Morin (1991) combined studies by Environment Canada of tailings deposits at
20 mines in British Columbia and by Lindahl (1990) at 15 mines in Sweden. Some of the Canadian mines were
operating, whereas all the Swedish mines were abandoned. The authors found that the NP/AP = 1 criterion could
be used to separate acid and non-acid-producing mines. This criterion was used for the Gib North project.

Acid Generating Waste Rock by ABA Dataset

The percentage of ABA samples from each bench generally follows the percentage of waste rock production
(fig. 7), although the upper benches are somewhat under

represented and the lower benches over represented. Since the T e e
sulfur content generally appears to increase with depth, the ABA Soes->+

dataset may overestimate the actual acid production potential of 2ol -

the waste rock. ABA statistics by bench were weighted < %ﬁ

according to waste rock production by bench. The weighted 7 2%

mean sulfur content was found to be 42% less than the mean E %

sulfur of the ABA database. The two mean NP values are about previ L

the same. The weighted mean NNP and NP/AP indicate a lower prrinae

potential to generate ARD, compared with the original database. oot IO

2 4 [] 8- 10 - 12 1“4 18
The weighted quantity of potentially acid-generating SAMPLES OR WASTE ROCK PRODUCTION, %

material was calculated by multiplying the percentage waste rock

production per bench by the percentage of potentially acid-  Figure 7. Percent samples and waste rock

producing samples per bench according to the ABA dataset. The production by bench. '

NP/AP < 1 criterion was used to identify the potentially acid

producing samples. In general, about 28 million mt or 26% of the total waste rock production, is predicted to be

potentially acid generating. This is 11% lower than the percentage of samples predicted to be potentially acid

generating from the ABA database. The ABA database therefore was skewed because of too few samples in the

upper benches and too many in the lower benches.

Most of the holes used for the ABA database were relatively close to the ore body and possibly were within
the pyrite halo. Therefore, the weighted values calculated above may be conservative. This weighted value was
compared to the quantity of material within the pyrite halos.
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Acid-Generating Waste Rock Within the Pyrite Halo

The quantity of material within the pyrite halo (assumed to be potentially acid generating) was estimated by
a block-counting method. A grid representing 15.2 x 15.2 m blocks was placed on top of each bench plan. The
waste blocks within the pyrite halo and the pit boundary were counted, and the total for each bench was multiplied
by 8,530 mt per block. This method is believed accurate, with the possible exception of errors introduced in counting
partial blocks.

For some benches, the quantity of waste rock within the pyrite halo was apparently greater than the total
quantity of waste from that bench; the error may arise from counting too many partial blocks. The percentage of
potentially acid-generating material for these benches was simply adjusted to 100% and the tonnage recalculated.
About 14.5 million mt of waste rock, or 14% of the total production, is predicted to be potentially acid generating
using the pyrite halos method. This is about 13.5 million mt or 12% less than that calculated by weighting the ABA
database. The pyrite halo method is believed more accurate because it accounts for smaller scale variations close to
the ore body and is consistent with the geological model of the deposit.

Figure 8 shows the production of potentially acid-generating waste rock by bench using both the pyrite halo
and the weighted ABA database. Both methods show most of the v
potentially acid-producing waste rock to be from benches 2960 ' 4

to 2600. The weighted ABA database, however, indicated more ~ 3si8fva:
potentially acid generating material would be produced from 2000l
these benches. = ﬁff
5‘ %E: “eea

Both methods of calculation indicated the percentage of é 2o
potentially acid generating material would increase with depth, ;’gﬁ% """""""""
consistent with the increasing sulfur content. As the pit narrows Bshdr. .. llniiniiiinnnn ¥ ABA dau base
with depth, more waste rock would be taken from within the ,%_:::: ..... et Lo I
pyrite halo, confirming that these percentages are consistent with v s ¢ 8 e
the geological model. The percentage of potentially acid-  MASS OF POTENTIALLY ACID-GENERATING WASTE ROCK, million mt
generating waste according to the ABA dataset was higher than
the pyrite halo for all but a few benches. Figure 8. Production of potentially acid-

generating rock by bench.

Pit Walls

The location of potentially acid-generating rock exposed on the ultimate pit walls was identified by projecting
the pyrite halos onto the trace of the ultimate pit walls for each bench. As expected, pit walls remaining in the lower
benches may be potentially acid generating, primarily below the 2600 level. Some potentially acid-generating material
may also be left exposed at higher elevations on the south and east walls.

The exposed surface areas of potentially acid-generating and non-acid-generating pit walls were calculated for
each bench by multiplying the running footage of the bench classified according to ARD potential by the cross-
sectional length of the bench. The berm was assumed to be 14.6 m and the bench 15.2 m (overall angle 26.5°) for
a total of 29.8 m. Overall, about 59% of the walls will be non-acid generating and 41% potentially acid generating.
Less than 20% of the ultimate pitwall above the 2600 bench would be potentially acid generating. Below the 2600
level, more than 50% is potentially acid generating.

The pitwater originating from the upper por_tion'of the pit should be alkaline with low metal concentrations.

Runoff from the upper alkaline benches would flow over the potentially acid-generating walls. At least some
neutralization of acidic drainage and coating of sulfide minerals should occur on these lower walls. Moreover, since
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most of the potentially acid-generating walls will be exposed during the last stages of mining, they will have limited
time to generate ARD prior to closure. Therefore, the pitwater should not be highly contaminated during mining.

At other minesites, pitwater is generally not as contaminated as seepage from waste rock dumps and abandoned
tailings ponds because the surface area of exposed sulfide minerals is much less. The location of potentially acid-
generating walls at lower levels in the Gibraltar North pit should further limit the potential for acid production.

Tailing
Ore Classification, Three types of ore were chosen for the metallurgical tests. These are:

Chlorite (GN-1) comprises only 1% of ore body. It is mainly a high level ore with distinctive dark green chlorite
alteration; pyrite concentration are estimated at 2% to 4%; often elevated zinc.

Sericite-Chlorite (GN-2) comprises 80% to 90% of the orebody. It is hosted by a mixture of quartz-sericite, quartz-
sericite-chlorite and chlorite; pyrite ranges from moderate to high; zinc is usually low.

Quartz-Sericite (GN-3) comprises 1% to 10% of the orebody. It is not always a good copper-silver host,
particularly away from the ore zone.

Six head samples of ore were tested for ABA. These samples were chosen to represent specific types and
characteristics of the ore and are not necessarily representative of the ore body as a whole. The ABA results are
shown in table 3. The sulfur content of the metallurgical samples was high, corresponding to the 40th to over 80th
percentile of the ore ABA database. The average was above the 80th percentile. The NP of these samples was low,
corresponding to only the 15th to the 40th percentile, and therefore may represent a worst case ARD potential.

‘Weighted average ABA characteristics were calculated using the percentage of each ore type. The weighted average
sulfur was relatively high (4.81%) and the NP very low (7 mt/kmt CaCO - The weighted average indicated the heads
were strongly potentially acid generating.

Table 3. ABA data for ore head samples

Sample Paste pH Total Sulfur, SO,, Potential, mykmt CaCO, NP/AP
' % % AP NP NNP
GN-1 8.03 2.01 <05 63 7 -56 A1
#1GN-2 7.44 352 | <05 110 5 | -105 .05
#2GN-2 7.46 683 | <05 213 10 -203 .05
#3GN-2 7.36 344 | <05 108 .6 -102 .06
#4GN-2 7.64 405 | <05 127 9 -116 07
GN-3 7.51 823 | <05 257 4 -253 02
Avg. 7.57 468 | <05 146 7 -139 .06
Std. Dev. 22 2.15 0 67 2 67 03
Max 8.03 823 | NA 257 10 .56 A1
Min 7.36 2.01 | NA 63 4 253 02

NA - Not applicable
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Tailing. Eight separate scavenger and two cleaner tailings
samples were analyzed for ABA. The cleaner tailings were
from GN-2 ore, the largest ore type by mass. Three of the
scavenger samples of the GN-3 ore type exhibited an acidic pH.
These contained high sulfur (7% or greater) and very low NP.
The low paste pH confirmed that scavenger tailings with high
sulfur content would be acid generating. The sulfur content of
the GN-1 ore type was much lower than that of the other two.
NP levels of all samples were very low. All samples were
potentially acid generating, although two were very marginal. In
general, scavenger tailings from the GN-3 and some GN-2 ore SAMPLES OR ORE PRODUCTION, %
types were strongly potentially acid generating.

BENCH, ft.

Figure 9. Percent samples and production by
The ABA dataset for the Gib North ore samples was weighted bench.
according to ore production by bench in the same manner as for waste rock. In general, the percentage of samples
and percent ore production by bench were in better agreement than for waste rock (fig. 9). The weighted mean values
for the ABA characteristics were similar to the mean values from the raw data (table 4).

Table 4. Summary of weighted statistics for ore.

Statistics for Gib North Ore
Statistics Sulfur, Potential, m/kmt CaCO,
% AP NNP NP/AP
Absolute Mean 2.98 17 -76 33
Weighted Mean 2.88 . 17 -73 34

From results it is obvious that the Gib North ore is potentially acid generating. The finding of an acidic paste
PH in some samples indicates acidic leachate would be expected from samples with elevated sulfur and very low NP.
The metallurgical testing indicated the acid production potential of the ore would be reduced by about 27% due to
milling. However, the scavenger, cleaner, and combined tailings are still expected to be potentially acid gererating.
Only the GN-1 ore type gave marginally acid-producing tailings, but that ore type comprises an insignificant
proportion of the total ore feed. The Gibraltar North scavenger tailings have a significantly higher sulfur content and
net acid production potential compared with the Gib East pit tailings currently being produced (table 5).

Table 5. Comparison of tailing from two ore zones

, Gib East! Gib North?
ABA statistic

Total sulfur 81 3.46
NP 9 6
NNP -16 -102
'Mean of 4 1
Aot s

The coarse fraction of the Gib North tailings is expected to have a higher acid production potential than the
fines. Cycloned tailings, probably largely comprised of the coarse fraction, are currently used for am construction.
The existing tailings dams could become potentially acid generating if the Gib North tailings were used for
construction. The existing tailings pond slimes may also become potentially acid generating if Gib North tailings
were deposited within the current basin. The tailings from the Gib North project need to be disposed of in a secure



location to ensure ARD will not become a problem.
Conclusion

On the basis of the test work the following conclusions can be drawn.

4 This study illustrates the importance of conducting a thorough assessment of the potential to produce ARD
prior to mining. Placing tailing from the Gib North project onto the beach or dam at the end of mining could
have a significant impact on acid production.

4 The goal of any program should be to establish consistency between geochemical test results, geological
knowledge of the deposit, and water quality information. If consistency can be established, the conclusions
developed from the program will have greater confidence.

4 Collecting representative samples is not a simple task. Samples should be sorted by grade, occur within
the pit boundary, cover the range of rock types, provide good spatial coverage, and be proportional to the
waste quantities by bench and by rock type. A significant number of samples are often required to provide
a reasonable dataset. Even in this study, weighting of ABA statistics by bench showed the raw dataset was
somewhat skewed.

4 Visible pyrite estimates are not always accurate, but when combined with metal assays and a geological
model they can provide a check of geochemical test results and identify smaller scale versions in acid
generation potential.
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REGULATORY CONTROLLED DESIGN - LOUVICOURT PROJECT - A CASE STUDY!

Michel P. Filion?, Frederick W. Firlotte> Michel R. Julien® and Pierre F. Lacombe®

Abstract: The Louvicourt Project, a base metal mining development near Val d'Or, Québec, Canada, is currently the
largest new mining project under construction in Canada. The deposit discovered by Aur Resources Inc. in 1989 is a
polymetallic orebody of copper, zinc, gold and silver. The tailings produced will have a high acid generation
potential. Six potential sites for the future tailings basin were identified and compared against a series of criterion.
The main objective in the site selection process was to identify sites that could permit flooding of the tailings from
day one during and after operation. The selected site was retained on the basis that it satisfies sound environmental
review, permits flooding of tailings during and after operation, facilitates closure and was not expected to cause
delays during the approval process based on the current regulatory environment in the province of Québec. The
construction of Phase 1 of the proposed basin was completed during the fall of 1993 and filling of the basin is
currently underway.

Additional Key Words: tailings basin, water cover, acid mine drainage, site selection, regulatory environment.
Introduction

This paper discusses the site selection process and engineering design considerations for the new Louvicourt tailings
area located near Vat d'Or in northern Québec, Canada. The site selection process involved an examination of the various
physical, environmental and permitting constraints related to the potential sites identified. An important factor in the
overall site selection and engineering design was the environmental design philosophy established by the project
participants during the early stages of project development. These factors resulted in the selection of a site which
conformed to environmental requirements, minimized impact on the environment and fell within the economic constraints
of the project.

The Louvicourt Project is a joint venture between the operator Aur Louvicourt Inc. (a wholly owned subsidiary of Aur
Resources Inc.) (30%), Teck Corporation (25%) and Novicourt (a subsidiary of Noranda) (45%). The project is the most
significant new base metal mine development in Canada with undiluted geological (in-situ) reserves in excess of 27 Mt
averaging 4.3% Cu, 2.1% Zn, 27.4 g Ag/t and 1.06 g Au/t using an equivalent cutoff grade of 2% copper based on surface
drilling data. The orebody was discovered in 1989 and start-up of the 4000 t per day mill is expected to occur in July
1994. The brief amount of time elapsed between discovery and start-up could not have been possible without the
economic development policies of the Government of Québec and what we have termed regulatory controlled design.
Total capital cost of the project has been estimated at 349M$ including working capital and capitalized interest, totalling
30MS$. The mine will employ 340 people at full production and will be in operation for 18 years. Operational
assumptions are summarized in Table 1. General design criteria for the tailings basin used in the tailings site selection
study are given in Table 2.

'Paper presented at the Third International Land Reclamation and Mine Drainage Conference and the Third
International Conference on the Abatement of Acidic Drainage, Pittsburgh, PA, April 24-29, 1994.

2 Michel P. Filion, Director, Environmental Affairs, Teck Corporation, Vancouver, BC, Canada.

3 Michel R. Julien, Geotechnical Engineer, Frederick W. Firlotte, Principal, Golder Associates Ltd., Pointe-Claire, PQ,
Canada.

4 Pierre F. Lacombe, Mill Superintendent, AUR Resources Ltd. - Projet Louvicourt, Val d'Or, PQ, Canada.
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Table 1. Summary of operational data.

Quantity
Reserves (assumed) 240Mt
Concentrates (18%) 43Mt
Tailings backfill (50%) 12.0Mt

Tailings disposal !32%) 7IMt

Table 2. Tailings area design capacity (assuming an in-place dry density of 1.7 t/m?).

Tailings Volume Percent

M1 M m’) (%)

Assumed reserves (24 M t) 7.7 4.5 55
Assumed additional reserves (3 M t) 1.0 0.6 7
Mine water sediments 0.5 0.3 4
Placement inefficiencies - 1.7 21
Contingency 1.9 1.1 13
Total design capacity 11.1 8.2 100

Constraints
ili r i

The typical mineralogical composition of the tailings is characterized by a sulphide content (mostly pyrite) that will
be on average about 40% and a carbonate content which will vary from about 11 t0 23%. Some acid base accounting tests
have been carried out on samples of the future ore and waste rock. From these results and experience with similar tailings
in the area, it is expected that the tailings will be a net acid generator. Depending on the zone of the orebody, it is believed
that the theoritical acid production will vary from about 10 to 1000 kg/t and the buffer capacity will vary from 0.5 to
35 kg/t. The waste rock will also have variable theoritical acid production potential and buffer capacity (< 0.3 to 370 kg/t
and 5.9 to 98 kg/t, respectively).

1 in

The area surrounding the mine site is characterized by low topographic relief, generally poor drainage, frequent
swamps, and a few scattered, small, relatively shallow lakes. The main topographic relief through the area is a southwest-
northeast esker ridge located on the east side of the mine site that is a local source of fresh water, sand and gravel.

The area has moderate net positive precipitation. The average annual precipitation for the Val d'Or area for the recorded
period (1961 to present) is 954 mm. If the average annual evaporation or evapo-transpiration is subtracted, the net annual
precipitation is about 413 to 465 mm.

The watershed boundaries and drainage patterns for the project area are shown on figure 1. The area is interesting
because it contains the drainage divide for three principal watersheds. The mine site is located in the Harricana River
watershed which flows northward toward James Bay. Immediately over the esker ridge to the east of the mine is the
Nottaway River watershed which also flows to James Bay. About 11 km south of the mine is the drainage divide between
northward-flowing rivers and the southward-flowing Ottawa river watershed, which eventually drains into the Saint-
Lawrence River.
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In the Val d'Or region, the Harricana River watershed has historically been heavily impacted by mining operations.
Mining activity in the Nottaway and the Ottawa River watersheds has been minimal. West of the mine, in a radius of
20 km and within the Harricana River watershed, at least 6 old or active tailings basins can be identified. In particular,
two rivers west and north of the mine site (Bourlamaque and Colombiére) are known to have been seriously impacted over
the years by mining activity.On this basis, the Harricana River watershed was the preferred one in which to locate a large
tailings basin.

There are no towns or communities in the vicinity of the mine site. There are some cottages along the lakes located
east and north of the mine site. The area does not contain exceptionnal habitats for wildlife. However, virtually all of the
creeks and small rivers have been occupied by beaver communities. The recreationnal usage of the area is limited mainly
to hunting and fishing.

ulato nsideration

At the beginning of the project, the design team met to discuss the permitting procedures in Québec and to delineate
an overall schedule of activities. A major constraint to the project was set by the fact that the construction of the tailings
dam and other major project components, such as the mill, had to begin during the spring of 1993 if the major project
milestones were to be met on schedule. This therefore allowed a total of 14 months for the environmental assessment
documents to be completed including baseline studies (which had been already initiated), feasibility studies and detailed
engineering designs. Project start-up was scheduled for July 1994.

In Canada, major projects are subject to environmental requirements established by the Federal Government as well
as the provinces. The laws and regulations for the federal and provincial jurisdictions contain a number of constraints
which can trigger detailed environmental impact statements and full public consultation. Since these processes can result
in time delays of at least 18 to 24 months in the overall permitting procedure, the design team set out to identify all
possible triggers with the objective of designing an environmentally sound project while avoiding potentially lengthy
delays in the process.

Federally, impact assessments are administered through the Environmental Assessment and Review Process (EARP).
This process is currently under formal review and will be replaced by the Canadian Environmental Assessment Act
(CEAA) probably in 1994. However, during the process of defining regulatory requirements it was assumed that the draft
regulations based upon CEAA might apply in some form to the development. A thorough review of the draft regulations
identified two potential triggers which might require that a detailed impact assessment be undertaken on the Louvicourt
Project:

« diversion of a navigable water way; and
o  building of a railway spur.

Environmental assessment requirements in the province of Québec are detailed in the Environmental Quality Act
(Government of Québec, 1989, Q-2 r.1, Q-2 1.9). The triggers pertinent to the Louvicourt Project which would require,
beside the necessary environmental study, the preparation of a detailed environmental impact statement with consequent
possible public hearing, included:

o diversion of a named river;

+ placement of waste materials in a lake;

«  construction of a railway spur greater than 2 km in length;

»  creation outside the main tailings basin of a pond greater than 5 ha in surface area; and
»  construction of a permanent access road greater than 2 km in length.

At all stages during the planning and design of the project the above triggers were kept in mind and avoided.
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The Québec Ministry of Environment (MENVIQ) has established several administrative regions or districts. Under
the Environmental Quality Act, each regional director of the administrative districts has the authority to issue Certificates
of Authorization for different phases of project development. For mine developments, environmental requirements and
submissions are administered through Directive 019 (Government of Québec, 1989, Directive 019). The principal
components of Directive 019 include:

» application of the provincial liquid effluent regulations at the final point of discharge; and
o detailed guidelines as to the information requirements to be submitted for the various types of Certificates of
Authorization (COA) to be issued.

Four authorizations are specified as requirements in Directive 019; COA-exploration, COA-tailings site selection,
COA-ore extraction and COA-mineral treatment. Of these four authorizations the two most significant to Louvicourt were
approval of the tailings site selection document and mineral treatment. The COA for mineral treatment allows for the
construction of the tailings area and milling facilities.

The Québec Government recognizes that the time frame for the development of new grass roots projects can be
shortened by allowing the construction of certain aspects of the facilities in parallel with the environmental approvals
process. Thus, separate approvals can be obtained for certain project components such as: exploration shafts and
headframes; production shaft and headframe; mine surface facilities such as electrical substations, generator stations,
wharehousing, hoist rooms, underground ventilation facilities, administration and maintenance facilities. In addition, with
appropriate environmental documentation, it was possible to obtain phased approvals for clearing and logging a preferred
tailings site; clearing and preparing borrow sites; construction of small access roads and pipelines; installation of
construction camps prior to tailings dam construction; construction of the concrete foundation for the mill; and
construction of Phase 1 of the tailings facility. All of these approvals were obtained prior to the issuance of the final
certificate of authorization for mineral treatment. The resulting net benefit to the overall project was a time saving of over
two years in relation to an impact assessment proceduré which precludes any construction prior to completing the process.
In the end, the total number of approvals required for the Louvicourt Project from inception to the beginning of operations
totalled 46.

Environmental Design Philosopt

Because the environmental approval process allows for the expenditure of hundreds of millions of dollars prior to
receiving operating approval, an aggressive position was taken with respect to the environmental design of the overall
facilities. The fundamental design philosophy that was established for the project was intended to reduce regulatory
uncertainties in receiving approval and to maximize protection of the environment. Upon review of the available
technologies, it was considered that permanent storage underwater from day one could be an effective way to inhibite
tailings oxidation as confirmed by recent works (Robertson, 1991; Morin, 1993 and Pedersen et al., 1993). Taking into
account current and projected regulatory requirements in Canada, the design philosophy established for Louvicourt is
summarized as follows:

»  design for closure and operate for closure;

« tailings will be acid generating and will be managed as such; best available technology economically achievable
(BATEA) will be used to prevent acid rock drainage (in the case of the Louvicourt project BATEA meant
placement of fresh tailings under water in a man-made facility);

«  minimize the quantity of ARD producing waste materials generated by the facility. (i.e. maximize the placement
of waste materials underground);

»  maximize water recycle; and

* use mother nature to advantage wherever possible.
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When taken as a group, the design philosophy had a significant overall effect on all decisions related to site selection
and design. In practice, this meant that a tailings site had to be selected so as to provide good topographic relief and
hydrogeological containment sufficient to maintain a permanent water cover over the tailings; a watershed of sufficient
size to ensure maintenance of a water cover even during drought conditions and to obtain seepage losses and flows
through the tailings that were relatively small. The design philosophy also governed: dam design (geometry, slopes,
erosion protection), the requirements for both operational and emergency water control structures and management of the
upstream watershed.

Site Selection Stud

A site selection study was carried out to identify possible sites that would allow flooding of tailings during and after
operation. A total of 6 sites (sites 1, 2-A, 2-B, 3, 4, and 5) were identified in the area surrounding the mine site (figure
1). A list of selection criteria was prepared and each of the sites were evaluated and reviewed with respect to:

Technical and E ic Considerati

s  minimum storage of 4.5 M m3 of tailings (7.7 M t at 1.7 t/m3) to accommodate at least the in-situ reserves;
+ distance from the mill (the maximum distance - radius was set to 15 km);

« area of the tailings basin - to be minimized,

»  expansion potential - to be maximized;

+ maximum length of dykes - to be minimized;

«  maximum elevation of the dykes - to be minimized;

« difference of elevation between the mill and the basin - to be greater than 0 if possible;

«  accessibility around the basin with existing roads and with future roads; and

»  mineral potential under the basin had to be shown to be poor or non existent;

1 ical Featur

« foundation conditions which effect dam stability; and
+  topographical containment.

Hydrology and Hydrogeology

-« location with respect to major watersheds;

drainage area of the basin to allow flooding during and after operation;
diversion required;

length of diversion channels;

« flows to be diverted;

tailings basin proximity to rivers or lakes;

«  water recirculation potential; and

» ground water infiltration potential;

Ecologi nsider

o type of vegetation;

« clearing requirements;

«  aquatic background;

o  recreational use; and

«  unique or exceptional habitats.
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Figure 1. Location of six potential tailings basin sites in a 15 km radius of the Louvicourt Project. Also shown are major
watershed and subwatershed limits as well as existing tailings basins.




Social Considerati

o distance from nearest houses;

+ land use and ownership prior to operation;
o land use after operation; and

»  aesthetic impacts;

Others

o  mining rights on the properties;
« implications on pipeline path; and
«  compliance with environmental design philosophy.

The following paragraphs review the characteristics of the 6 different sites and present a summary of the comparison
between them.

Site 1 is far (13 km) from the mill. It is in the Pascalis river basin located in the Nottaway river watershed, which has
not been much affected by mining operations. The area is swampy. Natural topographical confinement is good but the
basin would have to be shallow. Therefore, long confining structures, most likely built through peat, would be required.
The operator does not control mining rights in this area. Site 1 requires the diversion of the Pascalis river valley for a
distance of 4.5 km.

Site 2-A is the closest to the mill and is situated in the Colombiére River valley in the Harricana river watershed about
6 km from the mine. There are important upstream watersheds that could provide water for flooding in the post-
operational period. Diversion of the Colombiére river would be required as well as the development of a significant
flooded area upstream of the basin. Topographical confinement is good, expandability is good, and this site is located on
lands partially controlled by the operator.

Site 2-B is also located in the valley of the Colombiére river about 8.5 km from the mill. The basin corresponds to a
topographical low in the river sub-watershed. Topographic confinement is good and the subwatershed upstream of the
basin can be diverted during and after operation. Expandability is good, a river diversion is not required, and the property
is controlled by the operator. '

Site 3 is located within the watershed of the Harricana river, more than 11 km from the mill, on property controlled
by the operator. A large sub-watershed is present upstream of the basin to enable flooding at closure but because of a lack
of topography the tailings placement would be shallow and therefore the site would be difficult to manage and would
cover a large area. Development of site 3 could require the diversion of a river.

Site 4 is located about 6 km from the mine in the Nottaway river watershed which is currently not significantly affected
by mining operations. The site offers poor topographical confinement. Upstream watersheds for future submergence of
tailings are limited. The ground surface elevation of this site is about 13 m higher than the mill. The site is located on
lands partly controlled by the operator.

Site 5 is located about 8 km from the mill in the Nottaway river watershed. The site has good potential for a small
tonnage of tailings but is most likely too small to accommodate the design tonnage and offers little expandability without
having to resort to extensive confining structures. The site would require the diversion of the Marrias River and the lands
are not controlled by the operator.

Only Sites 2-B and 4 were considered to be compatible with the overall environmental design philosophy selected for
the project.
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Following the application of the previously described selection criterion, Site 2-B was considered to be the most
attractive in terms of storage capacity, overall impacts, ease of closure, and compliance with the environmental design
philosophy. The layout of the basin is given on figure 2. The main difficulty associated with this site was the diversion
of the unnamed creek draining the area south of the basin. This creek, at the time of the design had a heavy contaminant
load caused by acidic drainage from tailings south of the subwatershed limits. Diversion aligniments to the east and west
of the proposed tailings facility were examined. The option selected was the easterly diversion of the unnamed creek into
the subwatershed to the east, resulting in the discharge of the unnamed creek into the Colombiére River some 4 km
upstream of the original location. A west diversion channel was also considered but the east diversion was found the most
secure, since it offers natural topographic containment between the diversion channel and the basin. The west diversion

would require the construction of a channel close to the proposed tailings basin and the existing Aurbel tailings basin west
of the selected basin.

Despite the magnitude of the confining structures the site offers, with the available external watersheds, good potential
for flooding during and after the operating life as well as acceptable foundation conditions under the basin and the dams;
good expansion possibilities and no indication of important mineralization . It also allows construction of water control
structures founded in rock which allows for more secure operation and simplifies the closure works. The final
development scheme for the basin involves the development of the basin in two Phases. Phase 1 includes the construction
of the east cell and the polishing pond. Phase 2 involves the construction of the west cell and the east diversion channel.

In order to minimize seepage losses to a level considered accepable, construction of low permeability dam cores and
key trenches, and the construction of low permeability blankets and bedrock grouting were included in the design.

Construction of the east cell was completed on time and within budget during the fall of 1993. Flooding of the basin
is currently underway. It is expected that the water cover will be adequate when operation starts to enable submergence
of the tailings from day one. The water management strategy may require, for some years, short duration exposure of the
tailings beaches during the coldest months of the year, Decembe and J anuary (average temperature -13.2 and -16.8°C).
It is not believed that this short exposure during operation will be sufficient to trigger AMD generation. Table 3 provides
a summary of the design characteristics of the tailings basin. An equivalent average infiltration rate is also provided for
information.

Table 3. Summary of tailings basin characteristics.

(Phase 1) (Phase 2) Whole basin
East cell West cell

Total solid capacity (M t) 7.1 4.8 11.9
Total solid storage (M m®) 42 2.8 7.0
Expected operating life (years) 12 8 20
Minimum water cover (m) 1.0 1.0 1.0
Free board of dykes(m) 20 20 2.0
Tailings basin area (ha) 96 68 164
External watershed draining to basin (ha) 76 50 126
Estimated seepage losses (M m®/year) 0.4 - 0.5!
Average infiltration rate (m*/m?year) 0.4 0.3 0.3
Discharge period (april to november - 8 months) yes yes yes
Effluent discharged of the system (M m®/vear) 3.1 2.7 3.6

! The estimated seepage losses include both east and west cells.
? During operational period only.

29



0t

5 334 000 m N.

S 333 600 m N.
-
/

5 333 200 m N.
T

S 332 800 m N.

0 332 400 m N.

5 334 000 m N.

5 333 200 m N. 5 333800 m N.

$ 332 800 m N.

5§33200mN

S 331 800 m N

5 332 000 m N.

N W )
* 331 800 m N.

= 332 400 m N,

222 000 m E.

221 800 m E.

Figure 2. Louvicourt Project tailings basin (Site 2-B) configuration (Phase 1 & 2), with location of confining structures,
operational and emergency spillways and the east diversion channel.




Conclusions

The Louvicourt Project is an example of a modern mine development designed to meet stringent environmental criteria
established by both the regulators and the proponents. The design of the facilities has been undertaken using the best
available technologies which have been established through operational experience and research conducted under the
National Mine Environment Neutral Drainage (MEND) program. The speed with which the project was designed,
approved and built could not have been achieved without the pro-active policies established by the Québec Government.
These policies allow for the construction of key components of a project while permitting is underway. Since construction
can proceed in parallel with the permitting process, the time frame for development of grass roots projects can be reduced
by up to two years. This process requires significant commitments by the developers since the expenditure of hundreds
of millions of dollars cannot be risked by submitting inadequate environmental design information. The process includes
an expectation that approvals will be granted subject to conforming to environmental requirements and requires
cooperation, faith, goodwill and trust of all participants. On the negative side, if operating approvals are not granted
within established time limits the developers could be forced to accept conditions they would not otherwise agree to. In
addition, the prescriptive approach provided in Directive 019 can reduce the flexibility in preparing environmental
documents which address the site specific concerns of a facility. We believe that it is impossible for regulatory agencies
to include in one regulatory document all of the potential variables which need to be considered, particularly with respect
to the site specific nature of mine developments.
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DECOMMISSIONING OF TAILINGS AND
WASTE ROCK AREAS AT STEKENJOKK, SWEDEN !

Per G Broman and Torbjérn Géransson 2

Abstract: The zinc-/copper deposits at Stekenjokk were discovered in 1918. Operations started in 1976 and
continued until October 1988. The operation left a 110 ha tailings and clarification pond, a minor open pit, waste

rock dumps and surface installations mainly comprising a head frame with ore bins and a combined concentrator,
workshop and office building.

The tailings pond contained some 4,4 Mtons of tailings, grading approximately 20 % sulphur, making the material
a potential AMD source.

A conceptual decommissioning plan for the area was approved in 1983. The detailed planning commenced in 1986
and took almost three years to complete. The solution selected was based on a flooding concept. The
decommissioning was largely completed in 1991 with minor completion works in the two following years.

The paper describes the development of and the practical completion of the plan. It describes the reasons behind the

selection of the method and reports practical experiences from the decommissioning work as well as the monitoring
results so far.

Additional Key Words: acid mine drainage, tailings pond reclamation
Intr ion

Stekenjokk is located in Sweden’s southern Lapland Mountains (see figure 1). Copper and zinc
mineralizations were localized in this area about 80 years ago.

VASTERBOTTEN

® Stekenjokk r

Vilhelmina
[ ]

0 50 100 km g,}

Figure 1. Localization map.

1 Paper presented at the International Land Reclamation and Mine Drainage Conference and the Third International
Conference on the Abatement of Acidic Drainage, Pittsburgh, PA, April 24-29, 1994.

2 Per G. Broman, Vice President, Environment, and Torbjorn Géransson, Environmental Coordinator, Mines,
Boliden Mineral AB, Boliden, Sweden.
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From 1976 to 1988, Boliden Mineral AB
mined and concentrated a total of approximately
8 million tons of ore in this area, of which the value

components were copper, zinc and silver (see
table 1).

The mining facilities were situated at
approximately 800 meters above sea level in naturally
beautiful but barren surroundings. The buildings were
specially designed with climate and environment in
mind. Practically all mining occured underground by
means of cut-and-fill operations. A small amount of
ore was mined in an open pit. Following autogenous
grinding, the ore was subjected to flotation to produce
separate copper and zinc concentrates. A substantial
part of the tailings” coarse fraction was used as
backfill, with the slimes fraction deposited in a tailings
and clarification pond immediately downstream from
the concentrator. At its peak, 630,000 tons of ore were
mined annually.

During the period of operation, a range of
protective measures were adopted, including water
recycling and strict control of pH values of the water
in the tailings pond. Accordingly, this limited the
environmental impact, enabling the ecological balance
of the sensitive surroundings to be maintained.

Remaining in Stekenjokk after operations
ceased were a small open pit, a 110-hectare tailings
and clarification pond, a dike enclosing Stekenjokk s
raw water pond, rock dumps formed from ramp
drifting and overburden stripping, and various,
aboveground facilities (see figure 2).

Decommissioning:

The decisive prerequisites of the decommissioning were that the tailings pond and segments of the rock
dump contained significant amounts of sulfur-rich material. For example, the content of the sulfur in the tailings
was about 20 %, and the content of the buffering minerals only about 1 % (see table 2). Accordingly, the residue

Table 1. Tonnage and ore contents.

Tonnage 8 Mton
Copper content 1.5 %
Zinc content 35%
Silver content 40 g/ton

Tailings and
clarification pond

Open
pit
Raw water
pond

b Concentrator
rTSS L

! \
H / Rock dump
1 ’

-

0 500 m
—

Figure 2. Mining facilities at Stekenjokk.

neral Prer isi n jecti

products were potentially strong acid mine drainage (AMD) sources.

Another important consideration was that 2 years of operations remained at the time that detailed planning
of the decommissioning started. Other important factors were the localization in a climatically harsh environment

and the limited access to covering material, e.g., moraine.
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The objectives of the decommissioning were Table 2. Tailings pond features.
largely the following:

Area 110 hectares
= Preventing the area from becoming a major source Volume dumped 4.4 Mton
of migrating metals and acidic components.
Sulfur content 200 %
» Removal of facilities that could be hazardous to Copper content 0.19 %
humans. Zinc content - 0.64 %
Buffering minerals 1 %%
e Adapting the area to its natural state.
D ssion f the Taili Pond: Studi £ Al i

The basic phenomenon that the decommissioning must address is the oxygen-induced weathering of
sulfides. There are two principal methods of overcoming weathering. One approach is to eliminate access to
oxygen, thereby inhibiting the reaction. The other is to manipulate the composition so that weathering can occur
without consequences to the surroundings. The detailed decommissioning plan began with a study of both these
alternatives.

There is no better method of eliminating
access to oxygen than using water as a barrier. The
material can be either permanently immersed in water
or sealed by a film of water. Such a water film can be
attained in connection with a fine-particle cover layer
as shown in figure 3. The capillary forces in the
cover layer prevent it from being drained of water as
well as reduce evaporation.

Cover Layer

Tailings
Manipulating the composition to form a
buffering mineral system, as shown in figure 4, can
be accomplished either through pyrite removal or
mixing in a suitable quantity of buffering material.
Both variations were evaluated.

) ) Figure 3. Cover layer.
The technical measures representing the

different principles can be summarized as follows:

Limiting weathering through
Flooding changes in the composition
Dry moraine covering
Depyritization ‘
Buffering ’

F}é + H,0 — H,S0, + FeSO,

As the term implies, flooding involves

damming the water so that it covers the entire tailings
area. The flooding must be permanent. Accordingly,
the water level is not allowed to fall and thereby drain
parts of the tailings pond, nor can any physical forces
be permitted to resuspend the fine tailings particlies in
the water cover.

Figure 4. Possibilities for limiting the effects of
weathering.

34



Dry covering involves covering the entire tailings area with moraine of appropriate thickness and quality.
Stekenjokk is remote from suitable moraine deposits. In the comparative study, it was supposed that moraine of
dike-construction quality would be applied to a thickness of 0.5 m.

Depyritization, or the removal and separate disposal of pyrite, involves an extra step in the ore treatment
process in the form of pyrite flotation. The open-pit mine would be a suitable site for dumping of the pyrite.

Finally, buffering involves opening an olivine quarry and adding coarse olivine to the concentrator’s
autogenous system in quantities corresponding to 15 % of the ore volume.

In comparing the four options, we attempted to take all conceivable and relevant parameters into
consideration. A central parameter was, of course, the environmental protection effect. Other important parameters
were:

. the requirement for methods development and other studies;
. the requirement that final dumping sites be determined;

. the time required for implementation;

. the necessity for supplementary protective measures;

. the consequences for other landscape preservation measures;
. the uncertainties and limitations of the various methods; and
. the most critical parameter cost.

A comparison of the different options, illustrated in table 3, yielded results that were very easily
interpreted. Neither manipulation alternative was feasible due simply to the fact that the remaining time of
operation was too short. It is essential that enough time be available to form a sufficiently thick layer of buffering
tailings and thereby provide an adequate protection.

Ultimately, the choice was between the flooding and moraine-cover alternatives. In practically all respects,
the evaluation favored the flooding method. Simply stated, flooding was judged to be safer and more effective,
above all, eight times more cost-effective. The two manipulation options, which were eliminated, were judged to
be two to three times more expensive than flooding.

Table 3. Comparison of the decommissioning options examined.

Parameter Flooding Dry moraine  Depyritization Buffering
covering

Environmental protection + -

Methods development + -

Other studies + -

Requirements of the deposition -

Implementation time Prohibitive circumstances

Supplementary protection + -

Other landscape preservation

measures

Uncertainty, limitations + -

Approximate cost (MSEK, 1989 cost level) 15 120 45 30
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D issioning of the Tailings Pond: Detailed Planning Pt

The decision was reached, in consultation with the appropriate government agencies, that the ongoing

work should focus on the detailed planning of the flooding option. A number of consultants were hired for this
work.

Flooding rests on two fundamental conditions. First, the flooding must be permanent. Accordingly, any
droughts of the area must be prevented. Second, the water-immersed tailings not be subjected to movement. Any
disturbance causing resuspension will break the thin film of oxidized material at the tailings surface and the
shielding of other tailings particles.

Permanent flooding is, of course, a matter of water balance and is determined largely by precipitation and
evaporation effects on the water surface, the runoff of surface water from adjoining land, inflow and outflow of
ground water, and seepage through the dikes. A hydrogeological study indicated an assured water availability and,

in the event of extreme drought occurring once every 1,000 years, that the water level would fall a maximum of
20 centimeters.

The question of the stability of the tailings surface is somewhat more complicated. This is almost
exclusively a matter of the shear force exerted, i.e., the wave-induced lateral forces that affect the tailings layer.
The shear force diminishes if the water cover thickness is raised, i.e., the water depth is increased, or if the wave
fetch is decreased. The resistance to shear force increases if the tailings surface is stabilized by superimposing a
layer of coarse material.

The solution that eventually was formulated required that all stabilizing possibilities be used. As figure 5
demonstrates, this comprehensive action plan includes a large number of interim steps. First, the water level was
lowered, and the dykes were raised three meters, the extent permitted by the availability of construction material,
mainly moraine. Attaining the required water depth required more than raising the height of the dikes, it also
proved necessary to lower the surface of the upstream part of the tailings area. To obtain a decrease in wave force,
it was required that a breakwater system be constructed. It was also deemed necessary to superimpose coarse
material in the shallow parts for added resistance to shear forces. Other important features of the plan included the
design and construction of erosion-stable dikes having a long-term safety factor and able to withstand an
earthquake with an intensity of 6 on the Richter Scale, with an epicenter directly under the dikes. Of equal
importance was the design of erosion-stable spillway arrangements. Prior to plan approval, we were also required
to demonstrate the effect of the lake’s water freezing into a complete ice cover.

3. Lowering the tailings 1. Lowering the 5. Construction
Surface stabilization water level of spillway

<+— 2. Raising
the dams

4. Construction
of breakwaters 6, Raising the

water level

Figure 5. The working out of the flooding solution in detail.
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After 3 years of studies (see reference list at end) and consultations with representatives of the National
Environment Protection Board, Visterbotten’s County Council, Vilhelmina Municipality and the southern Lapp
village of Vilhelmina (a total of nine consultations), the County Council approved the plan in 1990.

The work was initiated in the summer of 1990 and was completed by late summer 1991. The work on the
dikes, mainly the nearly 2-km-long downstream dike, provided an exceilent opportunity for eliminating the
existing sulfide bearing waste rock dumps (see figure 6). Large amounts of sulfide free waste rock were required
to raise the dike and reduce its slope to a 1:3 proportion. An erosion-inhibiting, breakwater shelf was set in place
on the dike’s inner side. Here, large amounts of sulfide-bearing waste rock were deposited to ensure safe
underwater disposal during a long period. The breakwaters were constructed using similar type waste rock and,
preferably, such material that required underwater deposition for safe, long-term disposal. The breakwaters were
constructed somewhat in a checked pattern, which covered the shallow part of the future lake (see figure 7). The
tailings were excavated and removed using the breakwaters as working and transport surfaces for excavators and
hauling vehicles. The tailings” ground water level proved to be higher than originally calculated, resulting in water
saturation of the tailings surface occuring prior to the final depth being reached. Driving vehicles over such
material was impossible. In this instance, the area’s plentiful supply of crushed waste rock turned a drawback into
an advantage. By using waste rock, the surface could actually be made sufficiently stable for trafficability.
Approximately 100 hectares, or one-tenth of the surface, were thus covered with waste rock. About 90,000 m3 of
tailings were excavated from other locations, hauled to the lower-lying areas, and deposited. ’

An erosion-stable spillway was built in the land area adjoining the dike.

Figure 8 shows the area when completed.

Figure 6. The completed downstream dike.
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Figure 8. The tailings pond following flooding (the photo’s middle and background). Shown in the foreground is
the raw water pond.

The water has risen to a level covering the adjoining land area on the lake’s western shore. The surface of
the water remains undisturbed, except when strong winds blow, wherein the waves are broken along the
breakwaters. In the event of a 1,000-year drought, the breakwaters would be visible, even during a calm. To the
casual onlooker, this lake is indistinguishable from any other in the area. Eventually, normal biological life should
develop in the lake.
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The simulations of the lake’s water quality development are shown in figure 9. In the figure, the anticipated
development of the zinc content, under two assumptions, is shown. The simulations assume that a maximum zinc
load of about 800 kg will be transported by overflow from the lake annually. This is the same level as when
operations were underway. Ultimately, this transport will decline to very low levels.

The effect of the decommissioning will be followed by means of a monitoring program which primarily is
focused on a 5-year period. Results to date have been positive. The zinc contents from samples taken from
spillway water are also illustrated in figure 9 and are well within the anticipated range.

The monitoring has demonstrated that a certain level of metal migration occurs at some areas of the dike
base. A review of the causes of this diffuse metal transport is presently underway. To date, two explanations have
been formulated: (1) the transport originates from the "flushing" of the partially weathered rock that has been
deposited on the inside of the dike; (2) the transport results from acid-generating rock fractions in the dike s outer

support filling. The survey now in progress shall determine the extent to which actions are necessary, as well as
those which are feasible and suitable.

Costs

The decommissioning at Stekenjokk has taken Table 4. Major cost items for decommissioning
Place largely according to plan. The overall cost has the tailings pond (1991 cost level).
amounted to 25 million Swedish crowns in 1991, of
which the tailings pond accounts for 15 million

Swedish crowns. Table 4 summarizes the major cost Tailings dams 9 MSEK
items. Spillway arrangement 1 MSEK
Excavation of tailings 2 MSEK
Construction of breakwaters 2 MSEK
Others 1 MSEK
0.80 -
simulations
0.80 {
g
A .40
z
N 5.20] <— actual
0.00 4¥——r--mv-vror—r—r—r————
2 8 10 14 i8 22

Time (calendar year)

Figure 9. Simulated zinc concentration as a function of time and zinc concentration levels for 1992 (year 1) and
1993 (year 2).
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EVALUATION OF ACID PREVENTION
TECHNIQUES USED IN SURFACE MINING!

Meek, F. Allen Jr., P.E.2

Abstract: Surface coal mining was conducted in a potentially acid producing region of central West
Virginia between 1979 and 1986. Seven different surface mining operations were conducted at the
complex with different acid preventative techniques employed at six of the operations. No acid
preventative techniques were utilized on the first operation that serves as the control for this evaluation,
Water quality, treatment reagents and acid preventative costs were closely monitored from the time the
operations were started to several years after reclamation. The evaluation indicates that 50% to 70%
of the control acidity was prevented by the techniques employed at the facility. The evaluation also
indicates that the acid generation at these facilities has a defined life of 16 to 20 years. The economics
of the evaluation indicates that the preventative techniques employed at the facility were more
expensive than treating the drainage from the sites with no preventative techniques employed.

Additional Key Words: acid mine drainage, overburden, acid preventative technique.
Introduction

The Upshur Complex of Island Creek Mining Inc. consists of approximately 27,000 acres of
both surface and deep mine reserves located in Upshur County West Virginia. The principle seams on
the reserve are the Middle and Lower Kittanning. Other mining in the area during the late 1960’s and
early 1970’s produced surface mines that exhibited severely acidic drainage characteristics both during
the mining phase, and after reclamation was completed. The Buckhannon River, the principle drainage
for the area, is a high quality, lightly buffered stream, that is periodically stocked with trout. Because
past mining had caused post mining acidic discharges and the Buckhannon River was a valuable
recreational resource, mining permits for the area were put on hold by regulatory authorities until
solutions to the acid mine drainage questions could be addressed.

In 1978, the director of the West Virginia Department of Natural Resources appointed a Task
Force consisting of Industry, Regulatory and Academic participants. This Task Force was charged with
gathering information and evaluating field procedures used during mining to prevent acidic mine
drainage. In 1979, the group published a document titled "Suggested Guidelines for Mining in
Potentially Acid Producing Overburdens" which summarized material handling and mining procedures
that could be employed to help prevent the occurrence of post mining acid mine drainage. In 1982,

'Paper presented at the AIME Conference in Denver, CO, February, 1991

’F. Allen Meek, Jr., Director of Environmental Affairs, Glenn Springs Holdings, Inc.,
Lexington, KY, USA.
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a Technical Advisory Committee was appointed consisting of well known researchers in the field of
acid mine drainage prediction and prevention. The group was charged with the task of conducting
research in the field of acid mine drainage prevention.

Mining conducted at the Upshur Complex between 1979 and 1986 employed various acid mine
drainage preventative techniques recommended in the suggested guidelines manual and techniques
concurrently being researched by the Technical Advisory Committee. Costs for the various techniques
were documented and the resulting post-mining water monitored.

Description of Site

The Upshur Complex is located on the western slope of the Allegheny Mountain Range.
Average elevation at the site is 2200 feet. Topography consists of plateaus intersected with frequent
valleys having moderate to steep slopes, with relief ranging from 300 to 500 feet.

The Kittanning Coal seams are located at the base of the Allegheny group of the Pennsylvanian
formation. The Lower Kittanning occur in two splits, with 15 to 24 inches of shale parting material
separating the seam. The Middle and Lower Kittanning seams have 4 to 15 feet of shale/bone coal
interburden separating the seam, with only minimal portions in the Middle Kittanning seam itself. Total
seam height mined at the property is typically 10 feet. Overburden encountered at the site has ranged
from 60-80 feet, with those areas having less than 80 feet of cover mined by mountain top removal
method, and those with higher cover are contour mined with an 80 foot highwall. The overburden
consists of primarily sandstone with minor amounts of carbonaceous shale streaks and lenses.

Overburden removal at the site was conducted after blasting, by utilizing three 20 cubic yard
electric shovels. Coal was mined using D-9 ripper tractors in combination with front end loaders and
trucks. The interburden separating the seams was removed with 10 cubic yard backhoes and trucks.
Annual production at the operation between 1979 and 1986 averaged slightly under one million TPY.

Methodology

All mining conducted at the Upshur Complex between 1979 and 1986 was within a two square
mile area located in the central portion of the reserve. Prior to mining, each individual permit area
(ranging in size from 150 acres to 400 acres) was core drilled and samples of individual strata were
retained for laboratory analysis. The number of holes completed on each permit varied according to
the size of the area to be mined. Holes were placed at a maximum of 1000 foot spacings.

Each stratum was analyzed for "Acid/Base Accounting” which consists of: paste pH, a total
sulfur/pyritic sulfur ratio and neutralization potential.

Paste pH is an indication of the amount of sulphide oxidation present which in turn is an
indication of the amount of weathering the stratum has been subjected to. Upon exposure, overburden
having a low pH will produce acidic leachate until the soluble salts are leached from the material. 'I“he
total pyritic sulfur analysis indicates the amount of acid producing material present in the rock being
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analyzed. The higher the sulfur content, the more likely the material will produce acidic leachate upon
exposure. The neutralization potential analysis is a measure of the amount of alkalinity or neutralizing
material present in the stratum.

Both the total sulfur, (acidic potential) and the neutralization potential test results are expressed
in Calcium Carbonate equivalents. The amount of alkalinity and acidic potential contained in each
stratum is an indication of the quality of leachate the material will produce upon weathering. In
addition to acid base accounting, simulated weathering tests were performed on selected cores on each
permit. Simulated weathering tests were conducted by subjecting the material to alternating cycles of
moist and dry air, followed by leaching the samples with water. The leachate water was collected and
analyzed for acid and/or alkaline constituents.

Analytical results at Upshur indicate that the acid producing material is confined to the
interburden, and about 15 feet of overburden directly above the middle Kittanning Coal seam. The
more acidic components are associated with carbonaceous materials in the coal partings and
interburdens. Although there are differences in overburden quality between boreholes and permit areas,
for the purpose of this report, the acid producing potential of the areas under discussion was assumed
to be equal. This is justified by the fact that statistically, with the standard deviation of laboratory
procedures, there are no significant difference in the overall quality of the overburden mined within the
study area. All sites have potentially acid producing material associated with the interburden and the
overburden directly above the middle Kittanning, with the remainder of the overburden being neutral.

Acid Preventative Measures

Various acid preventative techniques were utilized at the Upshur Complex. A brief description
of these are listed below.

Selective Handling and Placement

Selective handling and placement is a very basis approach to the prevention of acid mine
drainage from surface mining operations. The technique involves the identification of acid producing
material prior to mining, and placement of this material, during reclamation in a location which
minimizes exposure to oxygen and water (fig. 1). The potentially acid producing material is placed off
the pit floor, on a porous pad and a porous non-acid producing drain is placed against the highwall of
contour operations. Groundwater entering through the highwall will move through the drain and porous
material, without coming in contact with the acid producing material. In addition, acid material is
covered with a minimum of 4 feet of non-acid producing overburden. The acidic material is also
compacted prior to capping to further minimize ground water infiltration.
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Figure 1. Backfill of Regrading Plan (section)

Sealing of Acid Producing Material

While selective handling and placement has been used as the only preventative technique in
some cases, at Upshur a combination of a plastic liner placed over the acid producing material was
studied at one 45 acre area. In utilizing this technique, the acid material was placed on a ten foot
porous pad, brought up to final grade, and the surface prepared for liner placement. Thirty mil PVC
was used for the liner. After installation, approximately 10 feet of non-acid producing overburden was
placed on the liner. The area was then topsoiled and seeded. In this application, the mining method
was mountain top removal, and no highwall drains were utilized.

Lime Addmixing

A method of acid prevention described in the Suggested Guidelines manual and utilized at the
Upshur Complex is lime addmixing. In this technique, the acid spoil is selectively handled, as
described above, but ground limestone is added to the backfill at specific rates and in specific locations.
At Upshur, the limestone consisted of quarry by product called #10 block sand. This material ranged
in size from 3/8" down to less than 200 mesh and is approximately 85% Calcium Carbonate. The
limestone was placed at a rate of 5-10 tons/acre on the pit floor, prior to backfilling, blended into the
acid spoil at a rate of 20 to 30 tons/acre, and placed on the surface at a rate of 5 tons/acre.

A slight variation to the technique was also used on a permit area at the site. In this variation,
more soluble Quick lime was blended into the acidic spoil. Ground limestone was still placed on the
pit floor and the surface, but 250 tons/acre of quick lime was blended into the acid spoil.

The alkaline material placed at specific locations of the backfill are intended to prevent acid
formation by keeping the acid producing material in an alkaline environment. This alkaline condition
helps to prevent bacterial oxidation of pyrite while neutralizing the pyritic material that is oxidized.
In the process it is theorized that precipitated metal hydroxides coat the reactive surfaces of the pyrite
thus slowing further oxidation.
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Phosphate Addmixing

A relatively new acid preventative technique used at Upshur is the application of Apatite rock
(Calcium FloroPhosphate) as an addmixed material to surface mined overburden. Phosphate ions in
solution react to form highly insoluble Iron Phosphate compounds when in contact with pyrite oxidation
products. Apatite rock is relatively insoluble at a neutral pH with increased solubility as the pH
decreases. The technique requires that the Apatite rock be thoroughly blended with the acid producing
material within the backfill. When pyrite begins to oxidize, and. pore water within the fill becomes
acidic, the Apatite rock will release phosphate ions into solution. The phosphate ions will then complex
the oxidized iron ions on the pyrite surfaces to coat the reactive surfaces with iron phosphate
compounds. Once the reactive pyrite surfaces are coated, further oxidation will be reduced. When
oxidation and acid production is stopped, further solubilization of the Apatite rock will also cease.

At Upshur, when this technique was used, overburden was selectively handled as with the other
techniques described above. Apatite rock was placed on the pit floor prior to backfilling and blended
into the acidic overburden at the rate of 3 tons Apatite/1000 tons of acidic spoil., The gradation of the
Apatite used was 28 mesh x 0, with most of the material being between 10 and 28 mesh in size.

Alkaline Addition

The acid producing spoil is selectively handled and segregated in the backfill area. The surface
of the acidic spoil is then graded and a 2 foot thick compacted earthen seal is applied as a clay liner.
The acid spoil is then covered with 4 feet of non-acid producing overburden, topsoiled and vegetated.
In addition, at the toe of the clay liner, an alkaline trench is installed. This trench is 3 feet wide and
6 feet deep and is filled with different gradations of limestone and Soda Ash briquettes at the rate of
(.65 1b/sq. ft. The technique is designed to modify the hydrology of the backfill by limiting infiltration
into the acidic region while directing surface runoff through the alkaline trench. In theory, the acidity
that is produced within the acidic region of the backfill will be neutralized within the fill.

Evaluation

The techniques employed to reduce the amount of acidic mine drainage at the Upshur Complex
are new to the surface coal mining industry. Many of the methods described above were tried for the
first time at this site. All the techniques add significant costs to the mining operation while each
benefited in reduced water treatment costs during and after the mining operation is completed to some
degree. With the added cost, it became quickly apparent that a method of determining the effectiveness
of each technique needed to be developed. One would expect that by comparing the water quality
draining from the individual permit areas, a good determination can be made. However, because these
measures were applied in sequence rather than concurrent, it became difficult to make direct
comparisons because of the age differences of each reclaimed area. A study conducted by the Office
of Surface Mining and subsequent report titled "Methodology For Water Quality Pred1ct10ns" reported
that the mineralization of surface mine leachate varied with time. ‘Figure 2 graphma.lly shows the
mineralization of mine runoff with respect to the age of the operation.
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Figure 2.

The effectiveness of preventative techniques used at the Upshur Complex is measured by the
resulting water quality of mine runoff at each of the mine areas. Flow measurements and acidity
concentrations are taken on the untreated runoff at specific locations and at various times during the
year. Measurements are used to double check acid production numbers generated from the amount of
neutralizing agent used at our water treatment facilities throughout the complex. The amount of
chemical used to neutralize the runoff is a direct correlation to the acid mine drainage being produced
at each site and is measured on a continuous basis. The amount of neutralizing agent being used at
each site is converted mathematically to acid production, and divided by the acres of coal extracted
from each permit area. The resulting number is the acid production rate in pounds of acidity (CaCO3
equivalents) per acre of area mined. The acid production rates of the mine areas having different
preventative techniques employed are graphically shown in Figures 3-8. The numerical results are
tabulated in Table 1.

Table 1.
PREVENTATIVE TOTAL ACID

PERMIT NO. TECHNIQUE PROD/ACRE
163-76 None 100,000 1b/ac
112-78 Selective Plac. Lime Add. 35TPA 60,000 1b/ac
57-80 Selective Plac. Quick Lime 250TPA 50,000 1b/ac
S-12-82 Selective Plac. Alkaline Addition 50,300 1b/ac
S-108-82 Selective Plac. PVC Liner 27,500 1b/ac
S-91-83 Selective Plac. Phosphate Added 31,250 1b/ac

The results indicate varying degrees of success with the different techniques employed. None
of the techniques were successful in eliminating the production of acid mine drainage completely.
However, a reduction of greater than 70% over that of the control was demonstrated with the PVC liner
technique. All preventative techniques reduced acid production to some degree.
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Economic Considerations

From the time that mining began at the Upshur Complex, the environmental sensitivity of the area made
it necessary to give serious consideration to the prevention of acid mine drainage. The area was known
to produce acidic drainage upon mining, and it was thought the resulting water treatment requirement
would go on indefinitely. Therefore, the costs incurred to prevent perpetual water treatment were
considered a necessity. However, after years of monitoring, a trend of reducing acidity with time has
become apparent. The evaluation indicates that over a period of 20 years or so, the raw water quality
will reach levels similar to background and minimal, if any treatment will be required as shown in
figures 2 and 3. Table no. 2 shows the costs of the acid preventative techniques, the difference in
acidity produced from the control, and the treatment cost savings.

Table 2.

PERMIT PREVENT. ACID TREATMENT
IDENT. TECH. COST PREVENTED COST SAVING
163-76 Control Control Control

112-78 $15,300/ac 40,000 1b/ac $2,000/ac

57-80 $25,500/ac 50,000 Ib/ac $2,500/ac
S12-82 $22,800/ac 40,700 1b/ac $2,500/ac
S$108-82 $16,300/ac 72,500 1b/ac $3,600/ac
S591-83 $19,000/ac 68,750 Ib/ac $3,400/ac

The evaluation indicates the most cost effective acid preventative technique employed at the
Upshur Complex has been the Selective Handling and Placement with Phosphate/Apatite Addmixed
technique used on permit S-91-83. In conclusion, it can be said that none of the techniques attempted
were entirely successful in the complete elimination of acid mine drainage. It is also apparent,
considering the economics, that acid prevention can be more expensive than simply treating the
drainage from a site. The most cost effective preventative technique cost $16,300/acre to prevent a
potential of $10,880/acre of treatment costs. This evaluation indicates that this facility would have been
better served by utilizing the capitol spent on preventative techniques to construct dependable, efficient
treatment systems for treating the acid mine drainage produced.
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LONG TERM BEHAVIOR OF ACID FORMING ROCK:
RESULTS OF 11-YEAR FIELD STUDIES !

PAUL F. ZIEMKIEWICZ 2 and F. ALLEN MEEK JR. 3

Abstract: The ability to predict long term acid mine drainage (AMD) under field conditions is limited by the near
absence of long-term, well controlled and well documented field sites. Much of the literature on AMD derives from
either uncontrolled, operational mine sites or from laboratory studies using a variety of simulated weathering methods.

In February 1982, Island Creek Corporation constructed eleven 400 ton rock piles on plastic lined pads at its
Upshur County, WV coal mine. The piles ranged from 100% sandstone to 100% shale with several mixtures of the
two rock types. Leachate waters were collected biweekly during the first year and subjected to chemical analysis.
Because water volumes were also measured it was possible to estimates mass balances and flux rates for key
constituents such as sulfur, calcium and acidity.

Eleven years after construction the piles were again sampled. Data are presented indicating the rates of sulfur
flux from each of the piles and changes in water quality over the 11 years of the study. Of particular interest was
the tendency of the sulfur flux rate to approximate that reported for pure pyrite under laboratory conditions.
Additional Key Words: Acid mine drainage, coal spoil, alkaline amendment.

Background

Acid Base Accounting.

Acid Base Accounting (ABA) was developed in the early 1970’s by researchers at West Virginia University
to identify and classify geologic strata encountered during mining (West Virginia University, 1971). A history of Acid
Base Account is provided by Skousen et al. (1990).

Since its development, ABA has been used extensively in the United States and several other countries for
premining coal overburden analysis. Its popularity largely stems from its simplicity. It uses two key parameters:
maximum potential acidity (MPA) and neutralization potential (NP). MPA is estimated by multiplying the percent
pyrite sulfur by 3.125 yielding the total acid produced. NP is the acid consumed by the rock in a titration. Both
MPA and NP are given in calcium carbonate equivalents. ABA does not address the different rates of acid and alkali-
generating reactions in rock.

Introduction

The long term behavior of acid producing rock under field conditions has been the subject of much speculation
and modelling but relatively little systematic study.

DiPretoro and Rauch (1988) found poor correlations (reported R?=0.16) between a volume-weighted acid base
net neutralization potential (NP) and net drainage alkalinity near thirty mine sites in West Virginia. Erickson and
Hedin (1988) showed similar low correlation among MPA, NP, net NP from ABA and net alkalinity from drainage

! Paper presented at the International Land Reclamation and Mine Drainage Conference and the Third International
Conference on the Abatement of Acidic Drainage, Pittsburgh, PA, April 24-29, 1994.

2 Director, National Mine Land Reclamation Center, West Virginia University, Morgantown, WV, USA.

3 Glen Springs Holding Company, Lexington, KY, USA.
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water. Both reports related that factors other than overburden characteristics were involved in predicting post mining
water quality.

DiPretoro and Rauch (1988) found that sites with greater than 3% calcium carbonate equivalent (NP) in
overburden produced alkaline drainages while at 1% or less acidic drainage resulted. Erickson and Hedin’s results
indicate that 2% calcium carbonate or less produced acidic drainage while 8% or more produced alkaline drainage.
(In this later study there were no sampling points between 2% and 8%).

O’Hagan and Caruccio (1986) found that the addition of calcium carbonate at 5% by weight to a coal refuse
containing 1% S produced alkaline drainage. In Minnesota, Lapakko (1988) found that 3% calcium carbonate
neutralized an overburden material with 1.17% S.

Cravotta et al. (1990) reviewed the calculation of NP in ABA. In current ABA usage, 3.125 g calcium
carbonate equivalent is required to neutralize acidity resulting from oxidation of 1 g S. Cravotta et al. (1990) argue
that this ratio should double to 6.25:1. Volume-weighted maximum acidities are subtracted from NP giving a positive
or negative net NP for the mined area. A negative, or deficient, net NP is interpreted to indicate the amount of calcite
that must be added to equalize the deficiency and prevent AMD formation.

Other alkaline materials have higher NP’s than calcite. Quicklime, kiln dust and hydrated lime all have higher
activities than calcite, though it is not clear that the kinetics of pyrite oxidation favor readily soluble sources of
alkalinity.

Brady et al. (1990) conducted a study of 12 sites where ABA data were available. They computed net NP
based on both 3.125% and 6.25% to 1% S. Alkaline addition on the sites was conducted to abate potential AMD
problems. When using 6.25%, the sign of the net NP (plus or minus) matched the sign of the overall net alkalinity
of water at 11 of 12 sites.

The results of their study concluded that NP and traditional estimates of MPA (e.g. 3.125% to 1% S) were
not equivalent and that overburden NP must be twice the MPA to produce alkaline mine drainage. They also
concluded that mining practices (such as alkaline addition, selective handling, and concurrent reclamation) enhanced
the effect of alkaline addition on reducing acidity. Lastly, they concluded that additional studies are needed to
determine the rates, application and placement of alkaline material during mining.

Methods

Island Creek Corporation constructed a series of 11 test piles at its Upshur County, WV mining complex
between January and March 1982. Rocks used in the trials were taken from the company’s active mining operations
on the site and were sized to exclude roughly +8 in. and -1 in. rocks. Treatments consisted of various combinations
of sandstone and shale. Another series of treatments consisted of various amendments for controlling AMD.

About 400 tons of rock were placed in each test pile. Each rock mass was placed on a plastic liner with an
8 inch perforated pipe for collection of drainage to an automatic sampling station. The piles were flat-topped and
were roughly 16m X 16m X 2m. The rock units were sampled on placement in each pile and ABA were developed
for each. Table 1 describes the treatments and properties of each pile. Treatments can be summarized thus:
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Table 1. Identification, summary of treatments and NP/MPA of the 11 test piles, Upshur County, WV.

PILE # DESCRIPTION CODE NP/MPA

CONTROL, NO AMENDMENT

PILE 1 100% sandstone SS 3.94
2 100% shale SH 0.08
3 sandstone/shale in layers LAY 0.18
10 sandstone/shale blended BLD 0.29

LIMESTONE AMENDMENT

PILE 5 0.5% by mass LS1 0.46
4 1.65% by mass LS2 1.07
8 2.4% by mass LS3 1.26

PHOSPHATE AMENDMENT

PILE 7 0.15% by mass RP1 0.15
6 0.3% by mass RP2 0.31

CALCIUM OXIDE AMENDMENT

PILE 9 0.62% by mass CaO 0.15

BACTERICIDE AMENDMENT

PILE 11 30 Ibs. sodium lauryl sulfate SLS 0.41
+31 lbs Microwet #2
+ impregnated pellets

Amendments were spread over one foot spoil layers during construction. A rain gauge was maintained on the
site during the period of the study. Annual precipitation averaged 45 inches. The pH of the local rainfall averaged
about 4.5,

Immediately following pile construction, water samples were collected and analyzed weekly, then later bi-
weekly for roughly the first year. Sampling then halted for the next 11 years until January 1993. The following
parameters were measured: flow, acidity, alkalinity, pH, sulfate, calcium, magnesium, iron and manganese. Since
flow was measured it was possible to develop mass balances for various ions, particularly sulfate.

With the exception of pile 1 all of the piles were undisturbed when sampled in January 1993. About one half
of pile 1 had been excavated and could not be sampled. The automatic samplers had been removed from each pile
and it was not possible to estimate flows. Therefore, only chemical concentrations are reported for the January 1993
sample. Flow data were based on flow meters attached to the outlet of each pile. They did not always work and
some of the flow data is inferential (e.g. calibrated against precipitation). Nonetheless, it was clear that flows varied
little among piles at a given time interval.

A key parameter in developing the sulfur dynamics was sulfur flux (Sf). Sulfur flux was expressed as the
percent of the original pyrite sulfur mass which had exited the pile as sulfate ion. Sulfur flux integrates both pyrite
oxidation and sulfate leaching rates into a single, empirical parameter.

Results

The results are based on 400 ton test piles constructed in mid-winter 1982. Only one sample was taken of each
rock unit during placement so that on a given pile NP and MPA are based on a one shale sample and/or one
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sandstone. It is likely that the distribution of pyrite and alkalinity were neither homogeneous nor random and that
reported NP/MPA ratios may be subject to error. It is also possible that the placement of alkaline amendments was
not uniform. Results of the sampling program are presented in figures 1-6. Treatments are summarized in table 1.

Control, No Amendment. In piles SS and SH pH fell rapidly to about 4.2 over the first 7 months while sulfate rose
from near zero to the range 2000 to 2500 ppm. Leachate sulfate concentrations from LAY and BLD rose to about
2700 ppm while pH fell less dramatically to 4.9 and 6.2 respectively. By January 1993, pH had changed little while
sulfate concentrations dropped to less than 100 ppm. At least over the first year, blending seemed to improve the pH
of the piles while there appeared to be little effect on sulfate generation. See figures 1 and 2.

Limestone Amendment. Addition of limestone had no effect on the rate of sulfate generation and, by inference, the
rate of pyrite oxidation. Over the first year, the pH of LS1 AND LS2 remained above neutral while LS3 became acid.
Nonetheless, 11 years later the final pH of LS1, LS2 AND LS3 were 5.2, 6.4 and 6.6 respectively. It is not clear
why LS3, with the highest NP/MPA initially became acid. Sulfate generation was the same as the other piles so the
difference must lie in the efficiency with which the available alkalinity was utilized. This could be a result of initial
placing and mixing but records indicate no compelling cause for this result. It is also not clear how long LS3
remained acid. By year 11, at any rate, it had the highest pH.

Sulfate generation was the same as the control piles (SS, SH, LAY, BLD) and by year 1 sulfate
concentrations had dropped to below 350 ppm. See figures 3 and 4.

Phosphate Amendment. Sulfate profiles of the two phosphate treatments over the 11 years of the study indicate that
pyrite oxidation is not affected by phosphate addition. Effluent pH remained above or near neutral for the first year.
The pH of RP1 AND RP2 then dropped to 4.7 and 3.8 respectively. It is not clear why the heavier phosphate
application reached a lower pH or whether the difference is even significant. It is clear that phosphate does not
control pyrite oxidation, but simply acts as a lime by neutralizing produced acidity. Mindful that it is usually much
more expensive than limestone, it should if used, be applied at rates similar to those at which limestone is effective.
See figures 5 and 6.

Calcium Oxide Amendment. Sulfate concentrations, like all of the other plots rose rapidly over the first 7 months
of the study, reached a peak of about 2500. By year 11 sulfate concentration on this pile was less than 100 ppm.
Over this period pH declined rapidly, and by year 11 was about 4.2, the pH of the local rainwater. See figures 5 and
6.

Bactericide Amendment. Sodium lauryl sulfate is a bactericide, meant to control the rate of pyrite oxidation by
killing the Thiobacillus ferroxidans bacteria. The sulfate concentration profile for this treatment suggests that pyrite
oxidation was little affected by the treatment and that the primary effect of the treatment was to increase the pH over
the first year. By year 11 pH was about 4.2. The pH and sulfate profiles are consistent with an alkaline amendment
applied at less than adequate rates. See figures 5 and 6. A

Sulfur Flux. Sulfur flux through each pile ranged from 0.064% per day to slightly less than 0.01% per day. With
only two exceptions all values fell between 0.01% and 0.03% per day (figure 7). For comparison, the literature value
of Taylor et al. (1984) of 0.02% per day is presented. This is a surprising level of agreement given the inherent errors
expected in estimating original pyrite sulfur contents of the rock masses.

When the results were ranked according to sandstone content (figure 8) it was apparent that sulfur flux is

strongly influenced by the proportion of sandstone. Sulfur flux took about nine months to reach its maximum
observed rate. Figures 9 and 10 indicate the acceleration of sulfur flux in selected piles.
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Conclusions

The following conclusions pertain to the results of observed leaching of eleven 400 ton piles of acid producing
rock under field conditions in Upshur County, WV. The piles had a large surface area and were only 2 m thick. It
is likely that leaching was optimized by this design and that storage was minimized. Sulfur flux rates would be much

lower on a large, conventional rock dump. In the following discussion, therefore, sulfur flux is taken to estimate
pyrite oxidation.

1. Pyrite oxidation in rock dumps is independent of overall leachate pH. While pH in the immediate vicinity of
oxidizing pyrite grains would be low, circumneutral pore water pH will cause most metal ions to precipitate
near the point of oxidation and the acidity to be quickly neutralized

2. At the rates tested in this trial pyrite oxidation was little affected by any of the following amendments:
limestone, rock phosphate, calcium oxide and sodium lauryl sulfate.

3. There was no clear relationship between NP/MPA and pH performance of the piles. Since sulfate generation
appeared to be consistent with estimated rock pyrite sulfur contents it is likely that substantial error occurred
in the estimation of effective NP. The error could have had several causes: poor mixing of amendments and
spoil types, inherent overestimation in the NP analysis procedure or sampling error.

4, It appears that gross physical phenomena, independent of pyrite forms, surface area, amendment, pH or micro
properties of the rock control the rate of pyrite oxidation within relatively narrow limits. Since the rate
increased with the proportion of sandstone, oxygen diffusion is the likely candidate.

5. In most, but not all cases, alkaline amendments tended to maintain a circumneutral pH over the first year while
untreated piles quickly became acid.

6. In the two cases where limestone addition raised the NP/MPA above 1.65 a circumneutral pH was observed
after 11 years. Untreated piles and those treated with rock phosphate, calcium oxide and SLS remained acid.
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SURFACE CHEMICAL METHODS OF FORMING HARDPAN IN PYRRHOTITE
TAILINGS AND PREVENTION OF THE ACID MINE DRAINAGE!

Syed M. Ahmed?

Abstract: This work was undertaken to identify conditions under which hardpan could be formed in pyrrhotite (FeS)
rich tailings using surface chemical methods and to check the susceptibility of the synthetic hardpan to atmospheric
oxidation and acid formation.

Pyrrhotite hardpan was first grown on a small scale (200 g) by surface chemical and electrochemical methods,
after treating the FeS-rich tailings with a dilute solution of Fe**, pH adjustment, and curing for several weeks in the
presence of air. This synthetic hardpan was similar to the phrrhotite hardpans formed under natural conditions,
consisting of FeS grains embedded in iron oxyhydrate (goethite) matrix.

Attempts were then made to grow similar hardpans on a large scale with FeS columns of 3 ft length and 4 in
diameter. The effects of surface oxidation of FeS in air, Fe?* treatment, humidity, pH, and a water head (2 in) on
the hardening of tailings and acid formation have been examined. Hardening was confined mainly to the outer layer
of the tailings exposed to air; the inner core remained soft and retained most of the Fe?* in the unoxidized form.
The pH, dissolved iron concentration, and redox potentials of the percolant solutions were monitored. Most
pronounced was the effect of maintaining 2 in of water head on the tailings, which prevented the oxidation of FeS
and acid formation completely. The data have been examined in light of the Eh-pH diagram of the FeS,-FeS-Fe,0,
system in equilibrium with water. It is inferred that the FeS system can be stabilized through formation of iron oxide
and other less soluble compounds such as iron silicates on the surfaces. Methods of improving kinetics of hardpan
formation have been suggested. :

Additional Key Words: acid mine drainage, pyrrhotite, haxdpan, sulfides.
Introduction

Natural formation of hardpans is often experienced in sulfide tailings that are exposed to air and water at the
disposal sites. The hardpans normally consist of pyrrhotite (FeS) and pyrite (FeS,) grains cemented in iron
oxyhydrate (goethite) structure. This phenomenon has been attributed to the Fe** being oxidized to ferric
oxyhydrates and forming hardpans in selective areas. Pyrite, being an electrocatalyst for oxygen reduction,
undergoes little surface oxidation itself; hence pyrite hardpans are rare in nature.

In our earlier work (Ahmed and Giziewicz, 1992; Ahmed, 1990, 1991) in this field, the electrochemical and
solid state properties of iron sulfides were examined, and the oxidative decomposition of iron sulfides was attributed
to ‘holes’ or electron vacancies, formed as electrons are transferred from the substrate to oxygen or Fe**. The holes
are electrically mobile and lead to bond breaking and decomposition. It was also reported that FeS and FeS, can
be electrochemically passivated by growing iron oxide films on the sulfide surfaces. The oxide film would then
protect the sulfide substrate from further oxidation. The Eh-pH diagram of the FeS-FeS,-Fe,0, system in equilibrium
with water, as shown in fig. 1, indicates that iron sulfides under oxidizing conditions are unstable and produce acid
and dissolved Fe’* and Fe**. At sufficiently low pH, the dissolved Fe** in turn causes further oxidation and
decomposition of the sulfides. The sulfide oxidation by air can occur even in a basic medium. On the contrary,
iron oxides, being the oxidation products, can form a stable phase under oxidizing conditions as long as the medium
is neutral or basic. Also, iron oxides can be further stabilized by converting the surface into less soluble compounds.

! Paper presented at the International Land Reclamation and Mine Drainage Conference and the Third International
Conference on the Abatement of Acidic Drainage, Pittsburgh, PA, April 24-29, 1994,

? Research Scientist, Mineral Sciences Laboratories, CANMET, Natural Sciences, Canada, Ottawa, CANADA.
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Figure 1. Eh-pH diagram showing the stability contours for Figure 2. Diagram showing lysimeter design.
pyrite, pyrrhotite and iron oxides in water at 25° C, when total Lysimeter 2 is provided with a solenoid valve to
$=10°mol. Log of iron concentration is shown to be -4, the line control water level to 2 in above the tailings.
indicating changes in solubility. The conduction band edge, E,, of

pyrite is also shown. The potentials relative to the saturated

calomel electrode are shown on the right-hand side.

It follows from the foregoing considerations that it may be possible to control and even prevent the atmospheric
oxidation of pyrrhotite and the resultant acid generation by converting the sulfide into an oxide hardpan where each
FeS particle is coated with an iron oxide film and the particles cemented together to form a goethite structure.

~ The following work was therefore undertaken to examine the formation of pyrrhotite hardpans by surface
chemical methods and to test their stability and susceptibility to atmospheric oxidation and acid formation.

Experimental Methods
Materials and Equipment

Fresh pyrrhotite tailings in unoxidized form were obtained from the Sudbury (Ontario) area. From image
analyses, these tailings were found to contain 78% pyrrhotite, 15% magnetite, 4% silicates, and 3% chalcopyrite,
pentlandite, and other minor constituents. The tailings were first oxidized in a slurry form by bubbling air through
the slurry for 12 h. These samples are henceforth referred to as "laboratory oxidized" tailings. Another batch of
fresh tailings was exposed to air in a steel tray for two weeks in moist condition at room temperature. The tailings
were raked frequently for uniform oxidation. These samples are referred to as ‘naturally oxidized’ tailings in the
text to follow.
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For large-scale experiments, five cylindrical lysimeters of 4 ft length and 4 in diameter were fabricated from
clear plexiglass of 1/8 in wall thickness (fig. 2). A solenoid valve fitted to the top plate of lysimeter 2 and a water
reservoir enabled control of the water level automatically to a depth of 2 in above the tailings bed. The following

is a detailed description of the procedures. Figures 3 and 4 provide further details of the sample histories and
treatment.

Oxidation and Loading

The lysimeters were loaded with tailings in slurry form using heavy duty pumps. It took about 48 h for the
tailings to settle before the bed could be treated with Fe?* solution. The treatment methods are summarized in
table 1 in sequential form and are further described below. ‘

Table 1 - Summary of work

Treatment method
ey S Laboratory | Treatment with | Curing . :
Lysimeter Tailings type oxidation Fe2+ period 1 pH Curing period 2
1 Fresh, unoxidized Yes Soak and drain | 2 weeks 8.5 on top, 6 to 8 weeks,
method 5.5 at bottom kept moist
2 Fresh, unoxidized Yes Percolation 2 weeks as in test 1 6 to 8 weeks,
kept 2.5 cm
solution head
3 Naturally oxidized No Soak and drain | 2 weeks as in test 1 6 to 8 weeks,
method kept moist
4 As in test 1, without Fe?* treatment
5 Fresh unoxidized Yes Intimate mixing | 2 weeks as in test 1 Air

Treatment with Fe’* Solution

Lysimeters 1, 3, and 4 were treated with a 0.01M solution of Fe** (2.78 g/L of FeSO,.7H,0) at a PH ~6,
by a "soak and drain method" in which the column was first soaked with a solution head and then allowed to drain
naturally until the percolant solution contained at least 0.001M of the ferrous salt. In the case of lysimeter 2, the
Fe’* solution was percolated from the top until the percolated solution at the bottom had acquired the required
concentration (~0.001M) of ferrous salt. In the case of lysimeter 5, however, the tailings were intimately premixed
with the Fe?* solution in the drum itself before being transferred to the lysimeter. Lysimeter 4 was set up for a
blank run without any treatment with the ferrous solution.

Tailings in lysimeter 2 were maintained under a constant head of water as described earlier, while column
5 was kept exposed to air under natural, atmospheric conditions.

Curing Period 1
After treatment with ferrous salt, the columns were left for an initial period of 2 weeks of curing to allow

oxidation of ferrous to ferric iron take place under moist conditions. Extra moisture was maintained in lysimeters
1, 3, and 4 by bubbling air through water aspirators and circulating the moist air on the top of the tailings.
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After 2 weeks of curing (period 1), tap water adjusted to a pH of 10.5 was allowed to percolate through the
tailings until the percolant solution had reached a pH of at least 6. A pH of 6 was selected because the zero point
of charge of iron oxides lies between pH 5.5 and 6.5, at which the solubility of iron oxides is minimum. Also
Fe(OH)3-Fe,0, starts precipitating at about this pH. The tailings were then left for a curing period of 8 to 10 weeks
for the hardpan to form.

Since water in lysimeter 2 was kept under constant flowing conditions, the percolant solution in this case was
monitored continuously during the 8 week period for pH, Eh, and dissolved iron concentration. The results obtained
for all lysimeters at the beginning and at the end of the curing periods are presented in graphical form in figures 3
and 4, respectively.

Small Scale Experiments

Hardpans were grown by both surface chemical and electrochemical methods using 200 g samples of fresh
pyrrhotite tailings in each test. In the former case, samples with and without being surface oxidized were subjected
to surface chemical treatment separately in glass tubes of 1 in diameter. The rest of the treatment was the same as
in lysimeter 5.

In the second method, the tailings were subjected to cathodic treatment in K,SO, solution using a two
compartment cell with a fritt glass junction. A graphite rod immersed in the tailings bed served as the cathode and
an inert metal electrode was used as anode. A potential of -200 to -300 mV (SCE) was applied potentiostatically
with a current of ~0.1 mA passing through the cell under steady state conditions. Further details may be seen
elsewhere (Ahmed, 1991).

Results and Discussion

Small Scale Experiments

The electrochemically treated tailings (no Fe?* added) and tailings treated with Fe** after oxidation with air
hardened in about 6 weeks. The glass walls broke at this stage, most probably due to cementing of the iron oxide
in the hardpan with the glass walls and subsequent contraction. No such breakage of walls occurred in plexiglass
but shrinkage from the walls was observed. Fresh tailings treated with Fe?*, without any surface oxidation, took
longer to harden.

The hardpans from these experiments were examined by scanning electron microscopy. The backscattered
electron image (BEI) and hardpan photographs are shown in figures 5 to 8. It is seen in figures 6, 7, and 8 that the
FeS-FeS, grains in these hardpans are cemented in a goethite (+ lepidocrocite) structure and that the synthetic and
natural hardpans of pyrrhotite have the same structure (figs. 7,8). The pyrite hardpan (fig. 6), however, is seen
to be separated from the goethite phase by a third phase which seems to be a dehydrated form of iron oxide.

Lysimeter Tests

Probe tests with nails after the second curing period indicated that the hardening of tailings was confined
mainly to the outer layer of the beds exposed to air; the inner core, which was not exposed to air (oxygen), remained
soft and retained most of the Fe** in the unoxidized form. Obviously, the Fe** in the inner core of the tailings was
not oxidized and not precipitated as ferric oxyhydrate. As a result, the excess of Fe?* (~0.001M) drained out
through columns 1, 3, 4, and S during percolation tests, as shown in fig. 4. The pH of the percolant solutions was
between 5 and 6.
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HISTORY Redox Potentials

Aprit2  Tailings loaded Fe* Soln. = 0.243V
Aprit6  Initial settling
April 8  Solution clearing #5 = 0.046 V (SCE)
Fe?* Addition started # = 0.120 V (SCE)
April29 Fe?* Addition ended #1 = 0.186 V (SCE)
May 4 pH adjusted; pHi = 10.45
May29 Fe?* = added to lysmtr. #3 Flow Rates:
0.7 t0 0.8 mL /mm
6.5
I'may 4 h,
Vely clear o
6.0 (F§=*only) ﬂeg K M)
o 5 LB L L B []
. .2 . [ ]
o 5.5 o2
Q-l ' .4
5.0
45 g
\ Aprll[ May| —>|+ Junﬂ —
40
0 30 60 90 Days

Figure 3. Diagram showing the history and a record of redox potentials, pH and Fe’* concentration in the percolating solution,
during the first 3 months. The numbers refer to different lysimeters and ® ® refer to readings for respective lysimeters.

HISTORY FLOW RATES
Aug 28, 1993 #2  Uniform  1.07 mL /min
Lysimeter 1,2,3,4 and 5 filled with water #1  Fast 27 mL /min
& percolation tests carried out. Slow 0.18 mL /min
Redox Potentials :- #3  Slow 0.26 mL /min
# 1 0.0640 V (SCE) #5  Fast 33 mL /min
#2 -00230 V (SCE) Slow 0.6 mL /min
#3 00834 VI(SCE) Fast and slow refer to flow rates
# 4 0.0653 V (SCE)
through the annular space (between
# 4X 0.1236 V(SCE) column and lysimeter wall) and through
#5 00692 V (SCE) 'n and ly ; 9
the tailings column, respectively.
7.0 *-*2 J *2 After leaving
6.5 S %2 | 22 2 dry for 1 week
L **2 Atter leaving 2
6.0 2 X5 in water head
w2 standing without
T 55 Y flow.
‘ . q4
5.0 ot R ' 3
‘ ' 14a
4.5 .3 4.x
40 L 3 1
90 120 150 Days

Figure 4. Diagram showing the history and a record of redox potentials, pH and Fe** concentration in t.he pergolating solution,
during the last 3 months. The numbers refer to different lysimeters ® ® refer to readings for respective lysimeters.
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Figure 5A.  Surface chemically formed pyrrhotite
hardpan, obtained after a preoxidation step (pieces
shown);

Figure 5B.  Surface chemically formed pyrrhotite
hardpan obtained without any pre-oxidation.

Flgure 6 BEIl photographs of natural, pyrlte hardpan
showing FeS, grains (white) coated w1th an iron oxide
film, embedded in goethite matrix.

Flgure 7. Synthetlc hardpan showmg pyrrhotlte grains
embedded in goethite matrix (+ some magnetite).
White grains -- FeS.

BEI photographs of natural, pyrrhotite

Figure 8.
hardpan showing FeS grains embedded in goethite
matrix.

Although the presence of Fe’* prevents the air oxidation of the tailings in the inner core, the Fe?* in the
leachate will eventually add to the acidity owing to hydrolysis reactions as shown below.

Fe(OH), + H,0 =

Fe(OH); + H* +. e. )

(in the presence of O,)

2 Fe* + 6 H,0 = 2Fe(OH); + 6 H". )
Fe(OH), = Fe[(OH),.0 + H*.

(acidic dissociation) A3

Fe(OH), = Fe[(OH).0,)> + 2H". @)

(etc. all in hydrated forms)



The standard free energies of formation (Garrels and Christ, 1965) of the hydrated iron oxides from Fe(OH),
and Fe(OH); are fairly negative (equations 5-8). Hence, these hydroxides are unstable and should decompose to
hematite (goethite) and magnetite as found in the hardpan.

2 Fe(OH),.nH,0s = Fe0,nH,0s + 3H,0. ©)
A F° (Fe,05) = - 15.17 kCal for reaction 5. ©)
3 Fe(OH), s = Fe0, + H, + 2H,0. ()]
A F°® (Fe,0,) = - 11.1 kCal for reaction 7. ®)

However, this decomposition will be slow because the activities of the reactants and products (solids) are
unity. The hardpan formation is therefore time dependent, but the kinetics can be significantly accelerated by
modifying the techniques of surface chemical treatment. The access of oxygen to sulfide tailings for surface
oxidation is also kinetically controlled. Both these factors need to be considered in improving the kinetics of hardpan
formation.

The Fe’* concentration to be used needs to be optimized so that it does not contribute to the acidity
significantly. Alternatively, the ferrous iron used should be completely oxidized and precipitated on the sulfides as
oxyhydrates before loading the lysimeters. The latter procedure in particular will increase the kinetics of hardpan
formation to a great extent. ‘

Hardening Effect

The hardening was most pronounced in tailings that were preoxidized in the laboratory, treated with Fe**,
and exposed to air with normal humidity (~50%). Except in lysimeter 2 (with a water head), tailings in all
lysimeters had hardened from the top and sides to varying degrees, depending on the availability of oxygen in the
bed. The most hardened column was S, where the laboratory-oxidized tailings were intimately mixed with F&*
solution and exposed to air under atmospheric conditions. Tailings exposed to extra moist conditions (lysimeter 1,
3 and 4) by passing air saturated with water vapors, appeared to be less hardened; the least hardened column was
4 which was not treated or very little treated with ferrous iron. Hardening and self-compaction appeared to proceed
simultaneously. As a result, the beds had developed cracks and detached from the walls at several places with water
droplets condensing in the intermediate space. Water was condensing even in lysimeter 5 which was exposed to air
under atmospheric conditions. Hence the condensed water was most probably originating from a dehydration process
during hardening of the tailings. :

E-redox, pH and Fe?*-Fe’* Concentration in the Percolant Solutions

The water percolation rates, pH, E-redox and concentration of dissolved Fe**-Fe** in the percolating solutions
were measured at the beginning of the curing period 1 and at the end of the curing period 2 and the results are shown
in graphical form in (figures 3 and 4), respectively. Before taking the end readings, (fig. 4), the trapped air was
removed from the lysimeters (except #2) by slowly filling the units from the bottom with tap water having pH 6.5
to 7. The water was then allowed to percolate through the column. .

In the case of lysimeter 2 with continuous waterflow, the flow rate, pH and ferrous-ferric concentration in
the percolant solution were monitored for the entire period. These results are also shown in figures 3 and 4 for the
beginning and the end periods of this work, respectively.

Because of the free space created between the tailing bed and the lysimeter wall, almost all of the water in
percolation tests flowed through the column through: this space readily in a short period of time (~400 mL in 10
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to 15 min). The rest of the water percolated very slowly, most probably through the centre core which was not
hardened and remained soft. These two rates are referred to as fast and slow flow rates in fig. 4.

At the starting stage prior to curing period 1 (fig. 3), the pH of the percolant solutions was between 5 and
6 for all columns except that lysimeter 3, with naturally oxidized tailings, had a pH of 4.5. This is because the
tailings for this lysimeter were oxidized by exposing to open air in moist condition when much acid must have been
produced. This acid was not washed out before lysimeter 3 was loaded and hence accounts for the low pH recorded.
The iron content of the percolant solutions in all these runs was also high (0.01 to 0.001M) because the columns
were freshly treated with Fe?* solutions.

The pH values of the percolant solutions recorded at the final stage of the work and the redox potentials are
given in fig. 4. These pH values range from 5 to 5.5 for lysimeters 1, 3, and 4, while column 5 shows a pH of 5.94
and the pH for column 2 (with a constant water head) continue to be well above 6. The lowest pH recorded was
4.92 for column 3, as before. Except for lysimeter 2, the dissolved iron concentration (almost entirely as Fe**) was
rather high, in the range of 0.01 to 0.005M. As discussed earlier, this high concentration of iron in the leachate
is originating from the inner core of the tailings as the adsorbed Fe?* in this region is not oxidized and precipitated
as Fe(OH);-Fe,0; owing to insufficient oxygen supply.

Behavior of Tailings in Lysimeter 2, under 2 in of Water

The pH of the percolant solution from tailings under 2 in of water was initially 5.5 and became clear in about
6 days, the Fe** concentration being in the m mole range. The pH in later stages was between 5.5 and 6.0, and the
Fe?* concentration kept decreasing steadily to u mole range (fig. 3). In the final stages of work, as shown in fig. 4,
the pH was 6.6; E-redox was -0.023 V(SCE), which is highly reducing; and Fe** concentration was 10® M with no
sign of Fe** present in the percolant solution. The percolant was practically pure water, once excess of Fe?* (added
initially) was removed. Although the bed had compacted well during the curing period, there was no sign of
hardening or hardpan formation.

In one experiment, the pyrrhotite column in lysimeter 2, at the final stage of work, was left filled with water
without draining it for a week, followed by draining the water and measurement of pH and dissolved iron
concentration. In another experiment, the tailings in column 2 were left dry without any water head for a week, and
water was then allowed to percolate through. In both these experiments, the pH of the percolant solution was still
close to neutral while Fe?* concentration continued to stay low (10® M). The untreated tailings under the same
conditions would produce both acid and Fe?*.

Redox Potentials

Redox potentials of 0.046, 0.120, and 0.186 V(SCE) were measured in solutions percolating from lysimeter
5, 2 and 1, respectively, at the beginning (fig. 3). These potentials, although fairly positive in relation to the
standard hydrogen electrode, are still in the cathodic range in regard to charge transfer reactions with pyrite and
pyrrhotite (Ahmed, 1990,1991). As a result, in this potential range, Fe?* can still donate electrons and provide
cathodic protection to the sulfide from the atmospheric oxidation.

The redox potentials shown in fig. 4 were measured in the percolant solutions at the final stage, after curing
period 2. In general these potentials (fig. 4) are more negative than those at the beginning (fig. 3) and indicate
reducing or cathodic conditions available at the FeS-solution interface with respect to Fe?*-Fe** couple. There was
experimental evidence to show that the redox potentials inside the bed were more negative than those measured
outside, in the presence of air. Under these conditions, oxidation of sulfides by oxygen and Fe’* by electrochemical
mechanisms is not possible, although oxygen may still chemically attack pyrrhotite if it is not passivated and
protected by iron oxide films.
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Stability of Hardened Tailings

The hardened part of the tailings appeared to have good physical stability to withstand water percolation upto
a pH of 4.5. In addition to the fully oxidized (type O) forms of the FeS hardpan which are porous and brownish
in color, a gray type of unoxidized (type R) FeS hardpan was also encountered in the present work. The type R can
be obtained by treating fresh and unoxidized FeS tailings with Fe** and exposing to air under moist or slightly wet
conditions. After a few weeks, a hard and a very dense compact pan is formed which is gray in color and resistant
to oxidation in dry or moist air because of the presence of Fe** in solid state. However, on immersion in water,
surface reactions take place, leading to dissolution and precipitation of brown oxyhydrate of iron as a loose
precipitate. The hardpans found in nature are usually a mixture of type O and type R hardpans. These hardpans
can be completely stabilized by converting the iron oxide surface into less soluble compounds (solubility <uM) of
iron such as silicates and carbonates, as suggested by phase diagrams (Garrels and Christ 1965).

Summary and Conclusions

1. Pyrrhotite hardpans can be prepared on a small scale by surface chemical treatment of the FeS tailings with
Fe?* under controlled conditions of pH, moisture, and oxygen supply. Such hardpans could also be made by
cathodic treatment of the FeS tailings followed by exposure to air. The synthetic and natural hardpans were found
to have the same structure, consisting of the FeS grains cemented in a ferric oxyhydrate matrix (goethite +
lepidocrocite). The hardpan is formed as a result of the the oxidation of the adsorbed Fe** to the ferric state on
FeS surfaces and precipitation of the oxyhydrates in the intergranular spaces. The ferric oxyhydrates then seem to
consolidate into a hardpan on aging. Natural hardpans of pyrite are rare in occurrence and have slightly different
structure at the pyrite-goethite interface.

2. In large scale experiments using lysimeters, formation of hardpans by surface chemical methods was restricted
only to the outer layers well exposed to air. The inner core of tailings which was devoid of oxygen, remained soft
and retained Fe?* in the unoxidized form. The presence of ferrous iron provides cathodic protection to FeS from
air oxidation. During water percolation, however, the excess Fe** ions drain out and contribute to the acidity of the
percolant solution. Hence, the Fe** concentration to be used, the pH conditions and aeration methods need to be
optimized in the hardpan formation.

3. The formation of hardpan is time dependent and is a slow process due to various factors such as low
concentration of the dissolved oxygen in water and its slow diffusion to FeS, if immersed in water. Hence, the
oxidation rates of FeS are known to be greatly enhanced in moist conditions where the oxygen has to diffuse through
only a few molecular layers of water on the surface compared to tailings in wet conditions under several inches of
water. The galvanic cells could be formed on FeS surfaces even in moist conditions. Formation of Fe(OH),-Fe,0,
is also kinetically slow (eqns. 5-8), as discussed earlier.

Fast methods of forming FeS hardpans can be developed by improving the reaction kinetics of the processes
involved. In addition, the FeS-Fe,0;.nH,0 hardpans can be further stabilized by converting the iron oxide surfaces
into less soluble compounds of iron such as silicates, by surface chemical methods. This would greatly reduce the
equilibrium concentration of the dissolved iron and hence the acidity in the percolant solutions. g

4. Whereas the oxidation of pyrrhotite by oxygen is predominantly chemical, the oxidation of pyrite is mainly
electrocatalytic in nature. Hence, formation of iron oxide films on pyrite is difficult without changing the surface
composition significantly. The present, surface chemical methods therefore were not applicable to pyrite for
hardpan formation.

5. The presence of an iron oxide layer on the FeS surfaces would substantially reduce the cross section of the

sulfide exposed to oxygen attack. The use of Fe** would further reduce the oxygen flux by reacting with it and
eventually forming the ferric oxyhydrate in the inter granular space.
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6. The oxidative decomposition of the FeS and of the acid generation can be completely prevented by
maintaining about 2 in of water head on the top of the tailings. This effect is not merely due to the lowering of the
oxygen flux at the surface and its slow diffusion kinetics as discussed above, but also due to the formation of Fe?*
ions formed from FeS oxidation. The Fe** provides cathodic conditions to the surface in addition to reacting with
oxygen directly as discussed above. Hence treating the tailings with a dilute solution of Fe** further helps in the
protection of FeS from oxidation. However, the concentration of Fe?** to be used needs to be optimized so that it
does not contribute to the acidity of the percolant solution significantly.

In field conditions, the existing beds could be treated with the minimum amount of Fe?* to prevent air
oxidation and the bed could then be topped with a hardpan formed as above. The iron oxide in the hardpan need
to be further stabilized by converting the surface into less soluble compounds of iron so as to completely prevent
the dissolution of iron. For new tailings, the entire bed could be converted into a hardpan by applying a fast method
of hardpan formation by treating with Fe** in low concentration, followed by hydrolysis. Certain optimization
studies need to be conducted in this respect before a large scale method could be developed.
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INTERNATIONAL PERSPECTIVE ON THE ROLE
OF ACID) GENERATION IN SELECTING DECOMMISSIONING TECHNIQUES
FOR URANIUM MINING SITES IN EASTERN GERMANY'

D.G. Feasby?, D.B. Chambers?, J.M. Scharer®,
C.M. Pettit’, R.G. Dakers* and M.H. Goldsworthy®

Abstract: The control of acidic drainage from uranium mine wastes in Germany is a significant
component of mine site rehabilitation that began in 1992. Uranium was mined on a very large scale in
the States of Thiringen and Sachsen from 1946 to 1991. Sulfide oxidation creates acidic drainage from
waste rock piles at several mine sites and may occur in the future at two tailings impoundments. The
extent of the problem of acidic drainage and methods to control acid production are reviewed from an
international perspective. A central component of the rehabilitation plans in Germany is a proposal to
fill a large open pit with acid-producing waste rock, allowing it to flood, and treating the overflow. This
plan is assessed using a regional geological mode! in a probabilistic framework. This modeling has
proven to be a useful tool in assessing management alternatives.

Background

Starting in 1946 and ending in 1991, uranium was mined on a large scale in the States of
Thiringen and Sachsen in southeastern Germany. The scale of uranium mining in this area made it one
of the world’s largest uranium producers. The mining and uranium recovery was undertaken in the
former East Germany by U.S.S.R.-German Democratic Republic company, Wismut. In addition to the
recent mining for uranium, mining of these areas had been carried out since the Middle Ages for iron,
silver, and other metals including bismuth (Wismut 1992). Following the reunification of Germany and
the closure of the mines, major work and environmental assessment have been performed to
decommission both the Wismut and historic sites. The authors have participated in assisting the Bundes
Ministerium fiir Umwelt Naturschutz und Reaktorsicherheit {(BMU) in their ongoing review of the Wismut
decommissioning programs.

Over 1,600 sites in the mining region have been identified as having greater than background
levels of radioactivity. Most of these sites have been linked to previous mining activity. The major mine
waste sites of interest are those that resulted from the uranium mining, where approximately 200 million
mt of mine tailings and 500 million mt of mine waste rock have been deposited on surface. The major
uranium mining and mineral processing sites were those of the Wismut company; their locations are
shown in figure 1.

An inventory of the major wastes remaining on surface is summarized in table 1. Acid generation
resulting from the oxidation of sulfide minerals has been identified as a major concern in the mines and
waste rock heaps on surface and underground at Ronneburg and is a potential concern at Konigstein.
In addition, there is a potential problem in two of the tailings basins at the Seelingstadt site, where ores
were processed by acid and alkaline leaching to recover uranium.
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Figure 1. Location of Wismut mining works
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TABLE 1 SUMMARY CHARACTERISTICS OF URANIUM MINE WASTES

Surface . .
Sisication Waste \.lo.lume > area. Radium Pyrite,
type million m ha Bq/g %
Ronneburg Waste 170 409 0.3-1.5 3.3-4.8
rock
Seelingstadt Tailings 104 335 6.7-12 Variable*
Seelingstadt Waste 59 519 0.25-1.65 NA
rock
Crossen Tailings 45 213 6.0 NA
Crossen Waste 2 22 2.0-2.3 NA
rock
Aue-Schlema Waste 47 343 0.2 NA
rock
Kénigstein Waste 3.3 25 0.34-5.6 1-2
rock,
treatment
sludges

NA Not available
Bq/g Becquerel/gram
* Acid leach tailings 0.8% to 5%, alkaline < 1%,

Because of the very large quantities of these sulfide-bearing wastes, minimizing acid generation
is a critical element in the decommissioning of the sites. The concerns are not only the production of
acid waters and their effect on the environment per se, but also the leaching of radioactive species and
heavy metals into ground and surface water and their subsequent dispersal in the environment. In
addition, if significant acid generation continues to occur, there will be a need to collect and treat water
for possibly hundreds of years. Ongoing water treatment also requires ongoing management of water
treatment sludges, which contain radioactive and other heavy metals.

This paper describes the acid generation sources and magnitude of the problem and implications
for decommissioning these former uranium mining areas.

The Impact Of Acid Generation in Uranium Mine Wastes

Experience in Canada and elsewhere has led to the conclusion that sulfuric acid generation is one
of the major concerns associated with the decommissioning of sulfide-containing tailings and waste rock
areas. Acid-leached uranium tailings are often significant acid producers even though the sulfide mineral
content in the ore may originally have been very low. Strong acid generation can occur because most
or all of any natural mineral alkalinity has been removed in the uranium extraction process by a hot
sulfuric acid leach.
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The chemistry of acid generation has been reviewed in detail (Nordstrum 1982) and can be
summarized by the following reactions:

2FeS, + 70, +2 H,0 » 2 Fe?* + 4S0,” + 4 H*, (1)
2 Fe?* - 2 Fe** + 2e, (2)
2H" + %20, + 2¢» H,0, (3)

Although these reactions can occur in a biologically sterile environment, chemolithotrophic
bacteria, particularly Thi ill rrooxidans, can accelerate the iron oxidation rate. Ferric iron in acidic
solution can also oxidize metal sulfides (MS) according to

MS + 2 Fe’* »M?* + S° + 2 Fe?* (4)

Low pH (<4.0) seepage waters are often associated with mine wastes where sulfide oxidation
is occurring, but frequently alkaline minerals such as calcite or dolomite present in the wastes can
neutralize the acidity produced and near neutral conditions (pH ~ 7) can result until the alkaline minerals
are consumed or rendered unreactive by surface coatings. Acidic drainage from mine wastes will
solubilize many metals including aluminum, copper, zinc, nickel, manganese, and lead. For uranium-rich
deposits, uranium and thorium are also dissolved. Blair et al. {1980) have identified metal contaminants
mobilized by acid production as the most important concern in the management of pyritic uranium
tailings. Also, acidic drainage has been identified at uranium mine waste rock sites in Australia by Ryan
and Joyce (1991). Waste rock piles are very porous to water and oxygen, essential ingredients for
sulfhide oxidation; because the piles are usual constructed on porous foundations, this "acid rock
drainage” has been very difficult to prevent and control at sites around the world.

Acidic drainage is a significant environmental concern at the former uranium mining area in the
States of Sachsen and Thiringen, Germany. High levels of acidity and dissolved metals are found in
drainages at several locations. At one location, Ronneburg, autogenous combustion caused by rapid
oxidation of sulfide sulfur and carbon {graphitic carbon) had caused additional problems in mining and
waste disposal. Significant quantities of sulfide minerals {(notably pyrite) are also present in the waste
rock at Crossen, Aue, and Konigstein. Although most drainages sampled to date indicate neutral
drainage, elevated levels of dissolved calcium and magnesium sulfates indicate that the possibility of
future acid generation in these wastes cannot be excluded.

Site Considerations
Ronneburg-Drosen

The Ronneburg-Drosen mines are in east Thiringen, Wismut's most important uranium mining
area. In total, these mines produced over 170 million m® of waste rock, all of which is potentially acid
generating. At present, over 100 million m® of waste rock are stored on surface (in 14 waste piles).
One pile was subjected to in situ uranium leaching using mine water supplemented with sulfuric acid.
The remainder had been placed in a large open pit. Like most of the waste piles in southeastern
Germany, the waste piles are located close to villages and individual homes (within several hundred
meters). In addition to the understandable concerns about environmental radioactivity, particularly radon
emissions, there are concerns about contamination of surface water and ground water and physical
access to the materials. A cross section of the most environmentally significant part of the mining area
at Ronneburg is shown in figure 2. Mining ceased at Ronneburg in December 1991, and the lower levels
of the mine are now being allowed to flood.
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Current plans (Wismut 1992) are to fill the open pit with as much waste rock as possible. The
most severe acid producers will be placed on the pit bottom, but about 30 million m® will remain above
the water table. The final contouring and cover applied to these materials will be important factors in
determining long-term acid production. Excess alkalinity, for example, lime and/or limestone, is being
considered to help control acid generation, and studies were recently completed to determine the effect
of submerging most of the waste rock under the water table in the open pit.

Until the mine workings are flooded, acid will continue to be produced from sulfide minerals in
open spaces and fractured zones underground. In addition, in the long term after the mines are fiooded,
acid will continue to be produced in the fractured ground above the water table.

Annual average precipitation:
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700 mm {according to WISMUT data)
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Seelingstddt was a central ore processing facility for the Wismut mines. Uranium was extracted
from the ore in parallel circuits, one with alkaline sodium carbonate, and the other with sulfuric acid. The
sulfuric acid circuit was used to leach uranium from high sulfide ores and pyrite concentrates. Tailings
from the acid circuit are potential acid producers if dewatered and exposed to oxygen. The tailings from
the alkaline circuit represent no acid generation potential because the pyrite was converted to soluble
sulfate by the following reaction:

4FeS, + 150, + 16Na,CO;, + 14H,0 — 4Fe(OH); + 8Na,SO, + 16NaHCO,. (5)

Available data (Wismut 1992) indicate potential for acid generation in two large tailings basins
at this site. At present, the basins are water saturated, and much of the formerly exposed tailings
surface is covered with soil. The conceptual plan (Wismut 1992) is to dewater the tailings pond and
to cover the balance of the dewatered tailings with a soil cover. Dewatering has the potential to result
in increased oxidation and acidification of sulfide minerals, even though the pore fluids are currently
alkaline from the mixing in of alkaline chemicals used in the milling process.

With respect to tailings and acid generation, the situation at Seelingstéddt is unique; acid leached
tailings are covered with alkaline water (pH 7.4 to 9.9) with high levels of dissolved sulphates (10 G/L).
However, any residual mineral alkalinity has been removed in the acid leaching process, and if the
tailings are dewatered as planned, infiltration of rainwater could flush out these buffering salts and
permit acid generation to start. Based on the appearance of ferric iron salt coloration on exposed tailings
beaches, this acidic generation potential appeared to be confirmed.

There is considerable international experience in predicting the rate of acid generation in pyritic
mine tailings, and estimates of the rate of acid production by sulfide-bearing uranium tailings have been
given by Halbert et al. (1983) and Scharer et al. (1991). Acid-base accounting on field samples (Wismut
1992) has shown that the acid-leached tailings are potentially acid generating; precise predictions cannot
be made until the decommissioning scenario (eg., dewatering and covering) is established.

Kdnigstein

The Konigstein site in Sachsen has extensive underground workings, which were initially
developed by conventional mining, and more recently by underground in situ leaching with sulfuric acid
addition to leach solutions recirculated from surface. The key environmental concern at this site is the
potential for contamination of an aquifer which overlies the mining zone and which is used for drinking
water. About 1 million m® of acid leach solution has been lost from circulation and is presently in the
pore space in the fractured rock. In addition, pyrite is present in most of the uranium-bearing zones, and
these strata represent significant (but currently unknown) acid generation potential.

In the near future, the mine will be flooded, and acid production will cease, but until such time
acid will continue to be produced in the open mine volumes. Also there will remain considerable residual
acidity from the underground leaching operation, and plans are being developed to neutralize this acidity
on surface by recirculation of flood waters. Since the underground workings cover 5 km?, the effect of
the natural acidification is potentially significant.
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Also at Kdnigstein, there exists a 3.2 million m® surface waste pile, which is composed of
2.0 million m® of heap leach waste rock and other wastes, principally uranium-barren waste rock and
water treatment sludges. The main concern with respect to acid generation is the heap leach pile.
Although it has been depleted in sulfide sulfur content by bacteria-catalyzed oxidation, oxidation of the
estimated remaining 1% to 2% pyrite content could accelerate in the near future. Currently, the waste
pile produces an acidic effluent, as shown in table 2

TABLE 2 ACIDIC DRAINAGE FROM KONIGSTEIN WASTE ROCK

Volume 3 to 10
m*/h
pH 2104
u 30 mg/L
Ra 0.5 Bg/lL
Fe [total) 200 mg/L
50, 3000 mag/L

Technical Considerations for the Prevention and Control of Acid Production

Various interdependent geochemical, physical, and biological factors control the rate and quantity
of sulfide oxidation in the waste rock and tailings. These factors include temperature, bacteria activity,
oxygen profile, pore water composition, effective grain size of sulfide minerals, and acid neutralization
potential.

As an example of currently available predictive techniques, the authors have recently completed
an extensive review of the environmental impact of depositing acid-producing waste rock into the
bottom of the open pit at Ronneburg. To develop a reference point for environmental assessment, a
waste rock pile that had formerly been a heap leach for uranium recovery was selected for evaluation.
A computer model (ACIDROCK) was used to simulate the placement and leaching history of the waste
rock pile (SENES 1993a). The model was used to predict the long-term seepage quality for various
management options (e.g., covered with an engineered soil cover, and uncovered). The resuits of
modeling the 27-ha pile showed that -

° Acidity will be produced for more than 100 years, with or without cover;

e A state-of-the art earth cover will reduce acid production and water treatment
requirements by an order of magnitude;

o Continuous care and maintenance of the site would be required.

A much more complex predictive modeling evaluation was completed on the option of placing the
same waste rock pile into the bottom of the pit. Geochemical measures, such as the addition of lime
to neutralize acidity contained in the waste rock, were considered as part of the evaluation. The first
stage of the modeling was the development and application of a hydrological model that simulated the
flooding process, the establishment of steady-state flows with all of the mine cavities filled with water,
and the contaminated ground water emerging at a nearby stream valley (Brenk Systemplanung 1993).
A filled pit in the flooded condition is shown in figure 3.

73



Annual sverage precipiation:

WEST

—

Dincharge
& |50m3/h

500 mm [sccording to SENES ssarch)
T00 mm (according to WISMUT data)

i F
T

i | 5= E===r==m! Err ien
Effective

[ <

IONE OF WATER INTERCHAMGE EVALUAT

Fin

malarial
—

Conlamination
movEmEnt

Additienal
inFlow

ION

~

Figure 3. Wismut Decommissioning

Ronneburg Site Future Hydrological Situation Typical Conceptual E-W Section

SULFATE G/L

6
5 -
Discharge to river
4
3 -
2 -
In river
1 -
0 T T T T T T
2010 2020 2030 2040 2050 2060
YEAR

Figure 4. Predicted Sulfate

74



A computer model (ROCKSTAR) was used to simulate the geochemical processes occurring in the
flooded pit materials and the associated underground mining areas (SENES 1993b). The model was
used deterministically to predict the water quality within the pit fill and mining areas, as well as the
water quality of the surface water body (river) that would receive the discharge from the mining region.
Figure 4 shows the predicted quality of the discharge to the river, and the quality in the river.

Probabilistic modeling was also employed. A computer model (RANSIM) was used to randomly
select many input values from the specified probability distributions for the key model parameters
(SENES 1989). These values are substituted into the geochemical model (ROCKSTAR) to obtain a single
value for each output variable. This procedure is repetitive, with each selection being referred to as a
trial. Using the probabilistic approach, subjective probability distributions rather than single numbers will
be obtained for the calculated variables. An example of the predicted water quality of the discharge to
the river for 50 trials of the probabilistic model is shown in figure 5.

The predictive modeling assessment of placing the heap leach waste rock into the pit at
Ronneburg can be summarized as follows:

® Nearby mine openings and underground broken rock zones control water flow
patterns. (The underground mine excavations included over 1,800 km of tunnels).

° The contained acidity and stored oxidation products of the waste rock had a small
impact on the emerging water quality.

° The addition of lime to the waste rock reduced the predicted impact of the waste

rock to insignificant levels (reduced sulphate and metal mobility).
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Figure 5. Predicted Water Quality for Discharge to River
Probabilistic Approach - 50 Trials
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Control and treatment of acid rock drainage is a major focus of the decommissioning strategies
being developed for the uranium mine sites in south eastern Germany.

Sophisticated mathematical models are being applied in the evaluation of mine decommissioning
technology, which includes prevention and control of acidic drainage from waste rock and tailings. A
major focus of the control measures for waste rock is depositing the rock into an open pit and then
allowing the pit to flood with mine waters. Worldwide, the evaluation of options for dealing with acid-
producing waste rock and tailings has led to the selection of the use of water covers and underwater
disposal as the best technology.
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EVALUATION OF ACID GENERATING ROCK AND ACID CONSUMING ROCK MIXING TO PREVENT
ACID ROCK DRAINAGE!

Stephen J. Day*

Abstract: Mixing acid generating and acid consuming rocks is an attractive and potentially low cost alternative for
in situ prevention of acid generation in waste rock piles at some mine sites. In addition to the practicalities of day-to-
day management of mixed waste rockpiles, the success of the mixing will probably depend on the proportion of acid-
consuming material, the availability of the acid consuming minerals, and the intimacy of mixing. A 5-yr column
study for the Cinola Gold project, an epithermal gold deposit located in a cool, moist maritime area of northwestern
British Columbia, Canada, was initiated in 1988 to evaluate limestone requirements to prevent acid and metal release
from waste rock stockpiles. Limestone content in five columns varied from zero (control, net neutralization potential
= -58 kg/mt CaCO,) to 6.6% (NNP = 7 kg/mt CaCO,). Four of the columns generated acid. The column containing
the highest concentration of limestone did not release acid, although residues in the upper part of the column were
acidic and sulfate concentrations in leachate were gradually increasing. It was concluded that (1) the actual quantity
of limestone required to prevent acid drainage in perpetuity would probably be at least twice that determined by
conventional acid-base accounting, (2) limestone availability was not reduced by ferric hydroxide coatings, (3) the
time required for marginally acid generating rock to release acidity increased exponentially as the quantity of
limestone increased, and (4) the time required for zinc release to begin increasing was linearly proportional to the
neutralization potential. Limestone addition was therefore highly effective in delaying acid release but was less
effective in delaying zinc release.

Additional Key Words: acid rock drainage, waste rock, alkaline addition.
Introduction

Many potentially economic mineral deposits contain high concentrations of iron sulfides and therefore waste
rock, mine workings and tailings associated with such deposits are prone to acid generation. However, a significant
number of deposits also have associated acid consuming minerals in the mineralization or nearby host and country
rocks. In some situations, the possibility of mixing acid generating and acid consuming rocks is an attractive and
potentially low cost alternative for in situ prevention of acid generation. When correctly engineered, mixing (or
blending) may yield a long term waste management solution without the long term liability and maintenance of
artificial structures such as dry covers, artificially flooded impoundments, or water treatment plants.

This paper presents results for a 5-yr column leaching study conducted on marginally acid-generating
materials. The study was initiated by City Resources (Canada) Inc. to evaluate the inhibition of acid generation by
adding limestone to stockpiles of potentially acid-generating rock at the proposed Cinola Gold Project in northwestern
British Columbia (BC). The limestone is not naturally available at the site but is found on an island off BC.

General Background

A number of uncertainties remain regarding design of mixed rock waste piles. Although some of these
uncertainties relate to the practicalities of day-to-day management of such piles under operating conditions, a more

! Paper presented at the International Land Reclamation and Mine Drainage Conference and the Third International
Conference on the Abatement of Acidic Drainage, Pittsburgh, PA, April 24-29, 1994.

2 Stephen J. Day, Senior Geochemist, Norecol, Dames & Moore, Inc. 500-1212 West Broadway, Vancouver, British
Columbia, Canada, V6H 3V1.
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fundamental issue relates to the amount of neutralizing material required to effectively consume acid produced by
oxidation of iron sulfides.

The commonly used acid-base accounting procedure represented one of the first attempts to determine an acid
producing-consuming balance in heterogeneous materials (Sobek et al. 1978). The theory was based on the
assumption that neutralizing minerals (represented by calcium carbonate) are consumed completely to release carbon
dioxide (gaseous or dissolved). In reality, the initial phases of acid generation occur under approximately pH-neutral
conditions and carbonates neutralize acid incompletely, forming the bicarbonate ion (HCO,). In natural rock
mixtures, other considerations arise, such as the heterogeneous distribution of sulfide and carbonate minerals, the slow
dissolution of carbonate minerals in the absence of acid, and the coating of carbonate grains by precipitated
hydroxides. Inrecognition of these uncertainties, regulators in some jurisdictions (for example, California and British
Columbia) require that blended rock mixtures at metal mines contain at least three times as much neutralizing material
as acid generating material (both expressed in equivalent concentration units of calcium carbonate). Some support
for these requirements can be found in the data from coal mines in the eastern United States which indicate that the
ratio of neutralization potential to potential acidity in waste rock should be at least 2.4 to ensure acid is not released
(Cravotta et al., 1990).

One of the difficulties in determining acceptable mixing ratios is that results from laboratory and field tests
tend to be inconclusive. The success of a mixing approach is shown by the lack of acid generation. The problem
is that most tests are not continued to a definitive end point which indicates that acid will not be produced. Ferguson
and Morin (1991) showed that the time for acid to be produced increases exponentially as the ratio of neutralization
potential (NP) to maximum potential acidity approaches 1. Any experiment designed to address marginal acid
generating conditions must operate for an extended period (often several years) to demonstrate conclusively that acid
will not be produced.

Cinola Project Background

The Cinola Gold Deposit is located on the Queen Charlotte Islands off the north BC coast. The deposit is
classified as epithermal Carlin-type by Champigny and Sinclair (1982) owing to the small (<0.5 pm) particle size of
gold, age of about 14 million years, presence of argillic alteration, association with faults and felsic intrusions, and
porosity of the host rock. Disseminated, fine-grained (<25 pm) sulfide minerals (primarily pyrite, with lesser
marcasite) occur throughout the mineralization and host rocks, generally in concentrations of a few percent. In
contrast, calcite occurs sporadically, and in one important unit, the Skonun Sediments, is almost completely absent.
Acid-base accounting indicated that the Skonun Sediments are potentially acid generating. Laboratory and field
kinetic tests confirmed that acid would be produced.

The region hosting the deposit experiences seasonal weather patterns typical of coastal western Canada, that
is, most precipitation occurs as rain during October to March. Annual precipitation ranges from 1,700 to 2,200 mm.
Average monthly temperatures are never less than 0° C. As a result of the high precipitation rate, the potential for
mobilization of acid weathering products from waste rock dumps composed of Skonun Sediments is high. Waste
rock management was therefore planned to address perpetual prevention of acid generation. It was proposed that the
potentially acid generating Skonun Sediments be stockpiled during operation and then backfilled and submerged in
the open pit during mine decommissioning. To prevent extensive oxidation and the release of acid rock drainage
from the stockpiles prior to submergence, it was proposed that limestone be added to the stockpiles in a controlled
fashion. A column leach study was designed to evaluate such factors as limestone requirement, availability of
limestone for reaction, and the effect of intimate mixing and layering of acid consuming and acid generating rock.
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Experiment Design

Five columns were designed:

Column 1 Waste rock only (control test).

Column 2 Approximately 6.6% limestone intimately mixed with waste rock (theoretically sufficient to neutralize
maximum potential acidity).

Column 3 Approximately 3.2% limestone mixed with waste rock capped with 1 cm of column 2 mixture (50%
of maximum potential acidity). The cap was intended to investigate one dump design option.

Column 4 Approximately 0.84% limestone mixed with waste rock capped with 1 cm of column 2 mixture (acid
neutralized for 10 weeks at a rate predicted from humidity cells).

Column 5 Approximately 1.2% limestone as five 1-cm thick layers of column 2 material alternating with four
10-cm layers of column 4 material to evaluate the effects of layering.

Materials and Methods
Test Materials

Waste rock for the columns was derived from composited reverse circulation drill cuttings from various
subgroups of the Skonun Sediments. The composites were designed to approximate the expected composition of
waste rock piles. Limestone for the experiments was obtained from Texada Island, the proposed source of limestone
if the deposit were developed. The limestone was dried and crushed to a diameter of 0.6 mm or smaller. Limestone
and waste rock were mixed on plastic sheets before placement in the columns.

Test Material Characteristics

The waste rock contained approximately 2.1% total sulfur and had a neutralization potential of 8 kg/mt CaCO,.
Net neutralization potential (NNP) was approximately -58 kg/mt CaCO,. The limestone contained some sulfur
(0.22%), and based on the neutralization potential of 932 kg/mt CaCO, had a high purity. The dominant carbonate
mineral in the limestone was calcite. Dolomite was expected to be a minor component. The surface area of particles
was estimated using size fraction analysis and assuming that particles were perfectly spherical. Waste rock and
limestone had surface areas of 5.4 and 30.9 m%kg, respectively. These values are gross approximations but show
that the reactive surface area of the limestone was about five times that of the waste rock. The limestone was
deliberately crushed finer than the waste rock to yield a greater reactive surface area.

Acid-base accounts (ABA) for the four columns containing limestone (2 through 5) were determined using
mass-weighting. Values for each parameter were determined using the formula

Peignted = (Pie Mg + Procie M)/ My + M) ey

where P is the parameter (e.g., neutralization potential, NP; maximum potential acidity, MPA), and M, and M, are
the masses of limestone and waste rock in the column. Values for each column are summarized in table 1.
Neutralization potential ratio (NPR) was determined as equal to NP ../ MPA s Since the quantity of limestone
was relatively small, the MPA of the columns varied over a small range (62 to 65 kg/mt CaCO,). Only column 2
was considered potentially acid consuming from conventional interpretation of ABA. The remaining columns had
NNP<0 and NPR<1, implying a potential for net acid generation.

Test Procedures
Test materials were placed in 15-cm diameter plastic columns to a thickness of 0.5 m. Column tops were

covered with a plastic plate to minimize evaporation. Holes in the plate allowed humidified air and de-ionized water
(at a rate of 0.4 to 0.5 mL/min) to be continuously introduced into the column. The top plate was rotated daily so
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Table 1. Acid-Base Accounting - Test Materials and Residues.

Position S, Sulfate, Sulfide, MPA NP NNP NPR Paste
in column % S, % S, % kg/mt, CaCO3 pH
Column 1, Control
Pre-test Bulk......................... 2.10 NA NA 66 8 -58 12 6.90
Residue Top, bulk................. .53 .09 44 17 -2 -19 .00 3.30
Residue Middle, bulk............ 55 .10 45 17 2 -19 .00 3.62
Column 2, 6.6% Limestone
Pre-test Bulk......................... 1.98 NA NA 62 69 7 1.11 NA
Residue Oxidized, bulk......... 1.12 .05 1.07 35 3 -33 07 5.30

Residue Non-oxidized, bulk.. 1.72  <0.01 1.71 54 57 2 1.05 7.80
Column 3, 3.2% Limestone

Pre-test Bulk......................... 2.05 NA NA 65 38  -27 58 NA

Post-test Top, bulk................. .85 .05 .80 27 0 -26 01 4.76

Post-test Middle, bulk............ a7 11 .66 24 -2 -26 .00 4.05
Column 4, 0.84% Limestone

Pre-test Bulk......................... 2.08 NA NA 66 16 -50 24 NA

Post-test Bulk......................... .65 11 .59 20 -2 =22 00 4.06
Column 5, 1.2% Limestone in layers

Pre-test Bulk........................ 2.08 NA NA 66 19 -46 29 NA

Post-test Bulk......................... .68 12 .56 21 -2 -23 00 425

NA - Not analyzed.
Pretest results were calculated from mass-weighted averages of limestone and waste rock components

that the introduced water contacted different surface locations. In addition to the direct weekly measurement of
conductivity and pH, leachates in the collection vessel were analyzed for sulfate (by a gravimetric method),
alkalinity/acidity (by titration with sulphuric acid and sodium hydroxide, respectively), and dissolved (<0.45 pm)
metals, which included iron, copper, zinc, arsenic, lead, and the major alkali and alkali earth metals. Metal
concentrations were determined by several methods including atomic absorption, flameless atomic absorption and
inductively coupled argon plasma (mass spectroscopy). After completion of the tests, the columns were dismantled
and examined. Samples of the residues were collected for chemical analysis (acid-base accounting, carbonate and
sulphur species) and preparation of polished thin sections for identification of secondary minerals.

Results

Leachate Chemistry

Leachate from all four columns containing some limestone was initially pH neutral (fig. 1). Column 1
(control) generated leachate with pH 3 for about 11 weeks. The pH then dropped to near 2. The pH of leachate from
this column then steadily increased to greater than 3. Column 4 (low limestone concentration) and column 5 (layered
limestone) both generated acidic leachate at week 33. For both columns, pH dropped to between 2 and 3 very
rapidly, without intermediate plateaus. Column 3 (intermediate limestone concentration) generated acidic leachate
after about 4 yr of operation. The transition to low pH conditions was not quite ‘as rapid as for columns 4 and 5.
The column containing the highest concentration of limestone (column 2) generated pH-neutral water throughout the
5-yr experiment.

Sulfate concentrations in the leachate from each of columns 1, 3, 4, and 5 followed similar trends (fig. 1).
Sulfate loadings show the same trends because the water percolation rate was relatively constant. All columns
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Figure 1. Trends in pH, sulfate, and zinc concentrations in leachates.
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showed initially decreasing sulfate concentrations. Concentrations then increased several weeks before pH dropped
to between 2 and 3, and peak sulfate release occurred several weeks after the pH dropped.

The observations can be summarized and correlated as follows:

. The time elapsed from a noticeable increase in sulfate concentration to the production of a low pH leachate
increased with the proportion of limestone. For columns 4 and 5, 12 weeks elapsed. For column 3, 100
weeks elapsed. Although column 2 did not generate acidic leachate, the time elapsed would be expected to
be greater than 180 weeks,

. The time elapsed from release of acidic leachate to peak sulfate concentration was between 9 and 21 weeks
for all tests, including the control column,

. The intensity of the sulfate concentration peak decreased with increasing limestone concentration,
. The sulfate concentration peak became less well-defined with increasing limestone concentration, and
. The sulfate decay curve slopes appear to be similar on semilogarithmic graphs, indicating half lives (i.e. time

taken to reach half the maximum sulfate concentration) of 5 (control) to 22 weeks.

Sulfate concentrations from column 2 were increasing when the test was terminated. Characteristics of the
curve were similar to those of the other tests. Sulfate concentrations had not reached a level that might be expected
prior to the onset of fully acidic conditions.

Trends in leachate alkalinity and calcium concentrations were very similar reflecting the dissolution of calcium
carbonate. Calcium determinations were most useful for monitoring leaching of limestone because determinations
were made regardless of pH. Alkalinity in leachate from column 3 began to increase about 20 weeks after sulfate
concentrations increased and peaked at 110 mg/LL CaCO, just before pH dropped. Calcium concentrations also
increased during this period, and peaked at about the same time as sulfate concentrations. Once pH decreased,
alkalinity also decreased very rapidly and could not, by definition, be measured once pH dropped to less than 4.5.
Alkalinity in leachate from column 2 began increasing about 30 weeks after sulfate concentrations began increasing.
Calcium also began increasing.

Dissolved iron was the most significant heavy metal in the column leachates. Sulfate and iron concentrations
showed similar trends, although iron varied over a wider range. At low pH (less than 2.9), iron and sulfate
concentrations (in mg/L) were comparable. At near neutral pH, iron concentrations were commonly less than the
detection limit of 0.03 mg/L. Zinc concentrations (fig. 1) showed similar trends to sulfate. Zinc concentrations began
increasing as sulfate increased, long before pH decreased. Peak zinc concentrations tended to precede peak sulfate
concentrations by a few weeks.

Characteristics of Column Residues

Column residues were of two types: Columns 1, 3, 4, and 5 (acid generators) contained visibly oxidized
(orange-coloured) rock. Column 2 residue was vertically zoned. The upper one third of the column contained
oxidized material similar to that in the acid-generating columns. These residues also yielded low paste (de-ionized
water) pH. Residue from the lower portion of this column were relatively unweathered (grey-colored), reacted
strongly with dilute HCI (indicating readily available NP), and was pH neutral.

Several significant textural features were noted in polished thin sections. In residues from nonacidic columns,

abundant fresh pyrite and marcasite grains were observed. These grains showed some in situ replacement by limonite
along grain boundaries. By contrast, alteration of pyrite grains varied from negligible to complete in acidic material,
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and in situ replacement of sulfide grains by limonite was common. Replacement had taken place along grain edges
and along internal fractures and crystal boundaries. In both nonacidic and acidic material, limestone particles
appeared fairly fresh and did not have significant limonite rinds. In summary, pseudomorphic (one-for-one
replacement) of iron sulfide grains by limonite (primarily goethite, FeOOH) appeared to be common. Coating of
limestone grains by transported limonite was not observed.

Acid-base accounting results for residues are summarized in table 1. Reproducibility of duplicate analyses
was excellent and confirmed that differences in chemistry between column zones and experiments were significant.
Columns 4 (0.8% Limestone) concentration) and 5 (layered) yielded very similar results for total sulfur and sulfate.
Total sulfur concentrations decreased by about 1.3% over the 2-yr of weathering. All reactive neutralizing material
was consumed, as shown by negative neutralization potentials. Column 1 (control) had slightly lower sulfur
concentrations after 5-yr of leaching and similarly contained no detectable NP (the negative NP shown in table 1
indicates the presence of soluble acidity). Column 3 yielded slightly greater sulfur concentrations and no NP. Rock
from the top part of column 2 (6.6% Limestone) contained higher concentrations of sulfur than any of the other well-
oxidized material, and contained a small amount of NP. The deeper, less oxidized material contained about 0.3%
less sulfur than at the start of the experiment. NP decreased by 12 kg/mt CaCO,.

Discussion
Leachate Chemistry

Column leachate chemistries followed a series of stages. Initially, sulfate concentrations were elevated but
then decreased rapidly as weathering products accumulated during sample storage were flushed from the columns.
During stable pH neutral conditions, the dominant ions in solution were calcium and sulfate. The molar ratio of
sulfate to calcium under these conditions was between 0.5 and 1 (fig. 2) which is consistent with general chemical
theory for acid generation and neutralization. The usual reaction used to express overall acid generation at pH>3 is
FeS, + 15/40, + 7/2H,0 --> 2S0,* + Fe(OH), + 4H', )

Under strongly acidic conditions, the acidity will be neutralized by CaCOs:
CaCO, + 2H' --> Ca** + H,CO,’". 3

Under mildly acidic to mildly alkaline conditions, the reaction will be, as follows:
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Figure 2. Molar sulfate to calcium ratios.
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CaCO, + H* --> Ca* + HCO,, 4)

Under acidic conditions, the molar ratio of sulfate to calcium should be equal to or greater than 1, whereas
under less acidic conditions the ratio will be less than 1 owing to the formation of bicarbonate (Cravotta et al. 1990).
Several months prior to generation of acidic leachate, this ratio steadily increased and gradually approached 1
(Columns 2 and 3, fig. 2). Once acidic leachate was produced, the ratio passed 1.

Consumption_of Alkaline Minerals

Acid-base accounting results for columns generating acid leachate (1,3,4,5) indicated that no neutralization
potential remained in the residues. Petrographic observations support the conclusion that all limestone was available
for buffering of acidic leachate. Very few limestone fragments were observed in the residues from acidic columns.
In the oxidized part of column 2 (highest limestone concentration), remaining limestone fragments were corroded and
did not have a thick coating of transported limonite.

The lack of limonite rinds on limestone fragments is consistent with the low iron concentrations in leachate
prior to generation of acid and the observed in situ one-for-one replacement of pyrite by limonite (goethite). During
overall pH neutral conditions, iron probably remained at the source of oxidation as goethite and was not transported
to limestone grains. This result is only observed when limestone and acid generating rock are relatively well mixed.
If very acidic conditions are generated in isolated spots, allowing iron to move away from the oxidation site, the
resulting iron would precipitate and cement limestone grains. This shows that the availability of calcareous material
would probably decrease as the mixture becomes more heterogeneous and may explain the result observed for the
layered column. For this column, the higher limestone concentration in the layers did not appear to be available,
perhaps owing to cementing once the material above the individual layers became acidic.

Estimation of Alkaline Mineral Requirements

Four of the columns were predicted to be acid generating based on mass-weighted acid-base accounts, and
all four columns produced acidic leachate during the course of the experiment. Column 2 (6.6% limestone) did not
yield acidic leachate during 5 yr of weathering; however, the upper part of the column was clearly acidic (as shown
by low paste pH and negligible neutralization potential), and sulfate and metal concentrations were increasing at the
time the experiment was terminated. This column fits the relationship (fig. 3):

t504 increase begins — 29NP - 25. (5)

Although based on only five points (fig. 3), the correlation coefficient (r=0.991) is statistically significant with
a confidence level of better than 95%.

It is expected that column 2 would have eventually produced acidic leachate. The time required to produce
acidic leachate for this column can be estimated from results from the other columns. However, since the time taken
for column 1 leachate to become fully acidic is not well defined, the following relationship was determined instead

(fig. 3).
tm,x so4 = 1160'079NP. (6)

For column 2, the peak sulfate concentration is predicted to occur after 2,600 weeks (50 yr). Leachate pH
would be expected to drop to less than 3 about 20 weeks before the peak. The visual progress of the acid generation
front suggests a much shorter time frame. If the rate of migration was constant, acid release would have been
expected in about 15 yr. The sulfate peak would probably have been at a much lower concentration than for the other
columns and would have been poorly defined.
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Figure 3.
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The amount of limestone required to neutralize any acid for an indefinite period cannot be estimated from the
above relationships since neither converges to a limiting value. However, the molar ratio of sulfate to calcium during
the pre-acid leachate phase indicates the release of calcium in proportion to sulfate. The ratio is typically 0.5 to 0.6.
As the conventional acid-base account assumes a 1:1 relationship, the actual NP required to prevent acid release is
double the amount in column 2 (NP=69 kg/mt CaCQ;), or 138 kg/mt CaCO,.

Mitigation of Metal Release by Calcareous Rock Mixing

Results indicated that under fully alkaline conditions where sulfate production is fairly uniform, metal and
arsenic concentrations will remain low and stable. Once sulfate production begins increasing, metal release also
increases. Zinc is the first to appear (at about the same time as increasing sulphate concentrations) followed by
arsenic and copper (the latter being coincident with low pH conditions). This is consistent with commonly understood
relationships between pH and dissolved metal concentrations. It appears therefore that limestone addition will only
delay the release of zinc according to relationships of the form of equation (5), but will delay copper release for a
much longer period (equation 6).

Conclusions
The following was concluded:

1. The actual quantity of limestone required to prevent acid drainage in perpetuity would probably be at least
twice that determined by conventional acid-base accounting provided that the limestone and rock are
intimately mixed (not thickly layered) and zinc release is not expected;

2. The time elapsed before marginally acid generating rock released acidity increased exponentially as the
quantity of limestone increased; and

3. The time elapsed before sulfate and zinc release began increasing prior to release of low pH leachate was
linearly proportional to the neutralization potential.
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MITIGATION OF ACID MINE DRAINAGE
BY THE POROUS ENVELOPE EFFECT!

Luc C. St-Arnaud,? Bernard C. Aubé,>
Mark E. Wiseman,® and Steven R. Aiken*

Abstract: A porous envelope effect may occur in ground water systems when mine tailings of low permeability are
placed within high-permeability soils. If the permeability contrast between the tailings and the natural soil is large,
ground water will flow around the tailings mass rather than through it, and metal leaching will be minimal. A
hydrogeological study at the Falconbridge Fault Lake tailings site suggests that conditions for porous envelope
containment may be occurring. The tailings have been deposited in a kettle lake formed within glacial outwash sand
and gravel. At present, the tailings are mostly above the water table, and surveys using a combination of
electromagnetic geophysical methods and monitoring wells did not detect any presence of metals in the ground water.
A 2-D finite-element numerical model was used to predict conditions that may occur if the water table would rise
within the tailings. The model suggested that the contribution of tailings leachate to the regional ground water system
would be small.

Introduction

In 1992, Noranda Technology Centre (NTC) undertook a hydrogeological investigation of the Fault Lake
tailings site. The site is unique in that a "porous envelope effect” may be occurring. If this is the case, flow through
the tailings mass is low enough, relative to the surrounding, more permeable till, that impact to the ground water by
tailings oxidation is insignificant at the regional scale. The specific objectives of the investigation were to analyze
the chemical and physical hydrogeology of the site, to delineate areas affected by acid mine drainage (AMD)
generated from the tailings, and to verify the presence of the porous envelope effect.

Background

The Fault Lake tailings site is located northwest of the Falconbridge Sudbury operations, approximately 3 km
north of Falconbridge and 0.5 km east of the Sudbury Airport. The tailings were deposited between 1965 and 1978
and were produced from the milling of nickel ore in the Sudbury area. Approximately 6.45 million mt of tailings
containing as much as 50% pyrrhotite were deposited in a depression of a maximum depth of approximately 30 m.
The tailings were contained by dams to the northeast and southeast of the site (referred to as north and south dams).
The deposit has an approximate volume of 3.36 x 10° m® and a surface area of 22.2 ha (55 acres).

During the spring and fall, ponding occurs at the north dam, south dam, and various berms. The water slowly
infiltrates into the tailings and evaporates from the ponds. During the summer, very.little ponding has been observed.
Tailings in areas where ponding has occurred ‘are soft and gray, while the rest of the tailings are hard and crusty,
showing orange traces of oxidation. '
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Conference on the Abatement of Acidic Drainage,Pittsburgh, PA, April 24-29, 1994
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Surficial Geology

Overburden thickness varies within the studied area, from 36 m to more than 60 m. Overburden mainly
consists of coarse to fine glacial outwash sands and gravels, with some large boulders and silt lenses. Kettles, fluvial
terraces, discontinuous crevasse fillings, and eskers within the Fault Lake tailings area are evidence of a glacial
meltwater channel, partly choked with stranded ice blocks. The small round kettle lakes were formed after the late
melting of the stranded ice blocks which were caught among the mass of glacial sediments. The sediments are
assembled in longitudinal formations which follow a northeasterly direction.

Investigative Methodology

Installation of Ground Water Monitoring Stations

The routes by which acid water could be transported from the Fault Lake tailings site were examined by
electromagnetic surveys (Geomar Inc. 1991 and 1992), and probable seepage routes were identified leaving the
tailings site at the base of the north and south dams. Thirteen ground water monitoring stations were placed to sample
the ground water in the sediments directly below the tailings deposit and along the seepage routes. In addition, one
station (FS-2) was located upgradient of the tailings to characterize background conditions. Figure 1 shows the
locations of all the stations and also shows the outline of the original kettle lake as determined from aerial
photographs taken prior to tailings deposition. Bedrock in the vicinity of the tailings site was not believed to have
an important influence on ground water flow in the area.

Measurements of in situ hydraulic conductivity were conducted at most of the monitoring stations using the
"falling-head test." Interpretation of the water level versus time data was conducted using the Hvorslev (1951) method
for point piezometers. Ground water was sampled from monitoring wells in December 1992 and in March 1993.
Sample pH, temperature, oxidation reduction potential (Eh), and electrical conductance were recorded. Acidified
portions were later analyzed for dissolved metal and major ions, and the nonacidified portion was analyzed for
chloride. Tailings pore water and the five kettle lakes in the Fault Lake tailings area (fig. 1) were also sampled in
1992,

Results

Physical Hydrogeology

Measurements indicated that the water table is O to 2 m below the base of the tailings, except at station FS-6,
where there is evidence of a perched water table approximately 8 m above the base of the tailings. At station FS-12,
which is the closest to the center of the original kettle lake, the measured water level was approximately 20 m below
the tailings surface, near the base of the tailings. The fact that nearly all of the tailings are above the water table is
surprising because water was visible in the kettle lake before tailings deposition. Low water infiltration in the tailings
and changes in watershed configurations due to nearby quarry excavation are apparently causing the lowering of the
water table. Regional ground water flow from the tailings watershed was determined to be northeast toward the small
kettle lakes and southeast across the dam.

Hydraulic gradients were calculated for both vertical and horizontal directions. Vertical gradients were near
zero at most of the monitoring stations surrounding the tailings deposit. Beneath the tailings deposit, significant
vertical gradients indicate percolation. Upward gradients suggest partially confined conditions and/or localized flow
paths below the tailings. Horizontal gradients were very small. At the north dam, the horizontal gradient was 0.0002;
at the south dam, it was 0.007.

Measured hydraulic conductivities in the natural overburden were highly variable, ranging from 8 x 10" cm/s
to 2.5 x 10° cm/s. The large variations in hydraulic conductivity are explained by the heterogeneity of the soil,
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typical of ice-contact deposits, which include silts, sands, gravels, and boulders. The higher hydraulic conductivities
occur where fast meltwater flows have formed accumulations of well-sorted sands and gravels. The lower hydraulic
conductivities occur where glacial abrasion and slow meltwater flows have left finer silts.

The geometric average of all hydraulic conductivity measurements in the overburden is 1.6 x 10”* cm/s. This
value is typical of a clean to silty sand and is considered to be representative of the overall effective hydraulic
conductivity of the soils in which the tailings lie. Using the average hydraulic conductivity, a hydraulic gradient of
0.0002, and an estimated effective porosity of 0.30, the calculated velocity north of the tailings is approximately 30
cm/yr. With a horizontal gradient of 0.007, the calculated average velocity south of the tailings is 6 m/yr. This
velocity is only approximate, and actual local velocities may vary by a factor of 10.

The hydraulic conductivity of the tailings was estimated using the Kozeny-Carman equation (Bear 1972), an
estimated porosity of 0.45, and the median particle diameter, or dy,. The resulting estimated tailings hydraulic
conductivities averaged 1.2 x 10”° cm/s, which is consistent with measurements of similar tailings at other sites
(Yanful and St-Arnaud 1992, for example). The measured hydraulic conductivities of tailings and overburden
materials also agree with previous estimates done by Geocon (1985).

Chemical Hydrogeology

Water extractions were performed on six selected samples collected in November 1992 at each of the
monitoring stations located on the tailings. Nickel concentrations ranged from 4 to 644 mg/L, sulfate concentrations
ranged from 3,041 to more than 84,600 mg/L, and total iron concentrations were 0.5 to 466 mg/L.. These values show
evidence of sulfide oxidation within portions of the tailings deposit. Metal concentrations in the pore water are
strongly influenced by downward water movement, chemical precipitation, and dissolution reactions that occur in
the tailings mass. These effects seem to have attenuated nickel in the deeper parts of the tailings to concentrations
of 5 to 8 mg/L.. Thermodynamic calculations done on porewater quality data suggested nickel sulfate could be near
saturation.

Differences in measured metal concentrations could be caused by variations in the intensity of oxidation across
the surface of the tailings. Visual inspection of the tailings shows the development of cracks and crusty layers at the
surface, which could locally influence water and oxygen entry as well as the resulting production of acid. Thorough
investigations of the geochemical sources and evolution of metal concentrations have been done for other sulfide
tailings sites (Blowes et al. 1988) and for the Falconbridge main pyrrhotite tailings site adjacent to the Fault Lake
site (Nicholson and David 1991). The investigation of the geochemistry of the Fault Lake tailings was not part of
the objectives of the present study and was therefore not pursued further than described above.

Background ground water monitoring station FS-2 showed a pH near 7 and nickel concentrations of 0.01
mg/L, iron 0.03 mg/L, and sulfate 30 mg/L. These metal concentrations can be accepted as background concentrations
for ground water at the site since a second sampling showed similar results. Background pH could be lower than that
measured at FS-2 (as low as 6) owing to the infiltration of acidic rainwater.

Ground water sampled near the tailings site in December 1992 and March 1993 had pH values above 6.
Above-background concentrations of nickel were measured in wells FS-3A, FS-3B, FS-9C, and FS-10B; the highest
of these concentrations was 0.5 mg/L (at FS-10) and was measured during only one of the sampling rounds. Only
at FS-3 were the higher nickel levels associated with above-background sulfate concentrations of near 240 mg/L.
Above-background sulfate concentrations were also encountered at station FS-1 (max 339 mg/L) but were not
associated with any above-background metal concentrations.

Sampling results suggest that metal concentrations are not high enough to affect ground water quality. This

is also suggested by the results of surface water quality sampling, which do not show the presence of any metal
above background concentrations.
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Modeling Procedure

Ground water flow around the tailingswas simulated using the saturated-unsaturatedflow modeling program
SEEPN (GEO-SLOPE International 1992). In order to determine the flownet, SEEPN requires the definition of
i) adomain (finite-element grid), ii) soil hydraulic conductivities, and iiij boundary conditions.

Two modelswere defined in order to obtain a quasi-three-dimensional perspectiveof the ground water flows
in the Fault Lake tailings area. The first model was a plan model and was defined as a rectangle with the long edges
parallel to the main flow direction inferred from previous analysis. This model was conceptual only, representing the
flow of water directly beneath the soil surface as affected by the hydraulic conductivity contrast between the tailings
and the surrounding sediments. This did not include the effects of topography or infiltration.

The second model was a cross section across stationsFS-4 to FS-9 (A-A'" infig 1). The model domain started
southwest of piezometer FS-4, extended northeast of FS-9, and passed through FS-6 and FS-8. Elevations were taken
from the monitoring well data where possible; otherwise, the topographic map was-used. Representative hydraulic
conductivities (K) for the soils and tailings were derived from the geometric mean of the field measurements, as
described earlier.
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Constant-head boundary conditions were defined at both ends of the model domains. In the first model, the
constant-heads were set equal to the elevation of the nearest lakes: lake #1 in the south and lake #3 in the north.

In the second model, a water table elevation slightly higher than that measured at FS-4 was used at A; for
A’ the elevation of lake #2 was taken from the topographic map. The infiltration flux across the top boundary was
determined using previous estimates from Yanful et al. (1993) obtained using the HELP (Hydrologic Evaluation of
Landfill Performance) computer program of Shroeder et al. (1984). Different fluxes were used in the SEEP/W
modeling, depending on the slope and nature of the ground surface. The tailings surface infiltration was set to 200
mm/yr, sloped till 250 mm/yr, and flat till 350 mm/yr. It was determined that infiltration into the till would be higher
than that into the tailings since the hydraulic conductivity is higher and the water table is low. This would cause
precipitation to be absorbed by the till and transferred away from the surface (to the water table), thereby limiting
evaporation. On the tailings, evaporation is enhanced by surface ponding, thereby reducing infiltration.

Modeling Results

Flow vectors for the first model are shown in figure 2. The flow vectors illustrate the direction of flow, with
their length being proportional to the flux. The figure clearly shows how the water would flow mainly in the till and
around the tailings because of the higher hydraulic conductivity of the till. Figure 2 is only a conceptual illustration
of actual conditions since this modeling procedure is highly simplified. For realistic results in a plan view,
topography, depth of soils, and infiltration would need to be included into a three-dimensional modeling program.

Figure 3 deplcts the flow characteristics for the cross-sectional model. The figures indicate that the horizontal
flow is predominantly in the till and does not enter the tailings. The only water flowing through the tailings is the
water that infiltrates from precipitation.

The flow vectors in figure 3 show a ground water divide left of the tailings (southwest). Although the general
flow was calculated to be toward the northeast, it is possible that local gradients occur that cause some water to travel
southwest. Such digression in the flow could be caused by manmade changes, such as the gravel pits in the area.
From aerial pictures taken before tailings deposition, it is known that this area was once a lake. The fact that the
water table is now below what used to be the lakebed suggests that local excavation may have greatly affected
regional ground waters. A second influence to the water level is the tailings, which, by decreasing infiltration and
promoting evaporation, reduce recharge to the aquifer. Other human disturbances, such as the building of roads, may
have affected watersheds and ground water flow directions. It is also possible that the present conditions are
temporary, and that the water table could eventually return to previous levels.

To verify the effects that would occur if the water table were to rise into the tailings and saturate the bottom
portion of the impoundment, the constant-head boundary functions at either end of the section were raised. The
results of this simulation showed that, although the bottom 5 m of the tailings are saturated, the flow within the
tailings remains insignificant. This suggests that the increase in metal loading in the ground water due to the water
table rise would not be important.

The use of a 2-D flow model to assess the conditions on the Fault Lake site has inherent limitations. In
particular, any quantification of flow volumes is affected by the fact that all the water is assumed to move only in
the reference plane, while in reality water also moves across the plane. Model predictions based only on ground water
flow can also lead to overestimation of chemical loadings, since metal transport is usually slower than water velocity
owing to chemical attenuation. The flow model can, however, be used to predict the worst-case scenario where no
chemical attenuation takes place. Predictions that account for chemical attenuation are complex and were not part
of the objectives of the present study.
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Discussion

The glacial sediments surrounding the Fault Lake tailings site are characterized by their elongated formation
and relatively high bulk hydraulic conductivities. This creates a flow system with a relatively flat and deep water
table. Several favorable factors contribute to limit the observed metal concentrations downgradient of the tailings.
These factors and their probability of occurring elsewhere follow:

1. Hydraulic conductivity contrast: Sediments of high hydraulic conductivities such as sands and gravels occur
commonly in Canada. The ice-contact deposits surrounding the Fault Lake area possess a high average hydraulic
conductivity, but are also characterized by a high variability due to the process by which they were deposited. Other
sands and gravels may be more uniform, showing less heterogeneity in hydraulic properties and possibly a higher
bulk hydraulic conductivity. As for tailings, measurements at several sites by Blowes et al. (1988) and Yanful and
St-Arnaud (1992) have yielded values close to 10 cm/s, as measured at the Fault Lake tailings. Large hydraulic
conductivity contrasts between tailings and surrounding sediments are therefore possible.

2. Deep water table: The water table in well-drained sand and gravel formations in temperate climates will usually
be far below the ground surface. The depth to water table is also largely affected by topographical features. The
hummocky terrain surrounding the Fault Lake site is largely controlled by the occurrence of the kettle lakes. In other
similar glacial outwash areas, the coarse glacial deposits are commonly elevated, and deep water tables can result,
depending on bedrock topography.

3. Limited infiltration: Infiltration of water through tailings surfaces is usually less than through natural soils. This
is due to the relatively low bulk hydraulic conductivity of the tailings, the high potential for evaporation at the
tailings surface, and the formation of dense crusts which can further reduce conductivity at the tailings surface. At
the Fault Lake tailings site, infiltration could be reduced by encouraging runoff, thus preventing ponding along the
dams.

4. Dilution by regional ground water flow: Large glacial outwash sediment formations normally have high ground
water discharges, which are less susceptible to degradation by point contamination sources. In the case of the Fault
Lake site, results from the second model (A-A’ cross section) suggest that flow upstream of the tailings site would
not be very large. The occurrence of much larger regional flow systems at other sites is possible.

5. Chemical attenuation: Some chemical attenuation in the form of precipitation and adsorption reactions occurs in
most tailings. The degree to which these reactions take place depends on geochemical and mineralogical factors, in
particular those that influence the neutralization potential of the tailings. Chemical attenuation in the Fault Lake
tailings is suggested by the tailings pore water data and could also occur within the natural overburden deposits.

All five factors outlined above contribute to create the porous envelope effect; these factors could probably
be present at other locations near mine sites. Tailings deposition in these types of environments could be done with
little effect on ground water quality, if thorough site evaluations are performed and appropriate control is enforced
at the time of deposition.

Conclusions
1. The piezometric elevations throughout the Fault Lake site, combined with lake elevations, suggest that the regional
direction of subsurface flow is toward the northeast, along with the alignment of the kettle lakes. Some subregional
flow systems could be moving’ground water in other directions.
2. The base of the tailings is at the same level or higher than the water table across most of ‘the site. Low water

infiltration in the tailings and changes in watershed configurations due to nearby quarry excavation are suggested as
causes for the apparent lowering of the water table.
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3. The average bulk hydraulic conductivity of the soil surrounding the tailings is estimated at 1.6 x 10" cm/s. The

hydraulic conductivity of the tailings was estimated using grain size correlations at 1 x 10 cm/s. These values agree
with previous estimates.

4. Analysis of tailings pore water showed elevated values of nickel, iron, and sulfate, indicating the presence of
sulfide oxidation products within portions of the tailings deposit. Metal concentrations are attenuated in the deeper
parts of the tailings. Heterogeneity in measured metal concentrations could be caused by variations in the intensity
of oxidation across the surface of the tailings due to surface effects such as ponding and cracking.

5. Water quality sampling in monitoring wells outside the tailings did not show any evidence of above-background
metal concentrations, which suggests that leaching of metals from the tailings would be minimal. This is also
suggested by the results of water sampling in nearby lakes.

6. Two-dimensional ground water models showed that the flow is diverted around the tailings mass owing to the
hydraulic conductivity contrast between the tailings and the surrounding sediments. The models also showed that
flushing of the tailings by ground water should not contribute significantly to the regional ground water flow system
under present water table conditions, as well as under conditions of moderate rise in water table level.

Factors that contribute to limit metal concentrations downgradient of the Fault Lake tailings are:
- the large hydraulic conductivity contrast between the tailings and the surrounding sediments.
- the low position of the water table relative to the tailings bottom.
- the limited infiltration through the surface of the tailings.
- the dilution of metals flushed from the tailings by water flowing around and below the tailings.
- chemical attenuation of metals in the tailings and overburden.

8. These factors could probably be present at other locations near mine sites. Tailings deposition could be done at

these sites with little effect on ground water quality if thorough site evaluations are performed and appropriate control
is done at the time of deposition.
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POTENTIAL MICROENCAPSULATION OF PYRITE BY ARTIFICIAL INDUCEMENT OF FEPO4
COATINGS
V.P. Evangelou

Abstract: A novel coating methodology was developed to prevent pyrite oxidation in mining "waste." The
mechanism of this coating technology involves leaching mining "waste” with a phosphate solution containing
hydrogen peroxijdc (H»O5); when this solution reaches pyrite surfaces, HyO, oxidizes the surface portion of pyrite
and releases Fe>* so that iron phosphate precipitates and forms a passive coating on pyritic surfaces. This study
demonstrated that iron phosphate coatings on pyritic surfaces could be established with a solution containing as low
as 10™" mol/L. phosphate and 0.027 mol/L. H,O, and that the iron phosphate coating could effectively protect pyrite
from oxidizing further. Development of this coating methodology could mean solution to production of acid mine
drainage from certain types of mine "waste." Further investigations are being carried out to extend this methodology
to practical use.

Introduction

Pyrite oxidation in mining "waste" or overburden is considered as the main cause for the production of acid
mine drainage (AMD). The need to prevent AMD formation has triggered numerous investigations into the
mechanisms of pyrite oxidation and its prevention (Singer and Stumm, 1970; Silverman, 1967; Nordstrom, 1982;
Kleinmann et al., 1981; Ziemkiewicz, 1990).

It has been repor&ad that pyEite in mining wastes or coal ovgrburden is initially oxidized by the atmospheric
O%, producing H¥, SO4%", and Fe“* (Nordstrom, 1982). The Fe“* produced can be further oxidized by O, into
Fe3+, which in turn hydrolyzes into amorphous iron hydroxide and releases additional amounts of acid into the
environment (Nordstrom, 1982). In this initial stage, pyrite oxidation in pyritic "waste" is a relatively slow process
(Ivanov, 1962). As acid production continues and the pH in th% vicinity of the pyritic surfaces drops below 3.5, the
formation of ferric oxide i§ hindered and the activity of free Fe>™ in solution increases. Under these conditiogls, the
oxidation of pyrite by Fe>* becomes the main mechanism for acid production in mining wastes since Fe>% can
oxidize pyrite at a much faster rate than O, (Singer and Stumm, 1970). Meanwhile, at low pH, an acidophilic,
chemoautotrophic, iron-o§idizing bacterium,zl'hiobaci lus ferrooxidans, flourishes; it can catalyze and accelerate the
oxidation of Fe“* into Fe>* by a factor larger than 10° (Singer and Stumm, 1970) and thereby effectively recycle the
iron released from pyrite as a major oxidant of pyrite or as an electron conductor between FeS, and O, (Kleinmann
et al., 1979). Thiobacillus ferrooxidans is thus considered to be primarily responsible for the rapid oxidation of
pyrite in mining wastes at low pH (Nordstrom, 1982).

So far the apprqj'lchcs to preventing pyrite oxidation are mainly based on the above mechanisms ang are
aimed at eliminating Fe>* from pore waters. These approaches include the use of phosphate to precipitate Fe "'i'n
the insqjuble form as FePO (Ziemkiewicz, 1990) and the application of bactericides to inhibit the oxidation of Fe +
into Fe°* (Kleinmann et al., 1981). Both approaches have shown a certain degree of success in preventing pyrite
oxidation and acid production in pyritic "waste"; however, they both have two weaknesses-they are costly and have a
short span of effectiveness. The main reason for the failure of these methods is thaé the surfaces of pyrite particles in
mining "waste” are still exposed to the atmospheric O, after treajment; as Fe * accumulates and Thiobacillus
ferrooxidans repopulates on pyritic surfaces, pyrite oxidation by Fe”* and acid production is initiated (Kleinmann
and Crerar, 1979). To completely prevent pyrite oxidation, it appears essential to block the access of the atmospheric
O, to pyritic surfaces.

The purpose of this study was to examine the feasibility of creating an iron phosphate coating on pyrite
surfaces to prevent pyrite oxidation. The basic hypothesis for this coating approach wag that by leaching pyritic
mining "waste" with a phosphate solution containing a low concentration of HyO», the Fe * released from pyrite by
H,0, will react with phosphate to form a passive FePOy4 coating on pyrite surfaces. Thus, at the expense of a small
fraction of pyrite, oxidation of pyrite and production of acid could be prevented.

Theory
Pyrite Oxidation by H,0,

Pyrite oxidation by HyO, can be described as follows (Huang and Evangelou, 1992):
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FeS, + 7.5Hy0, = Fe3* + 25042 + HY + TH,0 [1]
FeSy ( H,0,
Fe2+

According to equation 1, pyrite oxidation is an autocatalytic process because one of the oxidation products, Fe3*,
can also oxidize pyrite. The rate law corresponding to this oxidation mechanism can be written as

-AM/dt = (k[Hy04] + ky[Fe3 KM, [2]

where M is number of moles of pyrite in the system at any time t. [H 32] and [Fe3"'] refer to concentrations of
H,O, and Fe>*, while k and kj refer to the rate constants of HyO, and Fe®, respectively; K stands for the specific
surface of pyrlte

By moving M in equation 2 to the left-hand side, integrating with respect to M and expressing it as log to the
base 10, equation 2 becomes

-dlogM/dt = (k1/2.3[Hy02] + ky/2.3[Fe3+]K. [3]

According to equation 3, the first-order plot of log M versus t will be curvilinear even if [H5O5] is kept
constant. Whether the plot concaves doxgn or up depends on whether the Fe3* concentration in the system increases
or decreases with time. However, if Fe-™ is prevented from oxidizing pyrite and [H,O5] is kept constant, the plot
will be a straight line.

Pyrite Oxidation by H,0, in the Presence of Phosphate
Pyrite oxidation by HyO, in the presence of phosphate can be described by:

FeS, +7.5Hy0, + HyPOy™ = FePO, + 25042" + 3H' + 7TH,0. [4]

The iron phosphate formed can precipitate either as a discrete phase or as a coating on pyritic surfaces, depending on
the degree of the supersaturation of the solution on pyritic surfaces with respect to iron phosphate (Huang and
Evangelou, 1992). If the degree of supersaturation is relatively low, the iron phosphate might not precipitate
instantly and thereby exist as a discrete phase. In this case, equation 3 becomes

-dlogM/dt = Kk1/2.3[Hy0,]. [51

This equation implies that the precipitation of iron phosphate as a discrete phase is characterized by the linear first-
order plot of log M versus t if [HyO 2 is kept constant.

If the degree of supersaturatxon with respect to iron phosphate is high, iron phosphate will precipitate as a
coating on pyritic surfaces. The rate of pyrite oxidation should be smaller than that predicted by equation 5 as pyrite
oxidation is not only surface chemical reaction-controlled but also coatings-controlled. In this case, the kinetics of
pyrite oxidation would be described by the shrinking core model (Huang and Evangelou, 1992; Nicholson et al.,
1989):

t=1/(Ds'C){1-3(1X)2B+2(1-X)} +1/(Ks'C) { 1- (1 - X)1/3} [6]

where t is the time required for a specific fraction (X) of pyrite to oxidize in the system and C is the concentration of
H50, in the bulk solution. Ds' is the apparent diffusion coefficient for HyO, through FePOy4 coatings and Ks' is the
first-order rate constant with respect to pyrite. The first term in equation 6 descnbes the eé'cct of accumulation of
iron phosphate precipitates on pyritic surfaces on the rate of pyrite oxidation. The second term describes the first-
order kinetics with respect to pyrite itself. Note: The second term in equation 6 is the same as equation 5.

Materials and Methods.

The sample used in this study was a pyritic shale with 6.5% pyrite. The shale sample was pulverized, passed
through a 60-mesh sieve, and stored in a plastic bag. Part of the pulverized sample was used to separate pyrite using
a heavy liquid, 97% tetrabromoethane. The separated pyrite particles were washed with 4 mol/L hydrofluoric acid to
remove silicate and iron oxides and then rinsed repeatedly with nitrogen-purged distilled water. The cleaned sample
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was then dried and stored in a vacuumed desiccator. X-ray diffraction analysis indicated that the separated sample
was pure pyrite and free of any crystalline impurities.

To prove the feasibility of coating pyrite with iron
phosphate, we leached a mixture of 50 mg of the separated pyrite
sample and 500 mg of 140-mesh sand with the following three
solutions, using a chromatographic column (fig. 1) and a
peristaltic pump at a flow rate of 0.5 mL/min and a temperature
of 40°C: 0.147 mol/L. HyO,, 0.147 mol/L H,O, with 0.013
mol/L. disodium ethylene%iiarrﬁnc tetraacetate (EBTA), 0.147
mol/L (P:IdzO?l with 0.01 mol/L. KHyPO4. All three solutions

0.

contain mol/L. NaCl as background electrolyte and were
adjusted to pH 4 with 0.01 mol/L HCI1. At pH 4, it was expected
that the Fe’' produced during pyrite oxidation was either
completely complexed by EDTA or precipitated by phosphate as Heavy woit
FePQ,. The pyrite-sand mixture in the column was pressed into gloss column
a disc with a diameter of 10 mm and a thickness of 3 mm and ¢ kot ]
preleached with 50 mL of 2 mol/L HCI to guarantee removal of Aerylic lacket ']%T o
free FeSO4 and iron oxides. The leachate from the column was Interchangeable =
collected at 20-min. intervals with a fraction collector. olyerane, |§

At the end of leaching, the residual pyrite particles in the Polypropylene, %
pyrite-sand mixture were separated with 97% tetrabromoethane. or PTFE) =
The residual pyrite particles were further washed with acetone e e =
and dried in a vacuumed desiccator. The surface status of pyrite a leak frae seal =
particles was then examined using scanning electron microscopy Threaded =
and diffuse reflectance infrared spectroscopy. acetal |

To determine the effectiveness of the coating approach in factet eap
preventing pyrite oxidation, two columns with a mixture of 0.5 g i
of the pulverized shale and 0.5 g of 140-mesh sand were leached end cop po>
first with 50-mL of 2 mol/L HCl to expose pyritic surfaces and PTFE end Ll
thel}l with 500-mL of pH 4 solutions containing 0.1 mol/L. NaCl, firting — (IO
10"* mol/L. KHyPOy, and 0.053 mol/L H,O, to coat pyrite e 20t =
particles. The Ieachates were collected in"a 500-mL bottles. adapter “

One of the columns was leached again with 50 mL of 2 mol/L
HCI to remove the iron phosphate coating. Both columns were
then subjected to leaching at 40°C with a pH 4 oxidizing
solution containing 0.1 mol/L. NaCl and 0.088 mol/L. H,O, to
test the effectiveness of the coating in preventing pyrite  Figure 1. Chromatographic column for
oxidation. Leachates were collected at 20-min intervals using a pyrite leaching experiments.
fraction collector. All the leaching experiments were conducted
using the chromatographic column (fig. 1) at 40°C and a flow
rate of 0.5 mL/min.
Sulfate concentration in the leachates was measured using turbidometry with BaCl). The amount of pyrite
remaining in the column was calculated according to the FeS,-SOy stoichiometry and the extent of pyrite oxidation
was expressed as percent of remaining pyrite versus time.

Results and Discussion

Kinetics of Pyrite Oxidation During Leaching

Figure 2 shows the first-order plot of log (100 x M/Mo) versus t (Mo = original amount of pyrite, and M =
amount of unreacted pyrite at any time t) for the data of pyrite oxidation when pyrite was leached with the three
solutions listed in the caption. During leaching with 0.147 mol/L H,0,, pyrite rapidly oxidized and by the end of
leaching, 70% of pyrite was oxidized. The first order plot was curvilinear and concaved up. Since the total volume
of pores in the pyrite-sand column was small (the total volume of the column was 0.058 cm™), the concentration of
HyO, used was high, and the residence time of the leaching solution within the column was low, it was assumed that
H,0, concentration in contact with pyritic surfaces was always constant. With this assumption, the curvature of the
first order plot can be attributed to oxidation of %yn'te by Fe>* (equation 3). The analysis of the iron in the leachate
indicated that the amounts of the soluble Fe-* released from pyrite decreased dramatically with time, and
approximately 50% of iron released from pyrite precipitated as iron hydroxide within the column by the end of
leaching (fig. 3A).
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When pyrite was leached with the solution containing
0.147 mol/L. HyO, and 0.013 mol/L EDTA, the rate of pyrite
oxidation decreased, especially during the initial stage of
leaching, but it did not stop; at the end of leaching,
approximately 65% of pyrite was oxidized, a value close to that
for being leached with 0.147 mol/L HyO,. The first order plot
was a straight li%e (fig. 2, curve B). %’hls indicated that pyrite
oxidation by Fe®* had been completely inhibited by EDTA
(equation 3). Analysis of iron in the leachates confirmed that
100% of the iron released from pyrite was instantly flushed out
of the column (fig. 3, curve B).

When the pyrite was, leached with the solution containing
0.147 mol/L. HyO, and 10™“ mol/L KH,POy, almost 99% of the
iron released from the pyrite was precipitated by phosphate (fig.
3, curve ©). The precipitation of iron as FePO4 might influence
the rate of pyrite oxidation via two, mechanisms: (1) by
inhibiting the oxidation of pyrite by Fe3* or (2) by forming a
passive coating. As shown in figure 2, pyrite oxidation during
leaching with the solution containing 0.147 mol/L. HyO, and
0.01 mol/L. KH,PO4 was much slower than that during%eaching
with the solution containing 0.147 mol/L. HO, and 0.013 mol/L
EDTA (fig. 2, curve C). Before 300 min, the first-order plot was
nearly parallel to that of EDTA treatment. This indicates that at
the initial stg'l_%e of leaching phosghate inhibited oxidation of
pyrite by Fe>* by precipitating Fe>t as FePOy, but not all the
iron phosphate had precipitated as coating. After 300 min of
leaching, pyrite oxidation nearly stopped. At the end of
leaching, more than 70% of pyrite was preserved. The above
results clearly suggest that by leaching with the phosphate
solution containing HyO,, we can establish an iron phosphate
coating on pyrite surfaces at the expense of surface portions of
pyrite particles.

The growth of iron phosphate coatings on pyrite surfaces
during leaching with phosphate solution containing H,O, can be
well explained with the shrinking core model. As indicated in
the Theory section, the second term in equation 6 represents
first-order kinetics with respect to pyrite. During leaching with
the3 solution containing HyO, and EDTA, pyrite oxidation by
Fe?* was inhibited and no ‘Coatings were supposed to form.
Thus, the rate of pyrite oxidation by H,O, is of the first order
with respect to pyrite. This was cleai% confirmed by the
linearity of the plot of t versus {1-(1-X)*/°} (fig. 4) (deviation
from straight line at around 700 min is believed to be due to the
failure of the linear relationship between the surface area and the
mole number of the remaining pyrite (Turner, 1960)). With the
apparent first-order rate constant obtained from the plot in figure
4, we expressed the data of pyrite oxidation during leaching with
the solution containing 0.147 mol/L. HyO, and 0.01 mol/L
KH,POy as a plot of t-1/(Ks'C){1-(1-X)!17} versus {1-3(1- X)23
+ (1-)?)} (fig. 5). The values of t-1/(Ks'C){1-(1-X)3}
represent the extra time required for HyO to oxidize a given
fraction of pyrite due to iron phosphate coatings. As shown in
figure 5, the plot followed a straight line after 200 min of
leaching. The shrinking model requires that all the iron
phosphate formed precipitate as a coating on pyritic surfaces.
The deviation from linearity before 200 min indicates that some
iron phosphate did not precipitate as coating. Part of the reason
is that the concentration of acid produced by pyrite oxidation
was relatively high during the initial stages of leaching (pH of
the leachates was 2.7 in the first 200 min of leaching). The acid
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can inhibit formation of iron phosphate coatings owing to its
influence on the degree of supersaturation with respect to FePOy
and thereby increase the amount of pyrite oxidized to create iron
phosphate coatings. The use of a buffer reagent will greatly
decrease the amount of pyrite oxidized to create the coating.

Surface Analysis

Scanning electron microscope photos show that after
leaching with 0.147 mol/L. H,O,, the residual pyrite particles
were coated with a layer of iron fiydroxide. But the framboidal
morphology of most pyrite particles were still distinguishable
(fig. 6A). This indicates that iron hydroxide did not precipitate
as a coating owing to its relatively high solubility, although 0.1
mol of iron hydroxide formed during leaching within the
column. As expected, the residual pyrite particles leached with
the solution containing 0.147 mol/L H,O, and 0.013 mol/L
EDTA were free of any coatings (fig. 65% g’lost pyrite particles
displayed a typical framboidal morphology. Nevertheless, after
leaching with the solution containing 0.147 mol/L HyO, and
0.01 mol/L. KH,5POy, residual pyrite particles were so heavily
coated with FeP64 that crystals constituting pyrite particles were
barely identifiable (fig. 6C). In addition, pyrite particles were
much smaller than was observed for residual pyrite particles
after leaching with HyO, or HyO, plus EDTA. This indicates
that leaching with the phosphate solution containing HyO, will
introduce an iron phosphate coating on any size of pyrite
particles.

Time ()

Figure 4.
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Figure 6.

Scanning electron microscope photos showing the
surface status of pyrite particles after leaching with A,
0.147 mol/L H,O,; B, 0.147 mol/L H,O, plus 0.013
mol/L. EDTA; é, .147 mol/L. HyO9 p%us 0.01 mol/L
KH,PO4.



Considering an FePOy, precipitate of 0.1 mol with an FePOy gravity density of 2.73 g em™3 and a pyrite
specific surface of 7.3 m?/g, its thickness was estimated to be approximately 188 A (assuming that all the iron
phosphate was precipitated as coating). Although the coating appears to be thin, the results in figure 2 indicate that
once the coating was established H,O, in the coating solution could no longer attack pyrite, and that iron phosphate

coating was an effective HyO-diffusion inhibitor.

To further understand the chemical properties of the iron phosphate coating, we repeated the leaching
experiment with two columns of pure pyrite (50 mg pyrite and 500 mg sand) and the solution containing 0.147 mol/L.
H»0, and 0.01 mol/L. KH%PO4. At the end of leaching, one column continued to be leached with 50 mL of 2 mol/L

HCL. The leachate was an
was 1.0, indicating that the coating was FePO,4 and no hydroxyl
entered the structure of iron phosphate. The pyrite in the other
column was separated from the pyrite-sand mixture and its
surface was examined using diffuse reflectance infrared
spectroscopy (FT-IR). As shown in figure 7 (curve A), after
Eeaching with the solution containing 0.147 mol/L. HO, and 10°
mol/L 9POy, the intensity of the IR absorption band at
439.7 cm™ on the spectrum of the pyrite dramatically decreased.
This absorption band was due to the vibration of the disulfide (S-
S) in the lattice of pyrite; the decrease in intensity of this band
strongly confirms the presence of the coating on pyritic surfaces.
Three additional bands at 1624.3, 1184.7, a.nld 1156.7 cm™ and a
broad band ranging from 3700 to 2800 cm™" were also observed
on the spectrum of the FePi)4-coated pyrite (Fig. 7A). The
absorptior\ band at 1624 cm™" and the absorption hump around
3000 cm™* are attributable to the bending vibration and rotation
of water molecules either adsorbed on iron phosphate or within
‘the structure of jron phosphate. The adsorption bands at 1184.7
and 1156.6 cm™" are due to the P-O internal stretching vibration
of PO, group (Nanzyo, 1986). Comparison of the spectra of
FePOy-coated pyrite and amorphous iron phosphate indicates
that the iron phosphate coating is most likely amorphous
material (Fig. 7A and 7C). However, the slight splitting of the
P-O stretching vibration band at 1168 cm™ suggests the
tendency of iron phosphate coatings to become crystalline.

Effectiveness of the FePQ, Coating in Preventing Pyrite

Oxidation

We further tested the feasibility of this coating approach
in preventing pyrite oxidation with the pulverized pyritic shale
(the sample from which the pure framboidal pyrite was
separated). We first leached the shale sample (500 mg) with 500
mL of a solution containing 0.053 mol/L. HyO, and 10" mol/L
KH,POy. This coating process consumed approximately 10%
of the total amount of pyrite in the pyritic shale. The pyritic
shale was then subjected to leaching with 0.088 mol/L. HyO, to
test the effectiveness of the coating in preventing “pyrite
oxidation. As shown in figure 8, after leaching with 0.088 mol/L
H, O, for 800 min, only 15% of pyrite in the coated pyritic shale
was oxidized, as opposed to more than 80% of pyrite oxidized in
the uncoated pyritic shale. This result strongly suggests that the
iron phosphate coatings can effectively protect pyrite from
oxidizing.

Conclusions

The results of this study demonstrate that an amorphous

iron phosphate coating can be established on the surfaces of

pyrite in mining "waste" by leaching with a phosphate solution
containing HyO, and that the iron phosphate coating could
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effectively prevent pyrite oxidation.

The above conclusion sheds light on a possible solution to the long-unsolved problem of acid mine drainage.
This coating approach or technology, if finally extended into practical use, has the following advantages over other
approaches. First, due to the permanence of iron phosphate coatings on pyritic surfaces, pyrite particles in mining
"waste" can no longer be oxidized and release acid; thus the prevention of the production of acid mine drainage could
be permanent. Second, this coating approach does not require the physical mixing of coal wastes with ameliorants
and thus can greatly simplify the operation. Third, the coating approach involves using only low concentrations of
phosphate and hydrogen peroxide and can dramatically decrease the costs incurred in the operation.

The conclusions drawn in this study are mainly based on the small column experiments, where the effect of
the acid produced during leaching with the coating solution on formation of iron phosphate coatings was minimized.
It is expected that if we use the coating solution to leach large piles of coal "waste,” the pH and concentrations of
H,0, and phosphate will decrease as the coating solution goes through the coal wastes. It has been proven in our
la%oratory that decreases in concentrations of HyO, and phosphate will not significantly influence the efficiency of
the coating solution. Nevertheless, the decrease in pH can pose a severe problem; when the pH of the coating
solution drops below 4 or to 2, the solution no longer serves as a coating solution but becomes an oxidizing solution.
Therefore, it seems essential to introduce a buffer in the coating solution to maintain the pH and the efficiency of the
coating solution. Currently, in our laboratory, we are developing a coating solution with an optimal concentration
combination of HyO,, KHyPQOy, and a buffer reagent to prevent coal wastes from producing acid drainage.
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SHOTCRETE AS A CEMENTITIOUS COVER FOR ACID GENERATING WASTE ROCK PILES'

C.E. Jones? and J.Y. Wong®

Abstract: A research program supported by both Westmin Resources and the Canada-British Columbia
Mineral Development Agreement (MDA) has evaluated the use of cementitious dry surface covers for the
prevention of water and oxygen infiltration into acid-generating waste rock piles. This paper presents the
results of a field trial of a dry cover over a large test area on a waste rock pile at the Westmin Myra Falls site
near Campbell River, BC, Canada. The objectives of this study were to apply the cementitious cover in the
most cost effective manner and to evaluate the material properties and the long-term efficacy of the cover
system. Approximately 3,500 m® area was covered using the shotcrete process. A robotic arm mounted onto
a vehicle was used to apply the shotcrete onto the rock slope. The cementitious material used in the project
incorporated high volumes of fly ash (a waste product) to reduce the material cost. The shotcrete mix also
included the use of polypropylene fibers to control cracks. Costs of materials and application of the cover were
determined. The test area was instrumented with survey markers to monitor settlement in the rock slope. The
performance of the test area was-monitored for 1-yr-te evaluate the durability of this cover when subjected
to field conditions. Compressive strength increased over the 1 yr period, and all samples achieved or exceeded
the design criteria. Some plastic shrinkage cracks were observed in the shotcrete immediately after application
but after 1 yr of exposure these cracks did not appear to have expanded.

Introduction

The Westmin Resources Limited, Myra Falls Operations is a 3,650 mt/d copper-zinc-gold-silver mine
located in a narrow steep valley in the central region of Vancouver Island, BC. The climate of the site is
classed as Marine West Coast by the Koppen system, with a mean annual precipitation of approximately 300
cm, with over 75% of the total precipitation occurring between October and March. Most of the waste rock
from the mining operations has been placed in dumps constructed along the north valley wall, east of the
inactive open pit. The waste rock dumps contain sulfide minerals and have been generating acid drainage with
elevated metal loadings, particularly zinc, copper, and cadmium, for at least a decade. A water collection and
treatment system is presently in place to protect the downstream environment; however, reclamation of the
waste rock dumps and the eventual decommissioning of the mine will require a long-term control method for
acid generation and drainage at the mine site. Ideally the long-term control method should restrict the
availability and contact of oxygen and water, the primary ingredients of the acid generation process, with the
reactive waste rock.

The mine’s decommissioning plan recommended that the closure strategy for the waste rock dump focus
on preventing acidic water from moving downward to the water table (C.E. Jones and Associates Ltd. 1992).
Restricting the access of oxygen and surface water infiltration to reactive waste rock can be achieved using
covers and seals. The restriction of water can potentially reduce the formation of acid and the subsequent
transportation of the oxidation products away from the source (BC Acid Mine Drainage Task Force, 1989).
A variety of materials have been proposed to provide covers for reactive waste rock or tailings, including soils,
synthetic membranes, compacted clay and till, asphalt, and concrete. The draft ARD (Acid Rock Drainage)

'Paper presented at the International Land Reclamation and Mine Drainage Conference and the Third
International Conference on the Abatement of Acidic Drainage, Pittsburgh, PA, April 24-29, 1994.

2Carol E. Jones, Principal, Northwest Geochem, a division of C.E. Jones and Associates Ltd., Victoria, BC,
Canada.

%Joe Y. Wong, Materials Engineer, Powertech Labs, Surrey, BC, Canada.
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Technical Guide (BC Acid Mine Drainage Task Force, 1989) and Malhotra (1991) discuss the relative
advantages and disadvantages of the various types of covers.

A limiting factor governing the use of various materials proposed for use as covers is the cost associated
with large-scale application (Malhotra et al. 1990). Conventional portland cement shotcrete is a well known
technology for stabilizing vertical rock faces; however, this type of system becomes expensive for application
on large areas where control joints, mesh reinforcement, and increased thickness are required.

Recent studies by CANMET and others (Morgan and McAskill 1990; Langley and Dibble 1990;
Seabrook 1992) have shown that a fiber-reinforced, high-volume fly ash shotcrete can be used successfully in
large-scale applications. The system incorporates discrete polypropylene fibers to increase toughness and
inhibit cracking and uses large volumes of fly ash to lower material cost. A limited number of field trials have
been conducted, but more data are required to determine the long-term effectiveness of the proposed capping
systems.

Northwest Geochem, in conjunction with Powertech Labs Inc., has been researching, developing, and
testing a cementitious cover that incorporates mine tailings. Laboratory trial mixes and limited small scale tests
have indicated that there is great potential in this type of capping system (Gerencher et al. 1991). These trials
also evaluated the effects of addition of fibers and fly ash to the shotcrete mix.

This paper presents the results of a large-scale test in which a shotcrete cover was applied to a portion
of a waste rock dump. The primary objective of the test was to evaluate material properties and the long-term
efficacy of the field-placed shotcrete. In addition, a large-scale test provides an opportunity to develop and
use the best practicable technology to install a shotcrete cover material on reactive waste rock. This test site
represents an open-ended system; therefore the effectiveness of large scale cover placement on restriction of
acid generation and drainage was not evaluated, and detailed instrumentation to monitor ARD parameters was
not installed. ' '

Methods
Site Preparation

The shotcrete test was performed on an area of the waste rock dump which was not benched and had
a slope between 37° and 39°. To facilitate this test, the upper 10 m of the dump was resloped to a grade of
22° (figure 1). After resloping, the test area was compacted using a vibrating Bomag roller. Although
shotcrete can be applied to vertical slopes, the shallower grade was required for the use of the robotic arm
shotcrete spraying equipment and subsequent placement of overburden and vegetation planned for the test
area. An 8-m-wide access road was constructed at the base of the test slope. The approximate area of the
test site was 3,500 m?. The capping system was designed to connect with a diversion ditch that extends around
the perimeter of the mine area.

Materials

One of the largest costs in using a cementitious dry cover is the transportation of raw materials such
as aggregate and cement to the site. In a previous study by Northwest Geochem and Powertech (Gerencher
et al. 1991), coarse mine tailings were used as an aggregate in the shotcrete. mix and would eliminate the need
to import aggregate from Campbell River (located 85 km from the mine site). That study indicated that mine
tailings can be used effectively as aggregate in a cementitious dry cover. However, the coarse tailings are also
used as mine backfill and may not be available for reclamation use. It is envisaged that during the final
reclamation, the crushers at the mine will produce an aggregate to be used for shotcrete covers. The concrete
can then be batched directly on site. For this field trial, it was not economical to set up a concrete batch plapt
on site. The proportioned aggregate along with the fly ash and water were trucked from Campbell River in
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Figure 1. Schematic of large scale field application of shotcrete.
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ready-mix trucks. Each truck contained 6 m® of aggregate. The cement was added to the truck on site. The
mix proportions are given in table 1. The mix design was chosen with emphasis on optimizing the material
costs. Since cement is an expensive material in a shotcrete mix, fly ash, a waste product from coal-fired power-
generating plants, was used as a partial replacement for cement.

Approximately 100 m? of the test area were covered with a mix where coarse tailings were substituted
for concrete sand (table 2). Since weighing facilities were not available on site, the tailings were added
volumetrically, which resulted in a less accurate batch. The tailings did not blend well with the cementitious
material and required a high water content to allow the mix to flow from the truck.

Equipment

Another major cost of this dry cover system is the application of the shotcrete. In Westmin’s final
closure plan, the approximate area required to be covered is 6 ha. Therefore it is imperative that equipment
be used that can produce consistent quality shotcrete at very high production rates. The wet mix shotcrete in
this project was applied using a robotic arm mounted on a rubber-wheeled carrier. The robotic arm is
mounted on a turret with a 360° swmg The spray boom has a reach of 10.4 m. The shotcrete nozzle, attached
to the end of the spray boom, is able to tilt 120° and has a rotation of 270°. The wet-mix concrete was
pumped to the nozzle using a diesel-powered double-piston shotcrete pump through a 63.5-mm-diameter
delivery hose. The arm is remotely controlled by an operator using a series of toggle controls.

Application of Shotcrete

The shotcrete was applied during August 1992. The crew consisted of one nozzleman, one helper, and
one pumpman. The equipment did not require any major assembly and was mobilized i in only a few hours.

The cement was added to the concrete trucks on site and was allowed to mix for at least 30 min. The
concrete was then discharged into the hopper of the shotcrete pump. The pumpman controlled the amount
of shotcrete supplied to the nozzle. The nozzleman controlled the shotcrete nozzle and the placement of the
shotcrete onto the waste rock dump.

Table 1. Proportions for primary mix.

kg/m®
Type 10 cement 139
Fly ash ' 217
Concrete sand (<5 mm) 1,815
Water (water/cement ratio = 0.38) 138
Polypropylene fibers : : 4
Table 2. Proportions for tailings mix.
kg/m®
Type 10 cement 167
. Fly ash 174
Tailings 1,500
Water (water/cement ratio = 0.76) 260
Polypropylene fibers 4
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The common spraying sequence started with the boom fully extended at its maximum reach. The nozzle
was usually positioned approximately 1 to 1.5 m from the surface. The boom was then swung side to side in
a sweeping motion and was slightly retracted after each sweep. A nominal thickness of 75 mm of shotcrete
was chosen for this test. Approximately 80 to 90 m? were covered without having to move the vehicle. Owing
to the relatively smooth surface produced by the compaction of the waste rock, the thickness of the shotcrete
cover was quite uniform. :

The production rates achieved in this test program were higher than production rates achieved using
conventional application methods. The entire test cover took approximately 5 days to install. The average rate
achieved was 150 m?h. On some occasions production rates of 200 m2/h were achieved. However, this type
of equipment was originally designed for lining tunnels, and the movements of the boom are not suited for
application on near-level grades. For example, the swinging motion of the arm resulted in wear on the clutch
in the turret. Another improvement that would make the shotcrete application more efficient would be to use
a smaller, more mobile vehicle that could easily traverse the shallow slopes. '

There is potential to further enhance productivity by using a larger diameter delivery hose. For
example, the use of a 75-mm-diameter delivery hose (versus the 63.5-mm hose used in this application) would
increase. production by at least 30%. The use of a larger hose would also reduce the plugging of the lines,
which was a concern in this project. ‘

Instrumentation

After the application of the shotcrete, a grid of survey markers was installed onto the cover at 5 m
spacings and survey locations were determined.

Laboratory Testing

A number of laboratory tests were performed to characterize the quality of the shotcrete cover. Six
shotcrete panels (1 m by 1 m by 150 mm) were prepared in the field for laboratory testing. Panels 4 and 5
were composed of the tailings mix; the others were shot from various batches of the primary mix.

Compressive strength tests were performed on cylinders 150 mm in diameter and 300 mm in length
cored from the test panels at various stages of curing. The results of these tests are given in table 3 and
illustrated in figure 2.

Table 3. Compressive strength of shotcrete (MPa).

Age of cylinders
28 days 100 days 200 days 400 days
Panel 1 16.3 19.5 271 332
Panel 2 7.1 9.4 10.4 24.2
Panel 3 8.1 11.6 13, 29.0
Panel 4 (tailings) 10.9 16.2 16.6 22.0
Panel 5 (tailings) 13.1 21.0 32.2 331
Panel 6 7.9 12.0 1k 212
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As a surface sealant, high-strength shotcrete is not required as long as it impedes infiltration of water
and oxygen. The design objective was to achieve 15 to 20 MPa in compressive strength. After 400 days all
of the panels achieved strength greater than the design objective. The strength gain was generally low over
the first 200 days, during the winter period, but increased in the following 200 days during the warmer summer
period. While all of the panels achieved the design objective for compressive strength, the values at 400 days
range from 22.0 to 33.1 MPa. The inclusion of a superplasticizer would reduce this variability in the quality
of the mix, but would increase the cost.

Concrete is typically a brittle material, exhibiting very low tensile strengths. Therefore, unreinforced
concrete will tend to crack and separate following small deflections. Because the shotcrete material is designed
for use as a surface sealant on a waste rock dump, the hardened concrete will require ductility to withstand
local settlement within the waste slope. To evaluate the ductility of the test panels, toughness index tests were
performed in accordance with ASTM C1018, Standard Test for Flexural Toughness and First-Crack Strength
of Fiber Reinforced Concrete (Using Beam with Third Point Loading). Beams (100 mm by 100 mm by 350
mm) were cut from the shotcrete panels for flexural testing at 100 days’ cure. Toughness of the shotcrete is
defined as the total energy absorbed prior to complete separation of the specimen. This energy can be
measured by calculating the area under the load deflection curve in flexure. The toughness in plain concrete
is quite low and failure of the specimen usually occurs when the first crack develops. When fibers are present,
the cracks cannot extend without stretching or debonding the fibers. As a result, considerable additional energy
is required before complete fracture of the material occurs. The toughness index is defined as the ratio of the
absorbed energy at various crack widths as compared to the absorbed energy when the first crack occurs. The
results of the flexural tests (table 4) are variable, but the values are generally lower than the desired toughness
indices of I;>3 and I,,>6. These low values are not unexpected since a low fiber content (4 kg/m®) was used
to reduce the cost of the product. The field performance will be monitored to evaluate if this fiber content
is adequate for this application.

Monitoring Program

No movement of the shotcrete cap was detected when the survey markers were remeasured in March
1993. A visual assessment was carried out in September 1993, and the overall durability performance of the
cap was good. There was no evidence of major cracking or movement in the cap. The shotcrete did not
appear to have suffered any frost damage or erosion. Some minor cracks were observed in two small areas
where the shotcrete was thinner than the 75-mm standard depth. Iron staining was observed on these areas
as a result of water flow from the waste rock dump through the shotcrete panel. The source of this flow is
not certain, but it would appear to be lateral movement of water through the dump. The dump material is
composed of a high percentage of fine particles and therefore retains moisture near the surface. Some plastic
shrinkage cracks were observed in the shotcrete immediately after application. The primary cause of these
cracks was the high rate of evaporation before initial set. In November 1992, cores were taken through a
number of these cracks; some were found to extend through the cap, and others terminated approximately
halfway through the cap. After 1 yr of exposure, these cracks did not appear to have expanded.

Cost of Shotcrete Cover

A major consideration in the design of the testing program was cost. Table 5 provides a breakdown
of the cost of the project. It is apparent that the transportation of aggregate to the mine site is a substantial
cost of the cover. If a local aggregate source, such as coarse tailing, were available, the unit cost per square
meter of cover could be less than Cdn $12.
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Table 4. Toughness tests of shotcrete at 100 days’ cure.

Primary mix Tailings mix
Flexural strength MPa 1.5-20 29-3.1
Ductility: '
Toughness index I 1.6 - 2.7 1.4
Toughness index I, 27-5 22-25
Table 5. Cost breakdown of shotcrete application.
Cdn $/m?
Cement 1.28
Fibers 1.88
Fly ash 1.40
Aggregate (includes transportation) 7.10
Labor 3.30
Equipment 3.50
Total - 18.46

This study indicates that shotcrete dry covers can be a viable option for sealing prepared waste rock
dumps. Prior to shotcrete application, the surface of the dump must be stabilized through resloping and
surface compaction. The application using a robotic spray boom resulted in high productivity and therefore
contributed to a low application cost. A major proportion of the cost involved the importation of aggregate.
The use of a local aggregate source such as mine tailings would make this option more cost effective when
compared to other types of covers. The shotcrete material exhibited good compressive strength and moderate
ductility. One year after application the cover was intact and functioning well.

This study did not evaluate the effectiveness of the cover in restricting acid generation in a waste rock
pile. It is recommended that this cover technology be applied in a controlled field trial on a designed waste
rock test pile to evaluate its effectiveness in restricting the access of oxygen and surface water infiltration to
reactive waste rock.
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EVALUATION OF A COMPOSITE SOIL COVER TO
CONTROL ACID WASTE ROCK PILE DRAINAGE!

Alan V. Bell2, Mike D. Riley? and Ernest K. Yanful*

Abstract: Acid mine drainage (AMD) research under the MEND program has been ongoing since 1988 at the Heath
Steele Mines waste rock piles including sulfide material, outside Newcastle, NB. In 1989 approximately 10,000 mt of
waste rock was placed on a prepared sand base with an underlying impermeable membrane. The waste rock pile was
heavily instrumented for oxygen concentrations and temperatures measures. In September 1991, a composite soil
cover designed for the Heath Steele climatic conditions using local soils was placed over the pile, creating a totally
enclosed system. Moisture content and oxygen probes were installed within the composite soil cover to monitor
changes within the soils over time, while two large-size lysimeters were installed below the cover to monitor the
hydraulic conductivity of the cover. The waste rock site has been monitored on a monthly basis since installation of
cover for performance of both cover and waste rock. The monitoring shows very clearly that the placement of the
composite soil cover has had a major impact on the generation of AMD. Major reductions in temperature and oxygen
concentrations within the waste rock pile indicate that the cover has significantly inhibited the oxidation reaction that
generates the AMD. Performance data have shown that the cover has maintained its integrity under the climatic
conditions of the area.

Additional Key Words: acid mine drainage, acid waste rock pile cover, waste rock oxidation reduction.
Introduction

The Heath Steele Mine site in northeastern New Brunswick provides a unique opportunity to evaluate
management techniques for acid waste rock under practical field conditions. The massive sulfide deposits at Heath
Steele were developed in the late 1950's before the implications of acid drainage were fully appreciated. The highly
pyritic waste rock encountered in the course of mining operations was stockpiled at various locations across the site
and in some instances was used in the construction of haul roads and other infrastructure. Currently there are more
than 20 acid-generating waste rock piles of various sizes and configurations located across the site.

A recent study of acid waste rock management at Canadian base-metal mines (Nolan, Davis 1987, Bell 1988)
identified the need for field performance data on waste rock pile covers and other management systems. The Heath
Steele Waste Rock Study is designed to address this need, as well as to aid in the development of practical reclamation
measures for mine sites in northeastern New Brunswick, where the combination of massive sulfide ore bodies and the
sensitivity of local salmon resources to acid and metal toxicity pose an especially difficult challenge to mine
reclamation.

In 1989, a program was initiated by Brunswick Mining and Smelting Corp. Ltd. (BMS) to develop and test
strategies for long-term management of several acid generating waste rock piles located at the Heath Steele Mine
(HSM) site. The program was conducted in four phases under the auspices of Mine Environment Neutral Drainage
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2Alan V. Bell, President, ADI Nolan Davis (NS) Ltd., Halifax, N.S., Canada
3Mike D. Riley, Principal, ADI Environmental Management Inc., Fredericton, N.B., Canada

“Enerst K. Yanful, Associate Professor, University of Western Ontario, London, Ont., Canada

113



(MEND), Canada's national task force for acid rock drainage research. The four phases comprise the selection of
several waste rock piles for field trials, definition of physicochemical characteristics of the selected piles, identification
and evaluation of suitable candidate soils for a composite soil cover, and the design, installation, and mo’nitoring of the
composite soil cover on a selected pile.

This paper deals with the design, installation, and monitoring of the composite soil cover installed on selected
waste rock plle. 7/12. The results of 2 yrs. of monitoring both prior to and after placement of the cover are presented.
The interpretation of the monitoring results indicate, how effective the cover has been in the control of acid rock
drainage.

Project Setting

HSM site is located approximately 50 km northwest of Newcastle and about 60 km southeast of Bathurst, NB,
within the drainage basin of the Northwest Miramichi River (fig.1). Presently, approximately 750, 000 mt of
potgntially acid-generating waste rock and reject ore are stockpiled in more than 20 piles at the HMS site. The total
projected waste-rock inventory at closure in 1994 ( including waste rock from active operations) is 2.3 million mt.

ANDERSON ROAD BATHURST (70 k)

BORROW SOURCE =" "

No.4 SHAFT 2> P

CLEAN WATER
AN CHANNEL
PILE 18A @
® No.1 SHAFT
PILE 188
SIIE PLAN
200m 100 0

Figure 1. Site plan - Heath Steele Mines.

In 1989, approximately 10 000 mt of acid-generating waste rock was relocated from other areas of the HSM
property to pile 7/12. Pile 7/12 is located approximately 1 km from the Heath Steele mill complex off the main haul
road (fig.1) and has been sited so that it is isolated from the influence of any neighbouring topographical features. The
relocated waste rock was placed on a prepared sand base, underlain by an impermeable membrane, by truck end
dumping from the perimeter and pushing towards the middle with a loader. Pile 7/12, which covers an area of 0.25 ha
in plan, has a maximum depth of 5 m. The pile was contoured to a uniform pile configuration having a maximum slope
of approximately 3:1 (H:V). The final pile configuration is designed to minimize any shape-induced effects on the
monitoring results and also to facilitate the placement of monitoring instrumentation.
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Table 1. Physicochemical characteristics of relocated The predominant constituent sulfide mineral of

waste-rock pile 7/12. pile 7/12 is pyrite (FeS3), with total sulfur content
averaging about 5%. The physicochemical characteristics
Description Value of the pile are presented in table 1.
ili:?:e a;ea 2 100 m2 Pile 7/12 was instrumented with seven sets of
ge depth 29m .

Maximum depth som the\.'moc?ouples and six sets of pore-gas sam_plers. 'I"he
Estimated volame €200 m typlc.al mstrume:ntatxon clu.ster at each sampling location
) consists of a piezometer installed to 5 m depth with a
Estimated tonnage 10700 mt series of pore gas monitoring tubing (5 mm diameter
- nylon) attached to the exterior of the piezometer at
Sulfide mineralogy,% various predetermined depths.  Temperature probes,
consisting of type K thermocouples, were installed at the
Pyrite 7-10 same depths as the pore gas monitoring tubing in holes
FeS 5-7 located within 1 m of the pore gas monitoring

Pyrrhotite <] piezometers.

Other sulfides (galena, sphalerite, etc.) <1

Total sulfate 5 The underlying impermeable membrane has made

possible the collection of leachate from the waste rock
Theoretical acid production (as CaCO3) 210.7 kg/mt pile at the base of the pile both before and after placement
. . f the soil cover. A perimeter ditch was constructed to
A . ° p
cid consumption (as CaC03) 0.4 kg/mt allow for separate collection of surface runoff.

Composite Soil Cover Design

A soil cover for controlling acid drainage must effectively retain a high degree of water saturation as well as
have a low hydraulic conductivity. While a saturated fine-grained soil layer, having a hydraulic conductivity of 10
cm/sec or less, can provide an effective barrier to the movement of both water and oxygen, studies indicate that a
single soil layer that is initially saturated will, when placed on a waste rock pile, ultimately desaturate by drainage and
moisture losses due to evaporation. As the soil desaturates, the diffusion coefficient of oxygen will increase with time,
resulting in increased oxygen diffusion into the pile. Furthermore, a single soil cover designed to have a low hydraulic
conductivity could dry out and crack over time, especially if the soil has a high clay content. As part of the Heath
Steele Waste Rock Study, several soil-cover design scenarios were investigated for use on pile 7/12.

The design philosophy for the pile 7/12 soil cover, was based on the concept of the capillary barrier, where a
coarse-grained soil layer, underlying a fine-grained layer, such as glacial till, is relied upon to reduce moisture loss in
the latter by drainage. The underlying granular layer will drain faster and reach residual saturation long before the
glacial till, thus maintaining saturation in the glacial till during summer dry conditions. At residual saturation, the
hydraulic conductivity of the granular layer is minimum, so that it is no longer able to transmit negative pressures
required to drain the till. If the glacial till is compacted at a moisture content slightly wetter than optimum, it can be
expected to have a low hydraulic conductivity and hence to be an effective moisture barrier as well. To reduce
evaporation and hence cracking of the surface of the fine-grained soil cover, an overlying coarse-grained granular layer
is also required. In addition to acting as an evaporation barrier, the upper granular layer also promotes replenishment
of moisture to the glacial till. During infiltration, the granular soil provides storage of water and reduces runoff, thus
allowing more water to reach the glacial till.

The capillary-barrier concept, using a three-layer cover design, was evaluated in a series of detailed laboratory
investigations at the Noranda Technology Centre (NTC). On the basis of the testing and analysis carried out, NTC
proposed a composite soil cover for pile 7/12 consisting of a fine-grained saturated glacial till sandwiched between two
coarse-grained granular layers. The thickness of the soil layers in the NTC composite soil cover design is 30 cm base
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granular layer, 60 cm saturated glacial
till, and 30 cm overlying coarse granular
/:::ﬁ::;?m layer. A final 10 cm thick surficial layer

// COMPACTED GUACAL TILL of coarse grained was also included for

T <, erosion protection. The proposed layer
thicknesses, which are designed to keep
the glacial till saturated for a minimum
of 50 days without precipitation,
e provide effective oxygen and hydraulic
- presaeD m/_\\ o oo barriers for the waste rock. A cross

N : section of the completed composite soil

cover is presented in figure 2.

~ WASTE ROCK =~

r

Figure 2. Cross section of composite soil cover.

Composite Soil Cover Construction

A 130 cm thick composite soil cover, consisting of a 30 cm thick sand base, 60 cm thick compacted glacial till,
a 30 cm thick granular layer, and a final 10 cm thick erosion protection layer was placed over pile 7/12 during the
period August 15-September 19, 1991. Following is a summary of the specific tasks associated with this cover
construction.

Surface Preparation

The initial task in the placement of the cover was the preparation of the surface of pile 7/12 by levelling the top
of the pile and removing high points on the side slopes. Voids and depressions were filled with excavated waste rock
and non-acid-generating crushed rock. A total of 50 mt of crushed rock was used for surface preparation.

ASTM SIEVE SERIES NO. Sand Base
P T T 2030405 %0 200 w
- T T T T
\\ . et A The prepared pile 7/12 surface was
- P ’ SRR 27 1w covered with a minimum 30 cm thick layer of
e NI SUTENS i "7, medium to coarse sand consisting of 4%
T \ o TN 58 . gravel particles, 90% sand, and 6% silt and
o Y E ' | b Bl . .
e ST Do T N , Clay-size particles and compacted to 95% of
Z |4 v ; ;% - + L4 i 1 1 1
A R 00 £ B~ o1 L s modified Proctor density.
z | L. Ll Lo i — i%“ P Hi ‘] :
g Lty i S0 NI—J* Glacial Til
B o[ I e T ST N A
bl i " N i 4
AR BB N ‘.
oAb e T o The glacial till consisting of 10% to
‘ ; i e T B T
S e L 33% gravel, 18% to 45% sand, 28% to 44%
GRAIN SIZE (mm) silt, and 7% to 23% clay-size particles was

placed over the pile during the period
September 4-14, 1991. The range of grain-
size distributions obtained on several till samples is presented in figure 3. Atterberg limits of the glacial till ranged
from 27% to 28% for the liquid limit and 5% to 6% for the plasticity index. The average optimum moisture content of
the glacial till was 13.5% and a maximum dry density (ASTM D1557) of 1.96 mt/m’>.

The glacial till was placed in maximum 20 cm thick lifts and compacted with a S mt vibratory roller. A total of
94 in situ density tests were carried out on the compacted glacial till; results indicated that the degree of compaction
ranged from 93% to 101% of the modified Proctor density at moisture contents ranging from 14.5% to 20.3%,

Figure 3. Grain size distribution - glacial till.
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averaging 17.0%. Field hydraulic conductivity tests, performed in the till using a single-ring infiltrometer similar to the
type described by Fernuik and Haug (1990), indicate hydraulic conductivity of 1.0 x 1076 cm/s or less.

Granular Cover

A granular cover consisting of clean sand and gravel was placed over the entire pile and compacted to 95% of
its modified Proctor density. Grain-size analyses indicated the granular cover to consist of 40% gravel, 58% sand, and
2% silt and clay-size particles. '

Erosion Protection

A final 100-mm layer consisting of a well graded gravel was added to the covered pile to provide erosion
protection.

Instrumentation/Monitoring Results

The evaluation of the effectiveness of the composite soil cover involved the performance monitoring of both
the waste rock and the soil cover itself. For the covered waste rock, the temperature and oxygen concentrations
within the pile were measured on a monthly basis, using the sample temperature and pore gas sampling ports and
protocols used prior to placement of the cover. In addition, because the cover pile is an enclosed system, the total
volume of leachate generated by the encapsulated waste rock was captured with the drains were installed beneath the
pile and along the perimeter of the pile.

The performance of the composite soil cover itself was also monitored on a regular basis after placement,
including measurement of soil suction, soil temperature, water content, and oxygen concentration at a number of
points throughout the pile. Heat-dissipation sensors and electrical-resistance sensors (gypsum blocks) were used to
measure soil suction, time-domain reflectometry (TDR) was used to measure water content, and thermocouple sensors
were used to measure temperature. In addition, two large-size lysimeters located directly below the cover have been
used to evaluate the hydraulic properties of the cover by collecting water that percolated through the cover.

Oxygen and Temperature Monitoring

The measurement of oxygen concentrations throughout pile 7/12 has been ongoing since 1988. Figure 4
presents the results of this monitoring for one of the six pore-gas-monitoring locations.

The results of oxygen measurement presented indicate the following:

1) Prior to placement of the cover, oxygen concentrations that station 3 ranged from 7.3% to 20.8%. The
overall range of concentration in the other monitoring stations was 3.2% to 20.8%.

2) The oxygen levels, particularly near the surface of the pile, are influenced by the weather, decreasing in the
winter.

3) In summer, as temperatures in the pile increase, thermal convection of oxygen into the pile causes oxygen
levels to increase.

4) After cover placement in September 1991, there was a dramatic decrease in oxygen concentrations
throughout the pile. At station 3 oxygen concentrations ranged from 8.2% to 14.5% immediately prior to cover
placement. In October 1993, oxygen concentration at station 3 ranged from 0.2% to 0.7%.
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Placement of cover
September 15, 1991
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Figure 4. Gaseous oxygen versus time, pile 7/12, station 3.
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The magnitude of the change in oxygen
concentration is more clearly illustrated in figure S,
where the oxygen profiles are plotted for May 1990 and
1991 (prior to cover placement) and May 1992 and
1993 (after cover placement). It is apparent from figure
6 that the most significant decrease in oxygen occurred
within several months after cover placement. However,
monitoring results indicate oxygen within the system is
still being depleted. The oxygen concentration dropped
from 18/0% to 20.9% in May 1991 to 0.8% to 1.1% in
May 1992 and 0.1% to 0.2% in May 1993.

he presented temperature monitoring results
(figure 6) indicate the following:
l
) In 1989 very high temperatures (50°C)
were noted, which are indicative of the very rapid
establishment of the endothermic oxidation process.

2 By 1990, temperatures decreased to
under 40°C, indicating a stabilization of the reaction
process.

3 There is a direct correlation between
temperatyres and weather conditions.

4) Temperatures at station 3 prior to
placement}of the cover ranged from 17.1°C to 24.0°C.
One month after cover placement, temperatures dropped
to 14.1°C to 18.3°C.

The magnitude of the temperature change prior
to or after cover placement is more clearly illustrated in
figure 7, which shows temperature profiles measured in
May 1990 and 1991 before cover placement and May
1992 and 1993 after cover placement.
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As with oxygen concentration, the most
significant decrease occurred within several months
after cover placement. However, temperatures are still
decreasing throughout the pile but at a much reduced
rate. For all temperature probes installed in pile 7/12
there has been a significant temperature decrease on a
year to year basis since placement of the cover.

The results of analytical testing of leachate
monitoring to date for pile 7/12 are presented in table
2. Since the system is closed system, the leachate
collected after placement of the cover represents the
total volume of leachate that has moved through the
pile. In the 2 yrs since cover placement, a total of
about 1,000 L has been recovered.

Performance monitoring of instrumentation to
measure soil suction and moisture content in the
composite soil cover has shown that the cover is
performing as designed, with moisture content in the
till showing little change from measurements taken
immediately after cover placement.  Soil suction
measures show the expected evaporation rates from
the surface of the cover.

The Lysimeter discharge data shown in table 3
indicate that only a small portion of the rainfall
percolates through the cover.



Table 2. Water quality data for pile 7/12 leachate.

July 1989 - Oct 1990 1992 1993
Ph 21-28 23-29 30-32
Acidity(CaCO3), mg/L 15,800 -73,250 15,800 - 54,450 NA
Sulfate, mg/L - 12,700 - 43,440 5,140-71,042 9,970 - 73,854
Dissolved iron, mg/L 3,510 - 13,767 15,800 - 54,000 5,000 - 30,844

NA: Not available.

Table 3. Lysimeter measurements

Rainfall Lysimeters
Depth, Volume, Volume, Ratio,
Date mm litre litre %
June 24 - August 18, 1992 198 2455.2 50.3 2.0%
May 21 - July 13, 1993 188 2331.2 20.0 0.9%

Note : Total areal surface of lysimeters = 12.4 m*
Discussion

The effectiveness of the composite soil cover based on the results of data collected to date is summarized
below:

* Results indicate a reduction in gaseous oxygen concentrations in the pile from 20%+ before cover to less than
1% 2 yrs after cover placement. The decreased oxygen penetration implies reduced oxygen flux and acid production.

* Temperatures in the pile have decreased following cover installation but appear to be more influenced by
climatic variability than by a decrease in heat production and hence sulfide mineral oxidation.

* Observed discharge from two lysimeters installed below the cover indicates infiltration of 2% of precipitation
during a 55 day period when rainfall was heavy. In 1993, the infiltration was less than 1% of precipitation during a 53
day period.

* The quality of leachate shows signs of improvements with a definite trend toward increasing Ph, indicative
that it has become less acidic since cover installation. '

* There has been no noticeable change in the moisture content of the glacial till since cover placement.

Although pile 7/12 has a maximum height of only 5 m, precover temperature and gaseous oxygen data
indicated behaviour similar to that of large waste rock dumps (of 20 m or more in height) such as those found at the
Rum Jungle site in Australia (Harries and Ritchie 1981, 1985). Prior to cover placement, oxygen concentrations
within the pile were high enough (20%) to allow oxidation to occur. Elevated temperatures tended to occur at
locations where low oxygen concentrations were observed, confirming the exothermic nature of the oxidation process.
In addition, thermal convection was found to be an important mechanism for oxygen transport into the pile through the
base. The placement of the cover has resulted in a depletion of oxygen within pile 7/12 to less than 1%, thus stifling
the oxidation process. Lower temperatures in the pile confirm this. Thus, while pile 7/12 is small compared with other
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waste rock piles in the world, the results of this study show potential for developing effcive treatment for larger waste
rock piles.
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CONTROLLING ACID MINE DRAINAGE USING AN ORGANIC COVER:
THE CASE OF THE EAST SULLIVAN MINE, ABITIBI, QUEBEC

Robert L. Tremblay

Abstract: The East Sullivan site holds 15 million tonnes of tailings which generate significant acid mine drainage.
The tailings pond covers a surface area of 150 hectares, and spillage extends over an additional 70 ha. The intersti-
tial water at the centre of the pond is characterized as follows : ph=2.3; Cu= 261 ppm; Zn= 23 ppm; SO4= 13 500

ppm; and Fe= 3200 ppm. In order to stop acid drainage from being generated, plans have been made to cover the
entire tailings pond with an organic blanket comprised of two metres of softwood and hardwood bark. This type of
covering has proven effective in preventing oxygen from reaching the tailings. In fact, oxygen concentrations drop
from 16.1 % near the surface to less than 1.5 % some 70 cm below it, while the CO, concentrations at the same

depth rise from 8.2 % to 50.8 %. A grass cover is planted on top of the bark to reduce water seepage. Sludge from a
municipal waters treatment plant is incorporated into the first 30 centimetres of the organic material as a conditioner
and then seeded. A containment dike will be built around the entire site (6 km) to divert fresh water and carry
drainage from the pond to a water treatment system. Studies have shown that some organic contamination results
from bark decomposition. Phenol and tannin concentrations of 5.7 ppm and 95 ppm respectively have been mea-
sured to date. Tests are under way to determine the best passive treatment system for controlling both organic and
mineral contamination caused by the tailings. A multimedia filter was installed a year ago and work will begin this
year on experimental wetlands. The ultimate objective of the East-Sullivan mine site reclamation plan is to abandon
the site as quickly as possible in an environnemtally benign manner. So far, 30 % of the mine site is under organic
cover and the remaining 70 % should be covered within five years at most. The containment dike will be completed
within the next three years, and the water treatment system should be operational the following year.

Additional Key Words: Reclamation, tailings, dry barrier, wood waste.
Introduction

Between 1946 and 1966, the East Sullivan mine, which lies 500 kilometers north of Montreal, produced 15
million tonnes of ore. From this ore 141,000 tonnes of copper, 73,000 tonnes of zinc, 3.9 tonnes of gold, 119 tonnes
of silver were extract, and, between 1950 and 1956, 172,355 tonnes of pyrite were produced (Lavergne, 1985). Other
sulfide minerals in the ore included chalcopyrite, sphalerite, galena, arsenopyrite, pyrrhotite, and marcasite; these
were found in lenticular masses in the altered volcanic rock.

In 1980, after some clean-up work, the site was returned to the Provincial government. Since 1984, the tail-
ings pond has been used for the dumping of wood wastes (bark), and, since 1985, sludge from septic tanks and from
the Val-d’Or sewage treatment plant. In 1990, the serious management of these materials was undertaken within the
framework of an overall trial reclamation plan financed, since 1992, through the Canada-Québec subsidiary agree-
ment on mineral development.

! Paper presented at the International Land Reclamation and Mine Drainage Conference and the Third
International Conference on the Abatement of Acidic Drainage, Pittsburgh, PA, April 24-29, 1994,

? Robert L. Tremblay, Engineer, Ministére des Ressources naturelles du Québec, Québec, Canada.
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Description of the site

The site of the East Sullivan mine (fig. 1) covers *
an area of 228 hectares (ha) of which 205 ha are buried Vel Dlor i H
under mine waste (tailings and spillage). A waste-rock
dump of 5 ha contains nearly 200,000 cubic meters of L
oxidized material. The area of mine buildings, of which
only the concrete shaft head-frame survives, occupies
18 ha. The mill-tailings pond is a vast plateau whose
rim rises about 5 m above a peat bog. The original
dikes were built with tailings and extended according to \
the needs of the moment. The thickness of the tailings T / N
varies between 2 and 11.5 m. : \

L) ST

The spillage, found especially on the south side, Vel ver J D" Wood ~——__ )"
dates from the start of operations, when a pond was ’ e

filled with tailings upon which the dike was later con-
structed. A break in this dike in 1980 contributed to an
increase in the quantity of material spread beyond the
tailings pond. This material covers an area of about 68
ha, but its thickness rarely exceeds 50 cm at a distance

/ S ‘{«\_\7\’/

Tailings

of 50 m from the original dikes. In the northeastern part
of the site, one can observe the formation of dunes and {i” :
ripples that bear witness to the importance of aeolian &/

erosion. Clouds of dust reaching hundreds of meters in
height are visible above the site on dry and windy days
in the summer. The wind also sweeps the area in win-
ter, so that very little snow rests on the tailings.

Figure 1. East Sullivan mine site.

The drainage of the site is mainly accomplished
by Sud Brook, which runs along the west dike and
crosses the zone of unconfined waste before joining the
Bourlamaque River. Drainage on the north is by a
small north-flowing brook, and a few gullies drain the
east side of the area into the Bourlamaque River (fig.
2).

The granulometry of the tailings varies from fine
at the centre of the area (50% silt and clay) to coarse-
sand size near the edges, close to the dikes. At the sur-
face, the material has a rusty color characteristic of the
effects of oxidation. This color is found to depths of 30
to 40 c¢m in the fine material and to more than a meter
in the coarser waste.

Figure 2. Drainage of the East Sullivan mine site. .
In 1990, the pH of the material was between 2.9

and 3.5 and the impact of the site upon the environment was considerable, based on the quality of runoff waters
(Paquet 1991) (fig. 3). During a program of surface water sampling carried out regularly in April and May, 1990, the
maximal values obtained for zinc were 540 times the acceptable limits defined by Directive 019 of the ministére de
I’Environnement (270 mg/L vs 0,5 mg/L). Similar comparison can be made for iron (367 times : 1,100 mg/L vs 3
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y ji‘;ﬁ mg/L), for material in suspension (292 times : 7,290 mg/L vs 25
9(57'5‘1‘3‘{ mg/L) and for copper (97 times : 29 mg/L vs 0,3 mg/L). These

pH "_L
s results pointed up the urgency of proceeding with reclamation of the
- . site in order to eliminate contamination of the Bourlamaque River.

M L The interstital water at the center of the pond contained 261 mg/L of
! - Cu, 23 mg/L of Zn, 13 500 mg/L of SO4 and 3200 mg/L of Fe.

Reclamation plan

B

OOl 0T ot o oum G wmoeem o smoow In February 1992, the ministére des Ressources naturelles du
Figure 3. Variation of pH at the East Sullivan site.  Québec (MRNQ), in response to the results of numerous studies, pre-

' pared an overall program of reclamation trials for the East Sullivan
mining site. The program had three principal phases : the construction of a watertight dike for the containment of
the pond tailings and the spillage; the covering of the pond with ligneous waste, and the enrichment of the surface to
permit the planting of a vegetal cover; and the establish-
ment of a water-treatment system at the final outflow

(fig. 4).

Construction of a watertight containment dike

In order to capture the runoff waters from the
pond as well as the percolation waters that seep out at
the base of the original dikes, the construction of a
watertight dike to confine the tailings has been under-
way since 1992, With a total length of 6 km and an
average height of 2 m, this dike will also confine all the
waste that has flowed beyond the pond over the years. It
contains a geosynthetic liner of bentonite, anchored in
the underlying clay, which is found on the average a
meter below the surface of the peat bog (fig. 5).

The dike will serve to divert clean waters from
the site, and to channel the contaminated waters within
the site towards a single point for treatment. The diffuse
contamination of the Bourlamaque River by percolation
waters from the pond will thus be significantly reduced.

Water treatment cells

A special arrangement will permit the contain-
ment, within the reservoir thus created, of all the water Figure 4. Draft of reclamation concept of
East Sullivan tailings pond.
accumulating within the site over the period of a year. Thus,
even though water treatment will be possible for only a few

Grassy cover

OO XXX months each year, the dike will retain snow meltwaters as well as

o i
Y

rainwater. A plantation within the reservoir will promote evapo-
transpiration and diminish the quantity of water to be treated.

Organic cover

Figure 5. Section of reclamation concept of The covering of the mine tailings with ligneous waste,
East Sullivan tailings pond.
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begun in 1984, will be continued through with more careful control of the material used. In 1989, the cover was
approaching a thickness of 8 m in places, and fires were starting frequently in the waste material wich was com-
posed of bark, fiber-board, pulp-wood, and sanding dust.

By 1990, the thickness of ligneous waste had been reduced to 2 m and the material was composed only of
bark (85%), pulp-wood (10%), and sawdust and sanding dust (5%). In origin, the waste is about equally divided
between coniferous species (mainly spruce) and leaf-bearing species (mainly aspen).

The ligneous waste is now being covered by sludge from a sewage treatment plant, which is being incorporat-
ed into the top 30 cm of bark, and seeded with grasses. The main purpose of this vegetal cover is to diminish the
quantity of runoff, by promoting evapo- transpiration, but of course it also greatly improves the aesthetic quality of
the site, and renders it useful to wildlife. Infiltration ponds for septic tank sludge have also been created on the site,
in order to increase the quantity of material available for enriching the surface.

Water treatment

A water treatment system will be installed at the south end of the containment dike. Since the objective of the
trial reclamation program is the earliest possible permanent abandonment of the site, only a passive system is envis-
aged. By «passive system», we mean a system needing little maintenance and capable of eventually purifying the
water without human intervention. The design of these systems is still experimental, and since each site has its own
characteristics, it will be necessary to verify the feasability of such a system at the East Sullivan site.
A research project for the development of a passive system for the treatment of mine wastewaters has been complet-
ed. The project includes the preparation of plans and specifications for a pilot project integrating the chosen technology.

A multimedia filter was installed in 1992, but, after a month of satisfactory service, exfiltration problems
began to compromise the effectiveness of the system. The filter will be relocated and used to treat water coming
from the northern part of the tailings pond.

Effectiveness of the organic barrier

The covering of the tailings by an airtight blanket aims essentially at preventing the oxydation of sulfides by
restricting the entry of oxygen. The use of bark and sawmill waste is an attractive alternative to the usual dry covers.
The material is relatively abundant in many areas where the exploitation of both forest and mining resources is a
major activity. The ligneous wastes can form an effec- ,
tive barrier while conserving a high level of humidity e
and consuming some of the available oxygen.

Sampling site # 1 With organic cover (50%)

In 1991, a series of piezometers and thermocou-
ples was installed on a limited portion of the ligneous
waste to evaluate the effectiveness of the organic barrier r |
in isolating the mine waste from the ambient air. The o 5
following graphs (figures 6 and 7) show the evolution ]
of the pore waters since the beginning of the covering 4
process. They are based on sampling by several work- 1
ers, and illustrate a rise in pH that seems to be directly 3
related to the organic cover. Thus, for the north part of
the tailings pond, which is now about 50% covered by
organic material, one notes relatively constant values of
pH, around 4.5 for the month of May, whereas the val- Figure 6. Monthly evolution of pH at the East Sullivan
ues for the month of October increased from 4.5 in 1988 site during 1992.

Sampling site # 4 Without organic cover

1 1 1 1 1 )
May June July August Sept  Oct
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Figure 7. Annual pH and Zinc variations at East Sullivan
sampling site #1 (october).

ried out in August and in October, using aluminum
tubes. The content of free water in the samples was
measured after extraction by centrifuge, and the total
porosity obtained by calculating the volume of the
interstices.

The contained gas was sampled by syringe and
analyzed the same day. The gases detected were oxy-
gen, methane, carbon dioxide, and nitrogen. The tem-
perature of the waste was measured by four thermocou-
ples installed at 40, 80, 120, and 150 cm below the sur-
face.

The results obtained demonstrate the effective-
ness of a 100-cm-thick cover of wood chips (fig. 8). All
the profiles show the same general tendency : diminu-

to 7.0 in 1992. In 1992, in fact, the pH was already at
7.11in July.

In the southern part of the tailings pond, where no
organic material was spread before 1992, the pH has
remained stable, between 3.1 and 3.7, over the last three
years. The metal content of the effluents has shown a
similar pattern (fig. 7).

On-site plot instrumentation

In 1991, the MRNQ undertook an evaluation of the
effectiveness of the cover at the East Sullivan tailings
pond, within a plot some tens of meters from the
southern limit of the ligneous waste (Tassé et al.
1993). The sampling in the ligneous waste was car-
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Figure 8. Proportion of gases in a 100 cm wood waste cover.

tion of the oxygen concentration from 16.1 % to 1.5 % an increase of carbon dioxide from 8 % up to 50 % and an
increase of methane from 0 % to 15 % at a depth of 70 cm. Thus, the cover effectively blocked access of oxygen to
the underlying sulfides. However, secondary reactions should be investigated in more depth before using the same

technique at other sites (Germain et al. 1992).

Construction of supplementary plots

Following these observations, six experimental plots were constructed, in order to determine the effect of the
cover on the process of acidification and on water quality. The Centre de recherches minérales of the MRNQ has
coordinated the construction and supervision of the project (Paquet 1992). The plots were located in a sector of the
tailings pond free from covering, in order to avoid any contamination. They were constructed as follows:

1- oxidized tailings alone;

2- fresh tailings alone;

3- 1 m of conifer bark over oxidized tailings;

4- 1 m of conifer bark over fresh tailings;

5- 2 m of conifer bark over oxidized tailings; '

6- 1 m of conifer bark over oxidized tailings, with the addition of 30 cm of sewage plant sludge at the surface

(fig. 9).



Each plot measures 20m X 20 m, and is separated
from the next plot by 5 m. For each, a synthetic liner
was installed on three sides, while a geotextile permits
drainage to the south.

- Plot 1 represents the present state of the site, 25
Ordizad taings " years after it was last used; plot 2 represents a site at the
moment of its abandonment, at the end of mine
exploitation. Plots 3 and 4 simulate an organic barrier
covering an old and a recent tailings pond respectively;
plots 5 and 6 represent possible variants on the tech-
nique of covering a tailings pond that is generating acid
mine drainage.

30 cm shidge mixed with wood waste

Wood waste

Drain 8 o 90" 24"
l

Fresh tailings

Figure 9. Scheme of #6 plot.

Piezometers placed in each plot will permit the measurement of the physico-chemical quality of interstitial
water and of ground water. They are installed so as to permit the sampling of the different levels of the plots. A pro-
gram of gas monitoring is also being carried out in order to track the evolution of interstitial gasses over the next few
years.

Observations and conclusions

Continuing observation of the experimental plots will permit the measurement of oxygen diffusion in the
organic barrier, and its degradation in a controlled environment. If the various soluble organic compounds migrate
into the mine waste, they could promote the reduction of sulfates and the fixation of metals in sulfide form, which
could explain the observed decreases in dissolved metals and increased pH.

The present study will permit the measurement over the next few years of the effect of an organic cover used
as a humid barrier to control acid mine drainage. The effectiveness of such a barrier would justify the extension of
its use to other sites, particularly in regions like Abitibi-Témiscamingue, where both mining and forest exploitation
are widely practiced. In addition the usefulness of organic wastes in reducing the impact of acid drainage from mine
wastes merits consideration.
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COLUMN TESTS INVESTIGATION OF MILLING WASTES PROPERTIES
USED TO BUILD COVER SYSTEMS!

Mostafa Aachib, Michel Aubertin, and Robert P. Chapuis®

Abstract: Among the alternatives that can be used to control the production of acid mine drainage generated by
reactive tailings (milling wastes), the use of so-called dry covers appears to be one of the most practical. The
purpose of such covers is to limit the flow of water and/or oxygen to the tailings, so that reactions leading to acid
generation can be stopped. Various types of materials have been considered to build such covers, including
geomembranes and fine-grained soils. Because these materials are not always economically available, the authors
have proposed the use of fine tailings that do not contain sulfide as a capillary material in a multilayer cover system.
To investigate the potential efficiency of milling wastes, a research project is presently underway. It includes
different types of tests on homogenized tailings to determine some of their hydrogeological properties, such as
hydraulic conductivity, capillary curves, and effective diffusion coefficient. In this paper, the authors briefly review
the basic principles behind the design of multilayer cover systems to control acid production. Then some of the
main components of an ongoing laboratory investigation are presented. The empbhasis is placed upon column tests
procedures used to evaluate various cover configurations. Some analytical and numerical solutions to specific
‘problems related to cover design are finally given.

Introduction

Canada is one of the largest mineral producers in the world. This activity provides an important input to
the country’s economy, but it is also a source of concern regarding environmental protection. Among the various
potential problems linked to the mining industry, it is usually acknowledged that acid mine drainage (AMD),
resulting from the oxidation of sulfide minerals, represents the most serious threat to the ecological balance of
natural habitats. In Canada, over 12,000 ha of tailings (milling wastes) and about 350 million mt of waste mine rock
have been identified as acid-generating material, resulting mainly from the last four or five decades of base metal
mining (Itzkovitch and Feasby 1993). A preliminary estimate of the reclaiming cost amounts to more than Can$
5 billion, considering the presently available technology.

When one considers the various alternatives for stabilizing reactive wastes and reclaiming the land, the
installation of covers (or caps) appears to be one of the most practical solutions, albeit often very expensive. The
goal of such covers is to limit the flow of water and/or oxygen to the sulfidic wastes, which are the essential
elements for the production of AMD. Various types of materials can be used to build such covers. Water cover
to submerge tailings is certainly one of the most promising ways to control the production of AMD, as oxygen
diffusion is considerably reduced (e.g., SRK 1989). The construction of an artificial water basin over an existing
tailings pond can cause some difficulties, however, because of topography limitations, possible long-term stability
problems, and of uncertainties regarding the actual effectiveness of water covers to stop an ongoing reaction of acid
production and metal solubilization (e.g., Ritcey 1991). '

Different types of processed materials can also be used in covers, such as geomembranes, bitumen, cement,
etc., but it now appears that one of the most appealing techniques relies on the use of natural soils and other
particulate media. In this case, it is generally considered that the main objective of the cover design is to ensure

!Paper presented at the International Land Reclamation and Mine Drainage Conference and the Third International
Conference on the Abatement of Acidic Drainage, Pittsburgh, PA, April 24-29, 1994.

*Mostafa Aachib, PhD Student, Michel Aubertin, Professor, Robert P. Chapuis, Professor, Mineral Engineering
Department, Ecole Polytechnique, Montréal, Qc, Canada.
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that it will be an efficient barrier to oxygen transport. To do so, it is essential that at least part of the cover remains
close to saturation. This can be accomplished by using a capillary barrier system (e.g., Nicholson et al. 1989, Collin
and Rasmuson 1990, Aubertin and Chapuis 1991a).

Traditionally, fine-grained soils have been used to build the capillary layer in a complex cover made of
different superimposed materials. Recently, it has been suggested that tailings themselves, that ideally would not
produce AMD, could be used for that purpose (Aubertin and Chapuis 1990, 1991a). There are various advantages
in using tailings which are often located close to (if not on) the site. For instance, existing mills could treat sulfide-
free ores in order to produce part of the cover system for an existing tailings pond generating AMD.

In this paper, the authors present the core of an ongoing research project aimed at investigating the behavior
of tailings used as a capillary barrier in a multilayer cover system. The general approach of the project is described.
It makes use of various laboratory experiments that provide the main hydrogeological properties of the material, such
as hydraulic conductivity, capillary characteristic curves, and effective diffusion coefficients for oxygen, together
with physical models and numerical modeling calculations. The main elements of the research program and some
preliminary findings are presented and briefly discussed. Because the basic geotechnical properties of tailings have
been presented elsewhere (Aubertin and Chapuis 1991b, Aubertin et al. 1993a, Chapuis et al. 1993), they are not
presented in this paper.

Capillary Barrier Concept

A capillary barrier can be generated when a porous material located above the water table maintains a water
content close to saturation. This phenomenon can be advantageously controlled when a fine-grained material layer
is placed between two coarser grained material layers. In this case, the middle layer will tend to maintain a high
water content while the coarser materials will dry more easily.

Capillary Characteristics

To quantify the actual behavior of a layered system, one has to investigate the y-0,, relationship of the
different materials, where W represents the negative water pressure ( or suction) and 6, is the volumetric water
content. This relationship is given by the capillary characteristic curve, which provides very important information
for the cover design because 0,, largely influences the hydraulic conductivity K and the effective diffusion coefficient
for oxygen D,. Various methods have been used to measure the capillary characteristic curves of particulate media
(e.g., Kovécs 1981, Fredlund and Rahardjo 1993), and ensuing curves obtained from these tests have been described
by different models (e.g., Bear 1972, Arya and Paris 1981).

Air entry value

On figure 1, one can see schematical y-0,
relationships for a sand and a silt. When the elevation
above the water table (or equivalent negative pressure)
is below y, (often called "Air Entry value - AEV"), the
material remains close to saturation; in this case, the
capillary forces acting in the largest pores are sufficient Silt
to resist the effect of the potential energy. As elevation E
is increased above v, the suction pressure increases (in j '
absolute value), and water content decreases gradually Sand
as smaller pores are progressively drained until the
residual water content 6, is reached at an elevation
corresponding to y, (Kovéics 1981). 4 Y

r | 'a
WATER SUCTION P 0
Figure 1. Typical moisture characteristic curves.

VOLUMETRIC WATER CONTENT 8
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The AEV (or y,) value is a very important parameter for capillary barriers because it indicates the height
above the water table associated with nearly full saturation for a porous medium. It has been found experimentally
that this value is about 10 to 50 cm for sands, between 100 to 300 cm for most silts, and above 5 to 10 m for clays
(e.g., Lambe and Whitman 1979, Todd 1980).

The value of the main parameters of the suction curve (y-8,), that is, y,, y,, and 0,, appears to be controlled
by some of the basic properties of the material, such as grain size and porosity. A few relationships have been
proposed to express the effect of these influence factors. A general formulation for that purpose, which would
encompass most of the existing equations, could be expressed as follows:

y=1f D, n, Y), 1

where D, is the grain size, n is the porosity, and Y represents a complementary function (usually omitted in most
formulations) introduced to take into account specific effects that could be expressed from other basic properties such
as specific surface area S, viscosity of water p, plasticity index L, and so on. In actual expressions proposed in the
literature for ,, equation 1 is generally given as a linear (Bear 1972) or nonlinear (Yanful 1991) function of the
effective diameter D,,, while the porosity function is often expressed as (1-n)/n (e.g., Bear 1972, Kovics 1981). After
investigating existing models, wide disparities have been found between the obtained results (Aubertin et al. 1993a,
Aachib et al. 1993). Thus, one of the goals of this ongoing project is to develop a more appropriate expression
(Ricard, in preparation).

By using the ability of different types of materials to maintain different water content as a function of height,
it is possible to conceive a layered system in which a capillary layer (made of a fine-grained material that has a high
v, value) remains close to saturation. In a well-designed system, the thickness L of the capillary layer that could
be maintained close to full saturation is given by (Nicholson et al. 1989):

L= |(v.).| = I(w.), s 2

c

where (y,), represents the equivalent suction pressure corresponding to the residual water content of the coarse
material, and (y,), is the AEV of the fine material layer placed above. As an example, using | (y,).] = 80 cm for
a sand (which is often about twice the value of (y,). according to Kovécs 1981) and (y,); = 180 cm for fine tailings,
one obtains L=1 m. Interestingly, preliminary calculations on the efficiency of a layered system to decrease the
oxygen flow show that there is not much gain to be made in increasing thickness L above 1 m (Nicholson et al.
1989, Aachib et al. 1993); this aspect will be discussed further later on.

The concept of a multilayer cover system placed well above the water table and in which the fine layer can
maintain a high degree of saturation has been confirmed by some laboratory tests (Yanful 1991) and by numerical
modeling calculations (Akindunni et al. 1991, Yanful and Aubé 1993).

Unsaturated flow

During and after a water inflow from the top, coarse material layers placed above and below the fine material
layer serve to drain the cover. However, when these coarse materials themselves have been drained and their
volumetric water content reaches 0,, then they help to maintain a high 0, value in the in-between layer because their
hydraulic conductivity is considerably reduced. Thus the water will not tend to flow downward, nor will it move
upward because the coarse material placed above the fine material also serves as a non-capillary barrier preventing
capillary rise.

To better understand the behavior of a layered cover, one has to study different properties of the materials
used in the system. As the hydraulic conditions play a key role, it is worth discussing the matter further.
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The well-known Darcy’s law is generally used to describe the flow of water in a porous medium under
saturated conditions. However, when the degree of saturation S, is less than 100%, one has to express the water flow
equation as a function of y and 6,. One popular approach in this instance is to use a modified version of Darcy’s
law in which the hydraulic conductivity is given as a function of the water content. Following numerous
experimental investigations, different models have been proposed to describe the relationship between the unsaturated
hydraulic conductivity K(S,) and 6,, (e.g., Mualem 1986). One of the most popular was proposed by Van Genuchten
(1980); it can be written as follows:

K(S,) =K, §%° (1-@1-sy)’ 3)
with 0_-6
S =2, 4
" 0,-6, @
where S, = effective degree of saturation (0<S.<1),

K, = saturated hydraulic conductivity,
0, = volumetric water content at saturation,
and Y = constant parameter for curve adjustment.

According to this model, K(S,) becomes zero when 6,, reaches 6,, and it tends toward K, when 6,, approaches
0,; such limiting values are in accordance with most experimental measurements.

Experimental Program

The behavior of tailings used in cover systems as a capillary barrier is studied using various experimental
devices. Consolidation behavior is investigated with standard oedometer tests on homogenized tailings, while
hydraulic conductivity is studied by performing constant-head and falling-head permeability tests in oedometric cells
and in rigid-wall permeameters (Aubertin et al. 1993a). Capillary characteristic curves, on the other hand, are
established by using various techniques, including the pressure plate vessel (Aubertin et al. 1993b), while the
transport of oxygen in a humid porous material is presently studied with different approaches including one device
used previously by Yanful (1993). All these basic experiments provide inputs into a numerical model that will be
used to predict the actual behavior of a cover system.

The numerical model is calibrated and validated by performing two types of column tests (Aachib et al.
1993). The first type of column, called the drainage column (fig. 2), is used to estimate the water conditions existing
in the cover. It is a plexiglass column having an internal diameter of 15.5 cm and a height of 110 cm . The column
is instrumented with tensiometers and TDR (time domain reflectometry) probes to measure, respectively, suction
pressure and volumetric water content along its length. The column design was adapted from Yanful (1991).

This column is used to investigate the behavior of various layered systems under different water boundary
conditions. Although upward flow is sometimes considered, most experiments are performed under downward flow.
Results of the drainage column tests are compared with those obtained on individual materials in capillary tests and
with numerical calculations.
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The other type of column test is performed in
the control columns used to evaluate the performance of
cover systems placed over sulfide tailings (fig. 3, B).
These columns serve to evaluate the reduction in
oxygen flow through the cover and toward the reactive
tailings. Ten columns have been built for long-term
tests, which started in October 1993 and will last until
November 1994. These columns are also made from
plexiglass, and eight of them have a height of 1.7 m.
Two identical columns are made for each system, one
being instrumented with TDR probes and thermocouples
and the other one free of any instrument perturbation.
The cover layers, which are placed over a layer of
tailings containing about 20% iron sulfide, include a
layer of sand (30 cm in thickness), a non-reactive
tailings layer (50 cm in thickness), and a final layer of
sand (20 cm in thickness). The sand used in the covers
is a concrete sand, and the capillary barriers are made
from three different tailings free of sulfide minerals.
Another tailing containing a small amount of pyrite is
also investigated in the last two columns. Two smaller
columns have also been built with reactive tailings
without any cover in order to evaluate the effect of the
cover (fig. 3, A). In all the columns, water is added
from the top periodically, and the percolating water
reaching the bottom of the column is analyzed; electric
conductivity, pH, sulfate, and metal contents are
determined. These provide indication of the possible
reactions happening in the system. Temperature
measurements in the column also serve as indirect
evidence of chemical reactions in the column.

The RETC program (Van Genuchten et al. 1991)
is used to evaluate the conditions in the cover system.
Numerical calculations are compared with measured
performance in the control columns to validate the basic
calculation approach.
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Figure 2. Schematical representation of the dralnage column.
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Figure 3. Schematical representation of the control columns;
A: reference column for reactive tailings without covers;
B: reactive tailings covered by a layered system.

Preliminary Calculations for Two Cover Systems

In covers made from partly saturated materials, it is often considered, at least for preliminary calculations,
that oxygen transport is controlled by molecular diffusion in the gaseous or liquid phases, as temperature and

pressure gradient effects are neglected (Collin 1987, Nicholson et al. 1989). Such oxygen diffusion is associated
with concentration gradients between conditions found in the atmosphere and those of the porous media.

Using the presently available information, the authors have performed some simple calculations in order to

compare the efficiency of two cover scenarios; more details are given in Aachib et al. (1993). The first case is that
of a single layer cover having a thickness L. The starting points of the calculations are Fick’s laws given by Bear

(1972) and Shackelford (1991):
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aC(t)

Ft) = 0 D -~ 5
(t) = 6,D, = &)
and oC(t) _ 9 (p 9C() )} ¢ 6
3 3—( T) €O ©
with 0 ._.Y_s , Q)]
Y
where F(t) = diffusive flux of oxygen (kg/m?/s),

D, = effective diffusion coefficient of oxygen (m%s),
= oxygen concentration in the gaseous phase at time t (kg/n1’),
z = depth (m),

t time (s),
6, = volumetric gas content of the porous media, also called gas-filled porosity (m*/m®),
V, = gas volume (m®),
V = total volume (m®),
and k, = reaction rate constant (for sulfide oxidation).

In this equation 8, is related to the degree of saturation S, and porosity n :

8, = n(1-S). @)

Analytical solutions to these equations have been given by Crank (1975), for k; = O (non-reactive cover
system):

D, & (2m+1)* L2 ©
F(t) =2C6 |2 exp[-— 7~
(1 =2C8 |—= 3 el o
and C(zt) = C, erfc |—2_|, (10)
2 Dy
where erfc (u) = 1—_2_ fl exp(-v?) dv, (11
ﬁ 4
and m is an integer variable. These are obtained for the following limiting conditions:
C=0 fort=0and z 20,
C=¢C, fort=>0and z<0,
and C=90 fort20andz2L,

where C, is the atmospheric oxygen concentration. These conditions imply a decreasing oxygen concentration in the
cover until it is reduced to zero at the top of the reactive tailings, where the oxygen consumption is very rapid. In
these equations, D, is calculated from the modified Millington-Shearer model given by Collin (1987) and Aubertin

et al. (1993a):
D, = (1-8,7 [a(1-S)* D, + S @S, HD,, (12)

where D, = diffusion coefficient of oxygen in air (m%s),
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D, = diffusion coefficient of oxygen in water (m?s),

H = solubility constant of gas in water,
and a,x,y = material parameters, expressed as function of n and S,.

To estimate the value of D,, results of Reardon

and Moddle (1985) were used to calibrate the above
model. Typical parameters values for the sand and
tailings are thus obtained. Calculation results are shown
in figure 4. As one can see, D =D, when S=90%. 0.1
Having a D, value for the humid porous system
practically equal to that of water is very advantageous
because water covers have often been considered the 0.01
most efficient way to control production of AMD (e.g.,

SRK 1989). In the case of dry covers, however, one is & oo
somewhat less concerned with stability problems of the o '
retaining structures.
0.0001
Using these equations, a first calculation is made
for steady state flow in a simple layer using typical
parameters for the cover material (i.e., C,=21%, n=0.41, 1E-05
$,=0.87, L=1.1 m, D,=4.61x10"° m?s); this calculation 0.9
gives F(1)=0.036 kg/m¥/yr O,. 1E-06 -~ : e
0 02 04 06 08 1
Using the same set of equations, one could also DEGREE OF SATURATION (Sy)
calculate the efficiency of the cover layer, as defined by
Nicholson et al. (1989): Figure 4. Effective diffusion coefficient expressed
as a function of the degree of saturation
E = _li _ \/k,(De)r Lo+l (13) (see equation 12); data taken from
° F, (D,), ’ Reardon and Moddie (1985).
where F, = oxygen flux through the reactive tailings without a cover,
F, = oxygen flux through the cover,
and (D,),. = effective diffusion coefficient in the reactive tailings (r) and

cover material (c).

Figure 5 shows some calculated E; values as a function of L and S,, for k, = 300 yr’. These results compare
well with those of Nicholson et al. (1989) obtained for slightly different conditions. These show that increasing the
thickness of the cover above about 0.5 to 1 m does not much change its efficiency. Also, these show that a
cover 1 m thick with S, = 90% is more efficient than one of 4 m having an S, = 80%. As expected, the degree of
saturation is thus found to be a critical parameter for cover design.

For a complex cover made from different horizontal layers, one can also calculate the oxygen flux with the
first Fick’s law for steady-state flow; equating the flux at each interface, which gives the following equation (Yanful
1991):

DiC +Di’l-DiC+ “lc, =0, (14)

[— i-1 [— ——

L, LJ|*' |L,|™

i i+1

where index i is given for layer i. Again, assuming atmospheric oxygen concentration at the surface and a zero
concentration at the top of the reactive tailings, one calculates that the same flux of oxygen is obtained for the single
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layer cover with L = 1.1 m, and for a three-layer system in which the capillary barrier (n = 0.41, S, = 90%) is only
0.5 m thick. Table 1 compares the two scenarios. This result is possible because the layered system helps to maintain
a high degree of saturation in the capillary barrier, which in turn reduces the value of the effective diffusion
coefficient that largely controls the oxygen flux.

COVER EFFICIENCY (E¢ )
1 10 100 1,000 10,000
0T 1'—?‘:—"'7:' ; '_Lu.\l -t '
N ~- (Do) =3E-07 /s
\ \ Kr=300 yr !

COVER THICKNESS (L), m
N
1

\\

4
— () =148E08mYs (0,)=7.12E-08m%s  —-= (D,)=252E-00 /s
(S,=0.20) (8,=0.70) (8,=0.90)
-=- (D,)=337E07TmYs  —- (D,) =2.03E-08 nf/s
(8, =0.50) (8, =0.80)

Figure 5. Relationship between the cover thickness and its efficiency
to reduce the oxygen flux (after Aachib et al. 1993).

Table 1. Oxygen flux calculations for two cover systems.

Cover Material n S, |L,m | D,m%s | Oxygen flux,
kg/m?/yr O,
One layer Tailings 0.41 0.87 1.10 | 4.61x10° 0.036
Three layers | Sand 0.39 0.10 0.30 | 1.87x10°®
Tailings | 041 | 090 | 050 | 2.52x10° 0.036
Sand 039 0.10| 030 1.87x10°
Conclusion

After briefly reviewing the basic principles behind the use of covers made from particulate media to control
the production of acid mine drainage (AMD), the authors have presented the core of a laboratory research effort to
investigate the properties of milling wastes used in a multilayer cover system. The emphasis is placed upon the two
types of column tests used to calibrate and validate a model in which the input parameters are obtained from basic
laboratory tests, such as hydraulic conductivity, capillary characteristic curves, and effective diffusion coefficients
of oxygen. The description of the experimental devices is followed by some preliminary calculations on the
efficiency of a layered cover system to reduce oxygen flow, based on analytical solutions of Fick’s laws. Using
these, it is infered that the critical parameter in the design of a cover system is the volumetric water content, which
(as may be expected) should be maintained as high as possible in the capillary layer in order to reduce the flow of
oxygen. A degree of saturation of 90% in a porous material produces a layer that has about the same effective
diffusion coefficient as that of water. So far, this fairly broad research project has shown that tailings present some
very interesting properties as a constitutive material in a multilayered system, considering their relatively low
hydraulic conductivity, high water retention characteristics and capacity to reduce the flow of oxygen.
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FIELD AND LABORATORY PERFORMANCE OF
ENGINEERED COVERS ON THE WAITE AMULET TAILINGS®

Ernest K. Yanful,2 Bernard C. Aubé,’
Mark Woyshner,* Luc C. St-Arnaud®

Abstract: The Waite Amulet Covers Project was initiated in 1990 under the MEND (Mine Environment Neutral
Drainage) program to evaluate the effectiveness of engineered soil covers in reducing acid generation in reactive
tailings. Two three-layer soil covers (60 cm compacted clay placed between two 30 cm sand layers) with gravel
crusts were designed and installed on the partially oxidized sulfidic tailings at the decommissioned Waite Amulet
site, near Rouyn-Noranda, PQ. Another test plot was installed in which a 2 mm thick, high density polyethylene
replaced the compacted clay. The three covered test plots and a control plot without a cover were instrumented to
measure gaseous oXygen concentrations, water contents, pressure heads, temperature, and water quality. Laboratory
experiments were also installed to simulate the soil-covered test plots. The laboratory tests contained unoxidized
tailings recovered from the saturated zone of the Waite Amulet tailings impoundment. Field and laboratory results
indicated that the compacted clay layer in the composite cover remained near saturation (293%) even during dry
conditions. The soil covers in the laboratory reduced oxygen flux and acid generation by 99.9% and 95.4%,
respectively. Infiltration into the covered field plots was equal to 3.9% of total precipitation. The hydraulic
conductivity of the clay did not change from its placement value of 1x10” cm/s during 3 yr of monitoring. Field
lysimeters placed beneath each test plot showed a 70 to 91% reduction in sulfate concentrations and an 80 to 93%
reduction in iron concentrations, compared with the control plot. These concentrations do not show the same cover
effectiveness as the oxygen data because of mixing with surrounding ground water, as the water table rose higher
than the top of the lysimeters during spring 1992.

Introduction

A large number of Canadian metal and uranium ore bodies contain sulfide minerals which, when milled,
produce tailings which are generally deposited in exposed environments. When iron-bearing sulfide minerals
(particularly pyrite and pyrrhotite) contained in the tailings are exposed to oxygen and water, they oxidize and turn
receiving surface waters acidic if sufficient alkaline minerals are not present. The solution resulting from this
oxidation is characterized by low pH and high concentrations of ferrous iron and sulfate. The overall process of
sulfide oxidation may be summarized by the following equation:

FeSy(s) + 1—4502 R %HZO —~ Fe(OH)y(s) + 280% + 4H"

Naturally occurring bacteria, notably the genus Thiobacillus ferrooxidans, catalyze the oxidation reaction (Nordstrom
1982). The ferric iron generated may either be hydrolyzed and precipitated as ferric hydroxide [Fe(OH),] or oxidize
other heavy metal sulfides present such as galena [PbS], sphalerite [ZnS], and chalcopyrite [CuFeS,]. Acid drainage
may therefore also contain high concentrations of heavy metals. Rainfall and snowmelt flush the acidic solutions from
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the tailings sites into the downstream environment. If acid drainage is not collected and tre

ated, it could contaminate
ground water and local water courses, damaging the health of plants, wildlife,

fish, and possibly humans.

Current major tailings management practices for decommissioning are flooding,
d-arp, and treatment of the acid drainage from the tailings area. Flooding requires
maintenance of engineering structures such as dams and dikes. Treatment of acid drain

revegetation of the tailings
construction and long-term
age involves the addition of

‘ » such as engineered soil covers for preventing and controlling acid drainage
In an attempt to find permanent and cost-effective solutions. This effort resulted in

tl}e design and construction of soil covers, which was later followed by a field evaluati
site, near Rouyn-Noranda, PQ, Canada, during the summer of 1990.

’

on at the Waite Amulet tailings

. The Waite Amulet Covers Project consisted of a combined field and laboratory study. The main objective of
the field program was to evaluate the effects of meteorological changes (such as freezing and thawing), hydrology,
and hydrogeology, which are difficult to adequately simulate in the laboratory. The objective of the laboratory study

was to evaluate cover performance in a controlled environment where material placement, installation of
Instrumentation, and monitoring are more convenient.

Methods

The design of the composite soil cover focused on the curtailment of oxygen and water to the tailings.To
curtail oxygen, cover moisture must remain near saturation, and to inhibit infiltration, the cover must have a low
hydraulic conductivity. One method of achieving these two objectives above the water table is by incorporating a
capillary barrier in the design of the cover. In a capillary barrier, a saturated, fine-grained soil layer with a low
hydraulic conductivity is placed on top of a coarse-grained soil layer (Rasmuson and Eriksson 1986, Nicholson et
al. 1989). When the sand base is drained, capillary suction forces prevent drainage of the fine-grained soil cover.

To reduce evaporation from the clay, a layer of sand is placed over the clay. This sand cover also reduces
runoff and provides storage of water following infiltration, thereby allowing more water to reach the fine-grained
cover to alleviate moisture losses. For maximum reductions in oxygen fluxes, the design aimed at placing the fine-
grained cover at a high water content (as close to saturation as practicable). The near-saturation requi.rement ensures
that the diffusive flux of gaseous oxygen through the cover is very low since the diffusion coefficient of gaseous
oxygen decreases with moisture content (Yanful 1993).

A gravelly sand layer was selected for the sand base, a compacted varved clay for the fine-grained soil cover,
and a fine to medium sand for the sand cover. In the field, a 10 cm thick gravel crust was placed on the sand cover
to reduce erosion.

Field Test Plots

r 20 by 20-m test plots were designed as follows: (1) control plot without a cover, (2-) composite plot
consistiiguof uper and lowerpsand layers and a middle varved clay layer compacted at 93% modified Proctor and
a water content of 25%, (3) composite plot consisting of upper and lower sand layer§ and a mldd!e yarved clay layer
compacted at 91% modified Proctor and a water content of 26%, and (4) composite plot consisting of upper gnd
lower sand layers and a middle 80-mil (2-mm-thick) high-density polyethylene (HDPE) geomembrane. This d.es1gn
enabled a direct comparison between the performances of the clay and HDPE covers. Each test plot was designed
with 3:1 (H:V) end slopes and perimeter drainage ditches to conduct surface runoff away from the plots. The
design specified that the slopes be lined with 40-mil HDPE sheets at the clay-upper sand contact to prevent lateral
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transfer of gaseous oxygen into the covers. For the same reason, a similar lining was specified for all the perimeter
ditches.

Based on results of oxygen flux modeling conducted prior to construction of the test plots, the cover was
designed with a 60-cm-thick compacted fine-grained layer placed between two sand layers, each 30-cm-thick. A 10-
cm gravel crust was placed on top of the covers for erosion protection. It was estimated that this design would reduce
oxygen fluxes to very low values.

An integral component of the test plot design was the installation of instrumentation to assess the performance
of the covers. The critical parameters for this assessment were identified to be (1) the moisture content of the cover,
particularly that of the clay layer and the sand base, (2) the hydraulic heads in the cover and tailings, (3) the
concentration of gaseous oxygen in the cover and tailings, (4) the water quality of the tailings porewater, and (5) the
temperature of the cover and tailings. Hydrometeorological parameters, such as rainfall and pan evaporation, were
also monitored.

To provide information on changes in water quality in the short term, a collection basin lysimeter was
installed in the existing tailings directly beneath the cover. The lysimeter was filled with unoxidized tailings recovered
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Figure 1. Test plot soil cover.

from the southern section of the existing impoundment. Each lysimeter wasconnected to a manhole by means of a
transfer pipe. The transfer pipe wasconnected to the manhole at a lower elevation to promote drainage by gravity.
The field installation was completed in September 1990 and the test plots were monitored from that time until
September 1993.

Cover Simulation Columns

The effectiveness of the three-layer cover in reducing tailings oxidation was investigated by comparing
covered tailings with uncovered tailings in laboratory columns. The cover design and soils used in the simulation
columns were the same as those used in the field test plots and the drainage column. Tailings used in the evaluation
were recovered from the same area as the lysimeter unoxidized tailings. These tailings are rich in sulfides, consisting
predominantly of pyrite (15%), pyrrhotite (6%), chalcopyrite, and marmatite.

The columns used in the evaluation consisted of square plexiglass columns (28 cm per side) of 105-cm length.
Four such columns were fabricated and installed with soil and tailings materials as follows: (1) two test columns
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packed with 45 cm of unoxidized tailings overlain sequentially with 15 cm coarse sand, 30 cm clay, and 15 cm fine
sand and (2) two control columns packed with 90 cm of unoxidized tailings. Each column was instrumented to
measure gaseous oxygen concentrations in the soil voids, soil moisture content, and temperature. The ports were
sampled by means of a percent oxygen analyzer with a hand-held sampling trigger and a syringe needle.A detailed
description of the column installation is presented by Yanful (1993).

It was soon evident that oxygen was diffusing through the instrumentation in the test columns since the
tailings surrounding the sampling ports were oxidizing. Oxidized tailings are easily recognized by their reddish-yellow
color, as opposed to the dark-gray color of fresh tailings. Two new test colurﬁns were subsequently installed,
approximately 200 days after the first set was constructed. These new columns were fabricated from one piece of
clear plexiglass with a reduced number of sampling ports, and packing was rigorously controlled to minimize
preoxidation of the tailings.

Rainfall and snowmelt were simulated by periodically adding water. Drainage water collected from the two
control columns (without covers) was sent for metal and major cation analysis for physicochemical analysis, and
[SO.*] determination. The test columns (with covers) did not produce any drainage water because the clay layer
essentially prevented infiltration. To have a basis for comparison between the control and test columns,the tailings

in the test columns were flushed by bypassing the cover and the acidity was measured. The tests were conducted over
a period of 760 days.

Results
Water Drainage and Percolation

Cover Simulation Column. The water content profiles in the control columns indicated that the water content of
the surface tailings was highly dependent on rainfall and that the deeper tailings were essentially saturated throughout
the experiment. The water contents for the test columns showed that the fine sand layer was dependent on rainfall
events, while that of the clay remained constant at (or near) saturation (=95%). The coarse sand below the clay stayed
essentially dry except when the columns were flushed to measure acidity. The tailings below the coarse sand layer
remained at a constant water content of 30% to 35% until the first column flush, when they became saturated and
remained so to the end of the experiment. This data confirm the effectiveness of the upper sand as an evaporation
barrier that prevents the clay from losing moisture by evaporation. The bottom sand remained near residual water
content, thus preventing the clay from draining by gravity and illustrating its efficiency as a capillary barrier
(Nicholson et al. 1989).

The three-layer cover was effective in preventing percolation to the tailings. When precipitation was simulated,
most of the added water reported as runoff, some water filled the pores of the sand cover, and no water was collected
as drainage. Since the clay presented such an efficient water barrier, it was necessary that flush water bypass the
cover in order to obtain acidity results to be compared with the control columns. The columns were flushed four
times during the experiment. '

Field Results. The data taken from three years of testing show that the clay remained close its construction water
content, with a degree of saturation greater than or equal to 93% throughout the entire experiment. The coarse sand
remained at residual water content, and the fine sand varied with precipitation and evaporation. Table 1 presents the
1993 volumetric water contents for the two soil covers and underlying tailings and the sand base and tailings
underneath the HDPE cover. These results support the 1990-1992 data and are in complete agreement with results
obtained from laboratory and modeling analysis. The water content data of the tailings are probably too high and may
be explained by the high ionic strength of the tailings pore water which made it difficult to obtained a well-defined
TDR wave for interpretation (Yanful et al. 1993)

The percolation through one of the soil covers was estimated by measuring the discharge from the lysimeter
during an eleven-month period (October 1992 to September 1993). It was possible to obtain an good estimate of the
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infiltration because, unlike the spring of 1992, the water table did not rise above the top of the lysimeters. The
collected volume was 82 L, which was equivalent to 37 mm of precipitation. This represents 3.9% of the total
precipitation (958 mm) for that period. Duplication of the results was not possible as the transfer pipe from the

lysimeter below the other soil cover seemed to have ruptured during the third year. The infiltration in the control plot
was estimated to be five times that of the test plot.

Table 1. Volumetric water contents of test plots at Waite Amulet (1993).

Test Plot Materhil Depth (cm) | May 21 June 11 August 19
Soil cover 1 | Clay 30-60 43 43 42
Clay 60-90 46 45 46
Sand Base | 90-120 9 9 9
Tailings 120-150 50 50 49
Tailings 150-180 60 60 56
Soil cover 2 | Clay 30-80 45 45 44
Clay 60-90 44 45 43
Sand Base | 90-120 8 9 8
Tailings 120-150 52 52 52
Tailings 150-180 57 57 54
HDPE cover | Sand Base | 30-60 9 9 --
Tailings 60-90 53 53 -=

Hydrologic Modeling. The Hydrological Evaluation of Landfill Performance (HELP) model is a deterministic water
balance model that uses climatic, soil, and design data to determine the water budget of a landfill (Schroeder et al.
1984). The HELP model simulates four hydrologic processes on a daily account: (1) runoff, and hence infiltration,
(2) percolation (i.e., saturated and unsaturated vertical flow), (3) lateral drainage, and (4) evaporation. The HELP
model was utilized in this project to evaluate the amount of percolation that is expected through the composite soil
covers. A small amount of percolation is required for the clay to remain near saturation; however, a large amount
of percolation will tend to promote the dispersion of AMD.

The HELP model was run with 20 yr of synthetically generated climatic data. Percolation (39 mm/yr) is
slightly greater than the hydraulic conductivity of the clay (1x107cm/s or 32 mm/yr). This is possible only when free
water is ponded at the surface of the clay. The monthly results indicated these conditions existed and that the
predicted soil water content at the end of the 20-yr modeling period was similar to the initial value of 44%.

To validate the HELP modeling, the flow model SEEP/W was used to simulate flow through the composite
soil cover at Waite Amulet. The test plot was modelled as a two-dimensional system under steady-state conditions.
The top boundary condition was specified as a constant flow of water equivalent to the precipitation minus the runoff
and evaporation (240 mm/yr). The results of steady-state flow modeling are only an indication of what one might
expect as the average annual flow condition. The transient effects of the system are not depicted.

SEEP/W flow modeling determined that 34.4 mm would percolate through the cover. HELP modeling
determined that 39 mm would percolate through the cover. Both modeling programs also indicate that the clay will
remain saturated by a perched water table in the upper clay and lower fine sand layers. In the eleven-month period
mentioned above, 37 mm of percolation was measured.These converging results between the two modeling methods
and the field data confirm the validity of the modeling programs.
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Freeze-Thaw. Since the method of measuring water content (time domain reflectometry, or TDR) measures only water
and not ice, it can be used to indicate when soils are frozen. The results indicated the tailings under the soil covers
did not freeze, while the uncovered tailings froze during the winter. The clay cover also showed freezing during
winter. These data agreed with the temperature data, which showed below zero temperatures in the cover and the top
25 cm of uncovered tailings during the winter.

The effects of freeze-thaw on the integrity of the compacted clay layer in the composite cover were
investigated. The results showed that most of the negative
effects occur during the first two freeze-thaw cycles. 0.0 : o
Laboratory hydraulic conductivities increased by one to two i 7‘
orders of magnitude after the first two freeze-thaw cycles and [ Covered plot
then remained steady. Field hydraulic conductivity was surface
measured yearly from 1991 to 1993, and the results indicated
a value of ~1.0 x 10”7 cm/s, similar to the initial design value.
Based on these results and those of the laboratory freeze-thaw

studies, it is concluded that freezing and thawing have not :' N
adversely affected the cover and that no future negative effects 5
need be anticipated. § 0
- S0l \|
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Field Results. The diffusion of oxygen in water is a very & 120 7 00 E
slow process, compared with its diffusion in air (2.5x10° m*s 2 [ =
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through a saturated soil is therefore lower than that in water.

The computer program POLLUTE (Rowe and Booker
1990) was used to determine the flux of oxygen into the Figure 2. Field O, concentrations.
covered and uncovered tailings. Modeling results showed that,
in July 1992, the flux of oxygen into the uncovered tailings was 2.76 g 0,/(m?day), compared with 4.96x10* g
0,/(m?-day) for the covered tailings. This represents a cover effectiveness of over 99.9%.

Figure 2 presents gaseous oxygen profiles measured in July 1992 on both covered test plots as well as the
uncovered control plot. These profiles show that the covers have a significant effect on the oxygen concentration at
the surface of the tailings. When the tailings are not covered, the oxygen at the surface of the tailings is at
atmospheric conditions (20.9% O,). When the three-layer cover is placed over the tailings, the oxygen concentration
is reduced to 2.0%. This represents a 90% efficiency in reducing oxygen availability.

The bacteria that catalyze the oxidation reaction are aerobic and may therefore not be capable of survival
where oxygen concentrations are low. Below a soil cover, this would represent a greater decrease in oxidation rate
than that due to the reduction in oxygen concentration alone, since biological oxidation is eliminated. For example,
a 90% decrease in oxygen availability could conceivably imply a 97% decrease in tailings oxidation rate.

During 1992, oxygen measurements at the membrane-covered test plot were consistently 20.9% above, and
6% below, the geomembrane. The fact that the concentration was not lower than 6% below the geomembrane
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indicated a constant supply of oxygen in the sand base layer. Horizontal inflow of oxygen from the edge of the cover
was most likely responsible for the oxygen observed in the sand base.

Simulation Column Results. In the test columns, the oxygen concentration in the fine sand at the surface remained
essentially constant near atmospheric value (20.9%). In three of the four test columns, the oxygen concentration
beneath the soil cover remained below 1%. In the fourth test column the concentration ranged from 6% to 15%
oxygen. As the cover was intact and the tailings in the fourth column did not oxidize (the tailings remained gray and

very little acidity was measured), the

sampling port was considered defective. The or

oxygen concentrations measured in all
covered tailings were always below 1%.

o

- 2
T

In the control columns, an oxydation
front was formed and gradually descended
farther into the tailings as the upper layers
oxidized. The oxidation rate decreased with
time because the oxygen had to diffuse
through the upper layers of oxidized tailings
to reach the fresh tailings below. Near the
end of the test period (~650 days), oxygen
concentrations greater than 2% were 1}
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observed at the 31-cm depth. This suggests 0 : -

that the tailings above the 30-cm depth must 1CONTROL2 TEST1 TEST2 TEST3  TEST4
have been oxidized.

Chemistry Figure 3. Total acidity and acid production rate in .

laboratory columns.

Simulation Column Results. Total acidity

was used as a basis for assessing soil cover effectiveness during
the simulation column experiments. The total acidity was
determined as the product of the acidity as CaCO, equivalent, in
grams per liter, and the respective volume of drainage water
through the columns. For the control columns, this included both
simulated rain and flush water. For the test columns, only flush
water was measured since the simulated rain water did not
permeate through the clay. The acidity data are presented in figure
3 for the uncovered and covered tailings. The data indicate that the
soil cover decreased acid production from the tailings by an
average of 95.4%. Reduction of acid production in test columns 1
and 2 was not as high as in columns 3 and 4, because of oxidation
resulting from test artifacts, as previously mentioned.

The oxidation rate calculated for the uncovered tailings was
about 10 mg/(d-cm?) of CaCO,. This oxidation rate could not be
related to field oxidation rates since laboratory conditions were
almost optimal for microbial activity (22° C). However, the
laboratory results provide an estimate of the maximum acid flux
generated by a tailings with similar mineralogy.

At the end of the tests, solid tailings samples were removed
from the columns and sent for analysis. Pyrite content was
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considered to be a good basis for verification of the degree of oxidation since it is quickly oxidized and represented
12% to 18% of the fresh tailings. The results in figure 4 were obtained by dividing the final concentration of pyrite
at the specific depths by the initial concentration of the tailings taken when the columns were packed. These results

clearly show that the control column tailings had been mostly oxidized in the first 20 to 30 cm of depth, and that
the covered tailings were virtually intact.

Porewater samples were extracted (by squeezing) from approximately 200 g of tailings and analyzed for pH
and for metals and sulfur by the inductively coupled plasma method. The results showed that iron concentrations in
the control columns were more than 100 times higher than iron concentrations in the test columns. The oxidation
front in the control columns was also well defined at around 30 cm, with iron concentrations of 15 g/L. compared
with 5 g/L near the surface. Table 2 presents some water quality data for the uncovered (Control 1) and covered (Test
4) tailings. Details of the water quality data from the columns are presented and discussed in detail in the MEND
report on the project (Yanful et al. 1993).

Bacteria count was also performed on tailings samples to evaluate the population of iron-oxidizing
microorganisms such as Thiobacillus ferrooxidans. The results indicate that the bacterial population in the covered
tailings (test columns) ranged from 1x10? to approximately 1x10° cells, while the uncovered tailings (control columns)
showed a maximum number of cells of 1x10’ near the oxidation front, at a depth of 30 cm.

Table 2. Post-testing pH and species concentrations (mg/L) in tailings pore water.

Depth (cm) pH Fe Fe* Zn Cu SO* Al
Uncovered Tailings (C1)

5 1.87 4,970 3,590 13.5 80.7 22,380 1,300
15 1.89 | 4,150 4,130 15.7 136 21,240 1,300
25 2.02 15,800 14,270 67.2 158 49,500 2,700
36 2.87 11,600 11,680 184 52.2 34,500 2,240
50 3.31 9,230 9,320 432 15.9 27,690 1,730
75 4.06 1,330 70 72.5 <0.02 3,840 53

Covered Tailings (T4)

5 4.12 5.31 2.31 11.6 0.1 2,610 1.87
15 5.45 1.42 0.7 248 0.03 1,950 0.58
25 5.41 7.58 0.7 8.31 <0.02 1,980 0.69
37 5.29 0.9 1.75 124 <0.02 2,250 0.51

Field Results. The chemistry of the drainage water from the control lysimeter indicated rapid oxidation of the
exposed tailings in the uncovered lysimeter. Immediately following installation in October 1990, the pH of drainage
water decreased from 3.78 to 3.33 within a month. Concentrations of Fe and other heavy metals (Zn, Cu, and Cd)
were higher than those observed in the saturated tailings surrounding the lysimeter. After the initial flushing of the
tailings, the concentrations of sulfate and metals apparently decreased in 1991. Further oxidation during the following
summers produced more acid, and concentrations of sulfate and metals have increased in 1992 and 1993.

The lysimeters underneath the soil covers did not produce any drainage water until after a year of monitoring.

Unoxidized tailings were placed in the lysimeters at residual saturation prior to covering. Following installation, it
was calculated that the lysimeters underneath the soil covers would not report water until after 14 months, based on
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the hydraulic conductivity of the compacted clay and the residual water content of the tailings. When the lysimeters
finally reported water, the water table below the test plots was found to have risen above the level of the lysimeter
as a result of high rainfall. This was evident from hydraulic head data, ponding observed on the control test plot and
water collected from the lysimeter below the geomembrane. Analysis of the lysimeter water and pore water of the
surrounding tailings supported the inference that ground water had contaminated the fresh tailings inside the
lysimeters by rising above the the sand base and into the lysimeters. This contamination would affect the collected
water from both the control and the soil covered test plots. Ferric ions (Fe*) in the tailings pore water could
subsequently oixidize the fresh tailings below the covered plot and worsen the water quality in the lysimeter, before
collection. The chemistry of the lysimeter drainage water was therefore not considered a useful measurement of the
acid generation rate. A different design for the lysimeter system could have averted the problem associated with the
water table elevation. Also, the problem would not occur in a full-scale soil cover application, in which covering
of the entire tailings deposit would lower the net infiltration in the tailings, and hence lower the water table.

The tailings from the two soil covered and control test plot lysimeters were removed and examined after 3
yr of monitoring, to assess the extent of oxidation. The tailings from the control lysimeter showed some discoloration
due to oxidation, whereas the samples removed from beneath the covered tailings were gray and seemingly
unoxidized. Chemical analysis for sulfate and metals indicated oxidation in the control tailings but little or no
oxidation in the covered tailings. For example, total Fe concentration in the uncovered tailings pore water ranged
from 5,000 to 20,000 mg/L, compared with 1,000 to 1,500 mg/L in the covered tailings. Sulfate concentrations in
the uncovered tailings pore water were about 16,000 to 63,000 mg/L compared with 5,000 to 5,700 mg/L in the
covered tailings. These data do not indicate the same soil cover effectiveness as the gaseous oxygen and hydraulic
data and are believed to be influenced by mixing from surrounding ground water which overtopped and contaminated
lysimeters hosting the tailings. It is estimated that, at the time of sampling, the ground water that had contaminated
the covered lysimeters had not yet been flushed from the lysimeter pore water. In fact, only about 1/6 of the total
tailings pore volume (in the soil-covered lysimeters), had been flushed. Details of the water quality data are presented
by Yanful et al. (1933b).

After three years of monitoring, pore water sulfate concentrations in soil-covered tailings (lysimeters) were
9 to 30% those of uncovered tailings. Total iron concentrations in the covered tailings were 7 to 20% of those
observed for the uncovered tailings.

Conclusions

The three-layer soil cover, consisting of one fine-grained (clay) saturated layer placed between two coarse-
grained (sand) layers, is an efficient method of inhibiting acid mine drainage generation. Field and laboratory tests
have shown that the clay barrier will remain near saturation (=93%) even under dry conditions. Oxygen profiles
measured in the laboratory and the field showed that the oxygen flux could be reduced by up to 99.9%. The reduction
in oxygen flux in the laboratory columns reduced the activity of the bacteria which catalyze the oxidation reaction
by 99.0%. The curtailment of oxygen and biological oxidation resulted in a reduction of the rate of acid generation
of 95.4% in the laboratory.

Field water balance measurements indicated that only 3.9% of precipitation percolated through the cover. This
was confirmed by hydrologic modeling. This infiltration is equal to approximately one fifth the infiltration into
uncovered tailings. After three years of monitoring, the hydraulic conductivity of the compacted clay had not changed
from the initial value of 1.0x107 cm/s.
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COMPOSTED ORGANIC WASTES AS ANAEROBIC REDUCING COVERS
FOR LONG TERM ABANDONMENT OF ACID-GENERATING TAILING!

W.G. Pierce?, N. Belzile2, M.E. Wiseman3, and K. Winterhalder?

Abstract: While organic amendments have been well documented for revegetation of acid-generating
tailing and waste rock, it is recognized that they do not prevent tailing oxidation and therefore are not a
permanent solution to the acidic drainage problem. Laboratory research presented here compared three
compost cover layer models that employed fresh and mature municipal solid waste compost. Fresh
compost covers on tailing established low redox potential under anaerobic conditions that not only
prevented further tailing oxidation, but also reversed the processes that generate acidic mine drainage.
Reductive dissolution of previously oxidized and precipitated trace metals was seen, but this may be a
transient phenomenon. Further laboratory studies and preparations for a field research program are
ongoing.

Additional Key Words: acid mine drainage, compost, municipal solid waste, oxygen barrier

Introduction

The prevention or treatment of acid mine drainage (AMD) resulting from the oxidation of
sulphides in waste rock and tailing is one of the most significant environmental problems facing the
mining industry and various government agencies. In Ontario, Canada, recent amendments to the
provincial Mining Act requiring the filing of long term Rehabilitation Plans with financial assurance to
complete them, has added impetus to the efforts to find more cost effective and permanent strategies to
prevent AMD. Revegetation efforts improved the aesthetic qualities of mine wastes but have done little to
ameliorate the AMD problem (Davé and Michelutti 1989).

It is recognized that metal sulphides in tailing and waste rock react with oxygen and water to
produce sulphuric acid and release associated trace metals. Some of the strategies currently being
investigated to stop the AMD processes include preventing oxygen, water, or both, from contacting the
tailing. It is also recognized that the bacterium Thiobacillus ferrooxidans plays a significant role in
accelerating the tailing oxidation process. Thus, stopping oxygen penetration into the tailing will reduce
the activity of T. ferrooxidans.

One of the promising areas of research by industry and government is the use of various covers to
prevent the oxidation of tailing sulphides. Unfortunately, most effective cover designs have proven to be
prohibitively expensive to implement (Davé and Lim 1989, Nicholson et al. 1989). Recently, a number of
studies have recognized that there are natural conditions of low oxygen concentration and redox potential
that could be adapted to stop the AMD processes and perhaps actually reverse it (Pierce 1992). Anaerobic
conditions found in landfills and wetland organic sediments are populated by reducing bacteria that
produce methane gas and reduce dissolved sulphate, nitrate and metals, returning them to a solid state as
sulphide precipitates. Other organic materials, such as Municipal Solid Waste (MSW) compost, share
many of the characteristics of landfills and wetland sediments and it is hypothesized that a designed

1Paper presented at the International Land Reclamation and Mine Drainage Conference and Third
International Conference on the Abatement of Acidic Drainage, Pittsburgh, PA, April 24-29, 1994.

2W. Glenn Pierce, Research Associate, Centre in Mining and Mineral Exploration Research, Nelson
Belzile, Assistant Professor of Chemistry, and Keith Winterhalder, Associate Professor of Biology,
Laurentian University, Sudbury, ON, Canada.

3Mark E. Wiseman, Manager Environmental Projects, Falconbridge Ltd., Falconbridge, ON, Canada.

148



compost cover may also be able to maintain reducing conditions in acidic tailing.

The disposal of municipal wastes is a major environmental problem and cost facing many urban
centres. The organic fraction can be 30% of MSW but its use in the production of clean, high-grade
compost can be ten times more expensive for a municipality to manufacture than the present cost of
landfilling the MSW. Land reclamation uses by the mining industry may represent a large and reliable
market for MSW compost, especially if the compost could be less mature and contain gross contaminants
such as glass, ceramics, plastics, wood chips, concrete and other wastes that are difficult and expensive to
remove in making agricultural-grade compost. Large quantities of low-grade compost could be diverted
from a MSW compost plant early in the manufacturing process and would therefore be much cheaper to
produce and dispose of -- at a significant saving to the municipal taxpayers. Recognizing the potential
“win-win” situation for municipalities and the mining industry, Falconbridge Limited initiated a research
program to study the benefits of using MSW compost as an ameliorative cover layer on acidic tailing sites.

Benefits of a Compost Cover Layer

A literature review of what is known about the physical and chemical characteristics of MSW
compost and other organic materials (Pierce 1992), revealed that a compost layer on sulphide tailing
could be beneficial in five ways in the suppression of tailing oxidation and acidic mine drainage. First, the
compost could maintain sufficient water saturation to produce a physical oxygen barrier. Second, the
continued decomposition of compost would create a large biological oxygen demand that acts as a sink for
atmospheric oxygen or dissolved oxygen. Third, compounds and decomposition products in the MSW
compost that leach into the tailing may inhibit the growth and metabolism of sulphate-producing
bacteria. Fourth, organic constituents and reducing bacteria in the MSW compost could cause the
reductive dissolution of ferric oxides and prevent indirect ferric sulphide oxidation and acid generation.
Fifth, compaction of the compost layer could reduce the hydraulic conductivity and prevent mflltratlon of
precipitation, thus decreasing tailing groundwater flow.

Project Objectives

Three major lines of investigation were undertaken during the laboratory phase of the research
program-
1. Determine the potential leachate characteristics of fresh and mature compost.
2. Evaluate the physical characteristics of compost that determine its ability to maintain water saturation
and anoxic conditions.
3. Evaluate the chemical processes and changes within compost and tailing when compost is placed on

acidic tailing.

In this paper we present the results of a six month laboratory simulation experiment comparing
the effects of fresh and mature compost used in three cover layer designs on oxidized acidic mine tailing.

Methods

Tailing material utilized in this research was obtained from the Nickel Rim site of Falconbridge
Litd., near Falconbridge, ON, Canada where it was deposited in the early 1950s (Blowes et al. 1991). The
material was taken from the oxidized tailing zone approximately 10-30 cm below the surface layer of
sandy, revegetated soil. Mature and fresh MSW compost was obtained through Dr. Lambert Otten at the
University of Guelph, and was produced in a pilot plant from source-separated, organic, kitchen and yard
waste collected from 900 suburban homes (Otten 1993). The fresh compost obtained was four weeks old,
had a strong odour, and contained numerous twigs, stones and bits of plastic that had passed through a
7.5 cm screen sieve. The 14-week-old mature compost was sieved through 12 mm screen and had a fine
texture like potting soil and very little odour.

Compost Leachate Composition

Several tests were done to evaluate the risk of using MSW compost on mining lands. Standard
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chemical leachate analyses on compost to satisfy regulatory requirements of Ontario Regulation 347,
Environmental Protection Act, regarding waste classification. The analyses included Ni, Cu, Pb, Zn, Cd,
As, Cr, Co, Mo, Se, Hg, and the organics PCB, Aldrin, Dieldrin, Chlordane, DDT, Endrin, Heptachlor
epoxide, Methoxychlor, Toxaphene, 2,4-D and Silvex. The Toxicity Characteristic Leaching Procedure was
also performed on compost to determine the leachate characteristics under simulated acid rain conditions.
Both Regulation 347 and TCLP procedures were repeated on compost that was spiked with ten times
greater a concentration of organic chemicals and trace metals than that allowed by the Ontario Compost
Quality Guidelines (Ontario Ministry of the Environment 1991) in order to simulate worst case conditions
for MSW compost contamination.

Chemical P 1 Gl in Taili

The physical and chemical characteristics of the tailing were determined before and after compost
cover layer treatments. The investigations included- :
1. Characterization of the crystallinity of oxidized tailing and the distribution of adsorbed trace elements
with the tailing by x-ray diffraction.
2. Evaluation of the effects of redox potential and acidity changes on solid phase chemical speciation and
the composition of tailing pore water and leachate through a standard sequential leaching analysis (5
fractions), and by mixing tailing with standard solutions of chemical reducers, such as sodium dithionite.
Trace metals were analyzed by Inductively-Coupled Plasma spectrophotometry (ICP).
3. Determination of the effects of compost on solid phase chemical speciation and the composition of
tailing pore water and leachate. This was accomplished by mixing compost with a slurry of tailing,
followed by ICP analysis on filtrate (0.2 pm membrane), and analyses of samples obtained from the
compost cover layer simulation experiment (see below).

m r L r Simulation

Leaching columns were employed over several months to investigate the potential benefits that
were suggested for three compost cover layer models, using fresh and mature compost treatments. The
objectives of the simulation experiment were-

1. Study the effects of compaction pressure and compost maturity on the physical properties and water
retention by the compost layer. The physical measurements included degree of compaction, water
saturation, dry bulk density, porosity, and saturated hydraulic conductivity.

2. Measure the oxygen concentration profiles within the compost-tailing columns to determine the extent
of anoxic conditions.

3. Determine any changes in tailing and compost pore water and gas quality through the simulation
period, including relative measurements of redox potential, oxygen, carbon dioxide, carbon monoxide,
methane, and dissolved sulphate, nitrate, iron, nickel, copper, zinc, cobalt, and manganese.

Experimental Treatments. Three cover layer designs were investigated using leaching columns to
contain a vertical column of tailing and compost. The simplest cover treatment, called the Compost
model, was a 95 cm layer of compost placed directly on a homogeneous layer of oxidized tailing (fig. 1A).
In the Ploughed model (fig. 1B), a 20 cm layer of compost mixed with tailing (1:1 ratio by volume) was
first placed on the tailing layer, followed by a 30 cm layer of compost. The Sand model consisted of a 5 cm
layer of coarse aquarium sand on tailing to hydraulically isolate an upper 30 cm layer of compost from
the tailing layer (fig. 1C). All columns contained an 88 cm layer of oxidized tailing to simulate the
drainage characteristics of the tailing site. Two grades of compost (agricultural-grade, mature, 14-week-
old compost, and coarse, fresh, 4-week-old compost) were used as contrasting treatments to investigate
the relative benefits of compost maturity and quality. The six types of treatments were constructed in
triplicate, giving a total of 18 leaching columns. The compaction pressure of a layer of revegetation
medium was simulated by placing a weighted piston on the top of each compost layer (fig. 1).

Leaching Column Design. Leaching columns were constructed from clear acrylic plastic tubes 185 cm
high and 10 cm outside diameter with 3 mm walls (fig. 1). The clear tube walls allowed examination of
the quality of packing of tailing and compost in the tube, as well as monitoring of visible changes in the
material during the simulation experiment, such as porosity and colour changes in the compost, and inthe
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oxidized tailing as a result of reduction of iron
oxides. Compaction of the compost in the
leaching columns was achieved using a piston A B c
made of a 9.4 cm diameter disk of 13-mm-thick
acrylic plastic attached to a pine post that

reached above the top of each tube. Each disk I ]

had eighteen 3 mm holes drilled through it to r‘]
allow the free passage of gases and water. Lead
fishing net weights were attached to the top of
the pine posts. In the Compost model (fig. 1A), a
9-Kg lead weight applied a pressure of
approximately 12.5 KPa (0.125 atm) to the top of Sampling Compost
the compost in order to simulate the weight of a holes — % o o d e
revegetation layer of about 50 cm. In the #
Ploughed and Sand models (fig. 1B-1C), 36 Kg of P';l;gfhﬁ_
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post by chains to give a pressure on the compost
of 50 KPa (0.5 atm). This amount of weight was
applied to simulate the effect of a surface g8cm | Taiing Tailing Tailing
revegetation layer of about 2 m of gravel and L

ke— Acrylic tube

sandy soil.

After the compaction pistons were \\ s ) ’
inserted, all columns were flooded with distilled \ﬁ ( K \ AFunnel with
water. The leaching columns were mounted screening
vertically inside a 2.5 m-tall plywood cabinet and ) ) . .
seated ilzto polyethylene funﬁe)is supported on a Figure 1. Diagrammatic view of the leaching
bottom shelf. Each column was supported near columns used in tl.le compost cover laygr
the top by sticking through a hole in an upper simulation, showing: (4) Con:iposténlo del, (B)
shelf. Doors on the cabinet were closed during Ploughed model, and (C) Sand model.
the experiment to keep the experimental
material in darkness.

To gain access to the compost and tailing material inside the leaching columns, two vertical lines
of sample holes were previously drilled through the tube walls and sealed with rubber stoppers. The
vertical lines of holes were separated by 90 degrees around the circumference of the tube. These holes
were used to extract compost and tailing material for chemical and gas analyses. Another vertical line of
six sampling holes was made on the backside of each tube at the level of the compost layer, with the
holes mid-way between the other sampling holes. These holes were used near the end of the experiment
to extract cores of compost in order to determine the degree of water saturation, bulk density, and gas-
filled porosity.

Sampling Methodology., During the simulation experiment, small samples of tailing and compost
were taken periodically for gas analysis and relative redox potential (Eh) measurement. To avoid the
introduction of atmospheric oxygen into a column when a stopper was removed from a sampling hole, it
was necessary to establish an anoxic atmosphere around a portion of the column before removing the
rubber stopper. An acrylic plastic glove box was constructed to fit half-way around the column and
provide access to the two sampling holes at each level (fig. 1). Inside the glove box were placed a 4 mL
glass vial, a 15 mL plastic tube (containing 5 mL of distilled, deoxygenated water), a redox potential probe
and a cork borer with wooden plunger. Both containers were pre-weighed. The glove box was flooded
with nitrogen gas fed into a port on the top for about a minute before sampling to establish anoxia in the
box. Using the cork borer, the experimenter extracted a 1- to 2-cm core of material. Half of the material
was put in the glass vial and sealed with a rubber septum and screw cap. The rest of the material was
inserted into the plastic tube containing deoxygenated water. The tube was gently agitated for about 30 s
before a redox potential probe was inserted into the liquid. The Eh was recorded after three minutes, and
then the tube was capped. Both containers were removed from the glove box and reweighed. After gas
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analyses were completed, the glass vial and solid sample was oven dried at 75°C overnight to determine
the dry weight of material sampled.

The Eh measured is a relative redox potential value since the redox transformations in the
compost-tailing system would be complex and thus could not be calibrated against a redox potential
standard. The redox probe was checked periodically against a standard solution to guard against
malfunction and drift in its response. The redox probe was too fragile to insert directly into compost or
tailing material so the method to measure an equilibrium Eh between a solid sample and deoxygenated
water was devised. Therefore, the redox potential measurements made in the compost and tailing
material are a relative Eh, consistent between experimental samples. Similarly for acidity
measurements, since pore water was not being extracted, an accurate measurement of in situ sample pH
could not be obtained. However, a relative pH was measured in the deoxygenated water used to

determine relative Eh for the solid core samples. We are assuming that a similar equilibrium situation
existed between the solid phase and the deoxygenated water in all the core samples.

i i The glass vials containing compost or tailing samples were transported to
another lab for gas chromatography and ion chromatography analyses. To avoid the possibility of
contamination error, only as many samples were collected from the columns as could be analyzed the
same day, and vials were stored in the refrigerator until shortly before starting gas analysis to minimize
further chemical changes. A precision syringe was used to sample 100 pL of gas in the vial. This sample
was injected into a gas chromatograph equipped with a thermal conductivity detector and a column
designed for low molecular weight gases. Gases of interest to this study that could be measured with this
instrument include oxygen, carbon dioxide, carbon monoxide and methane.

Anion Analvsis. The levels of nitrates and sulphates were analyzed in each sample of deoxygenated
water using a high pressure liquid chromatography system controlled by the Millenium 2010 software.

1 nd Di i

Unfortunately, space limitations permit presentation of only some results of the cover layer
simulation portion of the project. Major conclusions of the compost leachate analyses and the
characterization of chemical processes and changes in oxidized tailing are presented. A complete
presentation of data and analyses for the project is available in a detailed report to MEND Ontario
(through the Ontario Ministry of Northern Development and Mines) entitled “Reclamation of Sulphide
Tailing Using Municipal Solid Waste Compost: Laboratory Studies Final Report”.

mpost Leach iti

All fresh and mature compost samples met the Ontario Compost Quality Guidelines. No
detectable concentrations of common toxic organic compounds were found in either the fresh or mature
compost. Both the Regulation 347 and TCLP leaching tests showed similar patterns in the availability of
trace metals and nitrogen compounds. Trace metals in compost leachate met the latest Municipal
Industrial Strategy for Abatement (MISA) regulatory concentration standards for discharge from mining
lands in Ontario. While the tests indicated elevated concentrations of nitrogen compounds, it is expected
that these will not be of concern in the compost-tailing system where nitrate-reducing bacteria are active
and will produce harmless nitrogen gas. Compost quality standards for agricultural use must be stringent
to prevent uptake of toxins into the human food chain . However, this study suggests that leachate from
contaminated compost will not be a risk to water quality outside the tailing site. As such, the application
of MSW compost to mining lands would involve a low level of environmental risk.

Chemical P 1Cl in Taili

The sequential extraction analyses of oxidized tailing material before treatment by a compost
cover layer showed that high concentrations of Fe and Ni that are associated with amorphous or recently
formed oxyhydroxides. These elements could be released from the solid phase under reducing conditions
since iron oxides and oxyhydroxides can be dissolved and release Fe(II) and the trace metal adsorbed onto
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them. A significant proportion of Cu and Zn was associated with organic or sulphide solids. Mn, Cu and Zn
show a strong presence in the residual component of the extraction procedure, and thus would not be
expected to mobilize under oxidizing conditions. Other metals, such as Cr, Co and Pb were extracted only
in relatively low concentrations. These elements adsorbed or precipitated in the oxidized tailing may be
resolubilized as iron changes from the ferric precipitate to the soluble ferrous state under reducing
conditions. Strong reducing conditions, however, may recreate stable sulphides thus immobilizing most
trace metals. Sequential extraction analyses of tailing following the compost cover layer treatment are
not complete at the time of this report. Preliminary compost-tailing slurry experiments using mature
compost as a reducing agent in oxidized tailing material suggest that chemical interactions with mature
compost will produce weak reducing conditions.

C : C I Tailing Simulati

The transparent walls of the leaching columns provided a view of the chemical changes that were
occurring in the compost-tailing system during the simulation. At approximately three weeks into the
experiment, a blackening of the tailing and compost material appeared near the compost-tailing interface
in the fresh compost treatments. This material was identified as iron sulphide precipitate. Similar
darkening from iron sulphide also appeared several weeks later in some of the mature compost
treatments. These visual observations confirm that anoxia became established, especially under the fresh
compost, and created reducing conditions strong enough for the formation of iron sulphide precipitate.

Compost Laver Physical Changes, Fresh compost layers compacted 10% to 20% more than those of
mature compost, although fresh compost showed a significantly higher total porosity and lower dry bulk
density under the same compaction treatment. Fresh compost maintained a higher water content than
mature compost as a result of its greater porosity. Since gas-filled porosity was found to be strongly
correlated to total porosity and inversely correlated to bulk density, the variability and importance of
pore water volume were relatively small, Therefore, we concluded that a compaction pressure of 50 KPa,
approximately equivalent to a two metre cover of soil, was not effective in squeezing pore space out of
the compost matrix under these experimental conditions. However, as the experiment progressed, voids
developed in all the fresh compost layers,presumably due to the accumulation of decomposition gases.

Saturated hydraulic conductivity for the
different compost-tailing systems ranged over
several orders of magnitude (fig. 2), from a
maximum of 4.4 x 104 cm/s in mature compost to
a minimum of 2.2 x 106 cm/s for fresh compost
columns. By contrast, tailing and ploughed
(mixed) layers had much higher saturated
hydraulic conductivities of 1.3 x 10-3 ¢cm/s and 0.6
x 10-3 cm/s, respectively. Three fresh compost
columns still held a shallow head of water above
the compost layer 48 days after rewetting,
indicating that their conductivities had dropped to
a value near zero. Buttler et al. (1991) concluded
that the low hydraulic conductivity of peat is
determined by the blockage of pore space by
trapped methane gas bubbles. We could not
determine the basis for the low hydraulic Figure 2. Saturated hydraulic conductivity of the
conductivities in the fresh compost in this case. If compost cover layer-tailings system. Each

a frqsh compost cover layer could be' lfept -wgt bar is the average of three replicates and the
and in a state of anaerobic decomposition, it is same bold letter indicates no significant
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05 +

HYDRAULIC CONDUCTIVITY, x10-3cm/s
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possible that this extremely low conductivity difference at the p=0.2 level. (treatments: PF
could be maintained. The result would be very - Ploughed Fresh. CF - Compost Fresh, SF -
poor water flow through the compost layer and Sand Fresh, PM - Ploughed Mature, CM -
the maintenance of near-saturated conditions Compost Mature, SM - Sand Mature, CT -
and anoxia. Compost and Tailings mixture, T - Tailings).
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Oxygen concentrations
measured through the simulation experiment
(fig. 3) indicate that the mature and fresh
compost covers led quickly to anoxic conditions in
all cover models studied. None of the oxygen
concentrations measured was zero; however, the
low concentrations detected are believed to be
the result of oxygen contamination due to
sampling technique, and not due to the presence
of detectable amounts of oxygen inside the
columns. The few high oxygen concentrations
measured are believed to be the result of either
an error in sample handling or an air leak into
the column past an improperly seated stopper.

The creation of anoxia led quickly to a
large decrease in Eh. The relationship between
Eh and water content for all the samples of the
simulation run is shown in figure 4. It is clear
that the highest water contents and lowest Eh
were found in the fresh compost layer (fig. 4,
solid squares), and the lowest Eh in tailing was
produced under this cover (fig. 4, solid circles).
The ploughed layer, with an equal mixture of
compost and tailing (fig. 4, triangles), shows an
Eh-water relationship intermediate between the
compost and tailing. Some of the tailing treated
under fresh compost had Eh values as low as
those in fresh compost samples. This suggests
that the properties of the cover layer, rather
than just chemical processes, produced the low
Eh in the tailing layer.

The progress of Eh in the tailing layer is
shown in figure 5. Tailing under the fresh
compost treatments showed a continuous Eh
decrease from one sampling period to another,
while the tailing under the mature compost
cover layer demonstrated little decrease until
much later. The water content of the tailing
samples was little modified by the rewetting of
the columns or by the drying periods.

Analyses of gas samples in equilibrium
with the solid phase samples revealed patterns
that were consistent with the relative redox
potential and oxygen concentration results. In all
three cover layer models employing fresh
compost, methane and carbon dioxide production
showed a general increase with time in the
compost and tailing regions of the profile.
Profiles of methane concentration in the
Compost model are shown in figure 6 at three
sampling points during the simulation. Methane
concentration increased in the tailing layer
during the run, but was virtually absent in the
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mature compost treatments. These patterns are
consistent with the decrease in Eh found in the
tailing layer and the establishment of sufficiently
strong reducing conditions for the observed
methane and iron sulphide production. Carbon
dioxide concentrations were greater in 80% of the
fresh compost samples than in the matching
mature compost samples. Methane and carbon
dioxide are both decomposition products of
anaerobic bacterial breakdown of organic
substrates that are provided here in abundance
by the compost and its leachates. Our gas
chromatography system could not measure
hydrogen sulphide, however, since the iron
sulphide observed is formed from the reaction of
hydrogen sulphide with Fe (II), it is certain that
H2S gas was present in the tailing-compost
interface zone where iron sulphide precipitate
was found. Hydrogen sulphide is produced by
anaerobic sulphate-reducing bacteria that utilize
small organic molecules as substrates.

Acidity and Trace Metal Analyses, Under
aerobic conditions, iron and other trace metal
sulphides in the oxidized tailing are mobilized
due to oxidation by oxygen or ferric ion to
produce sulphuric acid. In the sequential
extraction analyses of the Nickel Rim oxidized
tailing material, iron and nickel were associated
with amorphous or recently formed
oxyhydroxides that can easily dissolve to release
Fe (I) and any metals adsorbed onto them.
Copper and zinc were also present in significant
amounts, probably as sulphides or associated
with organic matter. Under anoxic conditions,
sulphate-reducing bacteria use small organic
molecules as substrates to reduce sulphate and
produce hydrogen sulphide (Stumm and Morgan
1981). Hydrogen sulphide reacts readily with iron
and other metals to form sulphide precipitates,
and in the process, consumes acidity. Thus, the
pH of the tailing should rise as Eh decreases
when an anaerobic, reducing environment is
established in the tailing.

Figure 7 shows that an inverse
relationship exists between relative pH and
relative Eh for the compost and tailing samples
taken on day 160 of the simulation experiment.
The Ploughed model samples showed the highest
acidity and Eh. This trend is consistent with the
expected rise in pH as reducing conditions
become established. We conclude from these
patterns that decomposition products in the fresh
compost were fuelling a high rate of sulphate
and iron reduction by sulphate-reducing and
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iron-reducing bacteria. The formation of iron 8

sulphide precipitate seen in the region of the ® o O Compost Mature
tailing-compost interface also indicates that 7 & @; f,f;‘:g,mt“ﬁ:ture
reductive dissolution of iron oxides and sulphate 1 & B Compost Fresh
compounds was proceeding from approximately T 6 & . g lfland Fresh

six weeks into the simulation experiment. Since a | oughed Fresh
the oxidized tailing is rich in iron, the reductive 5 -

processes will reflect a dominance by Fe(III) & @
reduction until the ion is nearly all gone from 4 O o
solution (Rowell 1988). In an environment with 1 @]
limited organic substrates, sulphate-reducing 3 ——— ——— —
bacteria are often competitively inhibited by the -300 -200 -100 gh "“30 200 300 400

activity of iron-reducing bacteria (Hedin et al.
1989), but that limitation seems unlikely in the Figure 7. Relationship between relative redox

ploughed layer or in the upper tailing layers in potential (Ey) and relative acidity (pH) for
this simulation that must have received some tailing samples in the six cover layer
organic leachate from the compost layer above it. treatments on day 160 of the simulation.

Trace metals other than iron were found only in low concentration in the six cover layer
treatments and predominantly under acidic conditions and at high redox potentials. Five trace metals Ni,
Cu, Zn, Co and Mn were present at somewhat higher concentration only when the relative Eh is above
100 mV and the relative pH is below 6. The magnitudes of these relative pH and relative Eh
measurements cannot be directly applied to the in situ conditions in the column, but it seems clear that,
as reducing conditions become stronger and pH rises under a compost cover layer, we can expect a
decrease in the concentrations of trace metals in the tailing pore water as reductive dissolution shifts to
reductive precipitation.

Conclusjons

From the results of this preliminary study of compost cover layers on acid-generating tailing we
have concluded-

* The Compost and Sand cover layer models were better at maintaining anoxic or other ameliorative
conditions in the tailing than was the Ploughed model, during the six month simulation.

» Fresh compost treatments are much more effective than mature compost in maintaining high
water content and strong reducing conditions in the region of the compost-tailing interface, and
this was also shown by the formation of iron sulphide precipitate and methane.

* Fresh compost cover layers showed a great resistance to the conduction of water, that along with
the maintenance of high water content, would seal off the tailing from infiltration of atmospheric
oxygen, precipitation and surface water, thus forming a physical oxygen barrier.

& The mobilization of iron and sulphate was enhanced by the establishment of strong reducing
conditions and the availability of organic substrates for the reductive dissolution of iron oxides by
reducing bacteria. This may be a transient condition until iron and sulphur become immobilized as
less soluble precipitates, such as sulphides. Trace metals become less mobilized with the
development of strong reducing conditions and low acidity.

» Compost quality tests show that leachates from mature and fresh compost present a low
environmental risk for use on mine lands. The cover layer simulation results indicates that in the
compost-tailing system nitrates and metals will be quickly reduced. Additionally, the very low
hydraulic conductivity of the fresh compost cover layer will inhibit vertical water flow through the
compost layer and thus reduce the potential for the leaching of nitrogen compounds, acids, and
metals from the compost-tailing system.
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The experimental work has shown that a cover layer of MSW compost can be of benefit in the
reclamation of oxidized tailing. However, the conclusions that we reached were based on a relatively
short-term laboratory experiment that lacked natural environmental conditions and variability.
Comprehensive, long-term field work should now be done to follow up on the potential benefits
identified, and also those benefits that may have been overlooked by the current study.
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COMPACTION BEHAVIOUR OF LIGHTLY
CEMENTED SANDSTONE AS A RESULT OF DEWATERING!

Hamid R. Nikraz2, Martin E. Press3, and Anthony W. Evans4

Abstract: Deep mining in the Collie Basin has suffered from a high level of water flow and sediment in-rushes
throughout its century long history. A major source of these problems is the very extensive system of weak,
saturated, sandstone aquifers. As a result, past underground operations have been limited to room and pillar
extraction achieving 30 to 40 percent recovery. In order to increase the recovery to approximately 70%, the
Wongawilli method of short-wall mining has been introduced. Extensive aquifer dewatering was carried out to
enable this mining method to be applied. The porous and weak nature of the aquifers provides a potential source

adjacent to town sites and industrial complexes and therefore an enhanced understanding of strata mechanics to

enable confident application of engineering design. Controlled strata deformation was required for safe operations
and limit surface subsidence.

A triaxial technique has been adapted to evaluate the compaction characteristics of the sandstone aquifer in
the Collie Basin under conditions anticipated during dewatering operations. This technique, which allows the
strata stress regime to be reproduced by triaxial loading with zero lateral strain, also provides a precise evaluation
of lateral stresses and consequently Poisson's ratio under in situ conditions.

The paper contains a description of the equipment commission, test techniques, results, analysis, and
interpretation of the data obtained.

The testing evaluation techniques are general in nature and can be applied to field situations in locations
where similar weak sandstones occur.

Intr ion

The Collie Basin lies nearly 200 km south-south-east of Perth in Western Australia and is 27 km long by

13 km wide, covering an area of approximately 230 km?2 (fig 1). It contains extensive reserves of good steaming
coal, which is currently being mined by both open cut and underground methods.

The Collie Coalfield has a long history of strata control problems. They manifest themselves in the form of
localized poor roof control, surface subsidence, slope instability, and mine abandonment (due to a sand-slurry
inrush). Major sources of these problems include the very extensive, weak, saturated, sandstone aquifers. As a
result, underground operations have been limited to room- and pillar- extraction, presently carried out by
continuous miners and road-heading machines. Approximately 30% to 40% recovery by volume is being
achieved by this method.

IPaper presented at the International Land Reclamation and Mine Drainage Conference and the Third International
Conference on the Abatement of Acidic Drainage, Pittsburgh, PA, April 24-29, 1994,
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To increase the recovery to approximately
70%, the Wongawilli method of short-wall mining
has been introduced. Caving of this immediate roof
is integral with this method. Extensive aquifer de-
watering was carried out to enable this mining
method to be applied. The porous and weak nature
of the aquifers provides a potential source of
subsidence (due to pore closure) and strata failure
(due to increasing the effective stress), as a result of
pore pressure reduction upon de-watering. The
proposed development of multiple seam extraction
below areas sensitive to surface subsidence has
increased the need to establish the strata mechanical
properties. This will assist in confident application
of rock mechanics principles for predictive modeling
of strata behaviour.

The roof dewatering-depressurization
procedure involved a combination of in-mine vertical
roof drainage holes and conventional dewatering
bores constructed from the ground surface above the
mining area. A full account of the dewatering
strategy may be found elsewhere (Humphreys and
Hebblewhite 1988, Dundon et al 1988).

Of prime concern is the effect of pore
pressure reduction upon strata compaction. To
simulate those effects, it is necessary to perform tests
under triaxial conditions of the same order as
experienced in situ. The pore pressure effect
phenomenon is not a new concept. However,
investigation of the effect under triaxial conditiogs is
relatively new. Although rock bulk compressibility
figures are generally larger for high porosities,
simple compressibility porosity correlations do not
exist. Furthermore, compressibility data reported
for poorly consolidated sandstone differ greatly.
This paper describes the equipment and the
techniques and procedures used in carrying out
deformation studies of poorly-consolidated
sandstone in Collie Coal Basin,

Regional l
The Collie Basin is comprised of two unequal lobes in part separated by a fault-controlled, basement high
known as the Stockton Ridge. The basin itself consists of three sub-basins, the Cardiff, Shotts, and Muja (fig 1).

The Collie Basin sediments are mainly cyclic, high-energy fluviatile sandstones with thin gravel and
conglomerate lenses. Siltstones and shales occur as overbank, lacustrine, or paludal deposits. Coal seams are
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Figure 1. Collie Coal Basin, location and
regional geological setting.
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remarkably uniform in thickness and composition over considerable distances.

The Collie Basin sediments can be described as saturated and weak, and have been altered through
weathering or post-depositional processes. Lowry (1976) estimated that the coal measures were composed of

65% sandstone, 25% shale and claystone, and 5% coal.
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Figure 2. Generalised hydrostratigraphy.

The geology of the Collie Basin can vary within short intervals, both vertically and laterally. There are
also marked variations within the major lithologies (sandstones, shales, siltstones, laminites). Each has a wide
range of engineering properties, dependent on past and present geological processes. Table 1 below lists typical
ranges of compressive strengths, elastic moduli, cohesive strengths, and friction angle for each major lithology of
the Collie coal measures (Humphreys and Hebblewhite 1988). This table highlights the weak and plastic nature of
Collie sediments and also illustrates that coal strengths are about two to three times greater than those of non coal
lithologies. In terms of subsidence, the resistance to movement of non coals is small, and thus there is the
possibility that coal seams will deform differentially and lead to bed separations at coal contact,

Table 1. Typical mechanical properties of Collie coal measures.

Elastic Cohesive Friction
Lithology UCS, modulus, strength, angle,
MPa MPa MPa deg

[ Sandstone 5.2 300 0.5 32
Siltstone 4.7 600 0.6 25
Laminite 4.7 700 0.7 25
Shale 7.0 1,200 0.8 22
Wyvem coal 19.8 2,000 2.0 42

m w. i

Land subsidence is caused by a number of mechanisms. Two such mechanisms are the withdrawal of
fluid and the collapse of underground openings. This study is concerned with subsidence that results from the
withdrawal of fluid.

The deformations resulting from equilibrium disturbance of the saturated lightly cemented sandstone
aquifer due to water pressure decline are either elastic or non-elastic. Elastic deformations are mostly of a
negligible extent with respect to both the involved surface subsidence and the reserve of the stored water, being
only of importance in respect to the variation of the rate of flow.
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The extents of the non elastic deformations are due to compaction or migration of the lightly cemented rock
material. The former depends on the geotechnical characteristics of the rock, and on the extent of the pore
pressure reduction. The extent of migration, on the other hand, depends on the pressure gradient (the flow
velocity). The compaction may cause regional subsidence, while the migration of the granular particles causes

}iocal displacement, both phenomena being dependent upon the characteristics of the aquifer rock and the extent of
ewatering.

Several techniques are available for predicting subsidence due to fluid withdrawal. They have been classed
by Poland (1984) into three broad categories: empirical, semi theoretical, and theoretical, Empirical methods
essentially plot past subsidence versus time and extrapolate into the future based on a selected curve fitting
technique. However, empirical methods suffer from the lack of well documented examples to establish their
validity. Semi theoretical methods link on going induced subsidence to some
field. Theoretical techniques require knowledge of the mechanical rock properties, which are either obtained from
laboratory tests on core samples or deduced from field observations. Essentially, however, theoretical techniques

use equations derived from fundamental laws of physics, such as mass balance. Thus, the method described in
this paper may be classified as a theoretical technique.

Geertsma (1973) has shown in a theoretical analysis that reservoirs deform mainly in the vertical direction
and that lateral variations may be discarded if the lateral dimensions of the reservoir are large compared with its

thickness. For the one-dimensional compaction approximation, the vertical deformation of a prism of the aquifer
material can be computed by (Geertsma 1966)

Ah = Cpy h AP 1)

where Ah (mm) is the change in the prism height, Cm (Mpa)'l is the one-dimensional compaction coefficient, h

is the prism height, and AP (MPa) is the change in pore fluid pressure. Readers interested in limitation of equation
1 are referred to the original work of Geertsma (1966, 1973).

A similar approach to that used by Geertsma (1966, 1973) was adapted by Martin and Serdengecti (1984),
Martin and Serdengecti (1984) report that in most cases Cpy is the most difficult of the three one-dimensional
compaction parameters to determine and suggest that the best way to obtain values of Cm is to measure it on core
samples in the laboratory.

The one-dimensional compaction coefficient 'Cm' of friable sandstones can be measured by different
methods: (1) indirect measurement by measuring rock compressibility 'Cp' under hydrostatic load and estimating
Poisson's ratio of the rock and (2) direct measurement by equipment that simulates the aquifer boundary condition
of zero lateral displacement (such as Oedometer cell test or a modified triaxial cell test). Although the triaxial test
method is laborious and time consuming, its unique experimental conditions make it essential because they
reproduce aquifer stress quite well. In addition, the triaxial setup has the advantage that the circumferential
pressure needed to prevent lateral stain is measurable. The Poisson's ratio of the rock sample can therefore be
determined independently from the ratio of lateral to vertical stresses.

L ratory- rmin mpressibiliti

The cores taken from the Collie Basin show marked variations in both porosity and grain correlation.
Medium to high porosities are found in consolidated and semi c‘:onsolidat_ed sections. In addition, the
nonhomogeneous appearance of the cores suggests that the rock's properties vary over short dlstancles.
Consequently, compaction is expected to vary considerably with depth, implying that the cores must be sampled
systematically at short intervals to obtain a reliable compaction profile. As this involves compaction measurements
on a large scale, a simple, rapid, but nevertheless reliable measuring technique must be adopted.

The earlier studies by Grassman (1951), Biot (1941), Geertsma (1957), and Van der knaap (1959)
resulted in the theory of pore elasticity. They demonstrated that the compaction behaviour depends only on the
effective frame stress, i.e., the difference between external and internal stresses. Furthermore, the results obtained
by Nikraz (1991) confirmed that the effective stress theory is applicable to Collie sandstone. Therefore, to
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simulate aquifer compaction in a laboratory
experiment requires the application of the stress :
difference instead of the actual pressures. Thus,

experimentally the most attractive approach is to load

the samples externally, keeping the pore water

pressure constant and atmospheric.

Thus, a triaxial technique was adopted to
predict the compaction behaviour of strata due to
dewatering, in particular for the weakly cemented oo
Collie sandstone. This technique, which allows the I I L‘
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strata stress regime to be reproduced by triaxial
loading with zero lateral strain, also provides a
precise evaluation of lateral stresses and
consequently Poisson's ratio under in situ stress
conditions. The condition of zero lateral strain
during triaxial compaction test was achieved both by
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deviator stress. Because bulk volume change was Filter Loading (50-ton)

detected from pore volume changes, the pores of the i

specimens had to be completely saturated. A full

detail of the equipment design may be found in Figure 3. Arrangement of apparatus for

Nikraz (1991). compaction test.

The experimental procedure comprised two stages: (1) the preparatory stage, in which the specimen was
brought into an "initial" loading state prior to the test, and (2) the test itself, which further compacted the
specimen.

To eliminate possible membrane penetration effects during the test and thereby avoid errors in test results,
the specimens were first loaded hydrostatically to a pressure of 1.25 MPa. The volume change related to this
pressure was assumed as a reference point. The axial stress was then measured continuously at a constant rate
until the desired axial stress was achieved. The cell pressure was adjusted simultaneously to prevent any lateral
strain. However, the maximum axial stress level was confined within cell pressure limitation (maximum cell
pressure limited to 12 MPa).

Therefore to check the zero lateral strain, the following relationship had to be satisfied:
AV = (A X)/1000 @

where AV = volume change (mL),

A = cross sectional area of the specimen (mm2),
and X = axial deflection (mm),

To determine the effect of loading history on compaction, the axial stress was released incrementally to
approximately 1.5 MPa. Consequently, the confining pressure was adjusted to satisfy equation 2. The loading
and unloading were repeated for another two cycles.

A total of six tests were made on specimens at strain rate of 2 x 10-4min-1.
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Inter

Measurements were made on six core samples taken from four locations in the Collie Coal Basin (table 2).

Table 2. Sandstone properties.

Initial
Sample Location Depth, UCS, porosity, | Permeability,
m MPa % 10-8 my/s
1 D156 286.00 3.351 20.50 36.22
2 D157 262.88 5.895 17.65 18.33
3 D157 264.26 5.201 18.05 20.62
4 D157 266.70 4.783 18.78 21.64
5 D158 259.30 3.481 22.09 34.07
6 Western 6 125.00 2.311 23.10 41.311

Typical axial stress-uniaxial compaction and lateral stress-uniaxial compaction are shown in figures 4 and 5
respectively. Similar behaviour was observed in five other specimens.

The three significant features of the stress-uniaxial compaction curves are their non linearity, hysteresis,
and irrecoverable compaction on loading. Microstructural changes that produce permanent strain are a likely
source of cycling effects. For example, assume that a microstructural element such as an asperity contributes to
the elastic response of a rock by separating two grains. If the asperity is crushed subsequently at a high pressure,
then later strain curves will be different because of the absence of the asperity. The unloading to atmospheric
pressure is believed to have a significant role in stress cycling effects. When cracks are created and asperities
crushed, they are probably pinned because of the high confining pressure. However, when the confining pressure
is released, the microstructure can deform along new degrees of freedom and thus behave differently when
reloaded. Other likely mechanisms that produce permanent strain are displacement of fines and clay minerals, and

frictional sliding on grain contacts (Brace et al 1966, Batzle et al 1980).
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The problem of choice of loading cycle for field application has been studied by Knutson and Bohor
(1963), van Kesteren (1973), Mattax et al (1975) and Mess (1978). The work of Mess (1978) suggests that for
fully undisturbed unloaded core material, compressibility values derived in laboratory tests should be lower than in
situ values for reservoirs that are not overconsolidated. For overconsolidated reservoirs they could be either too
low or too high for in situ application, depending on the degree of overconsolidation of the reservoir rock.

It is suggested by Knutson and Bohor (1963) that a reasonable compressibility value may be obtained by
averaging values from the first and subsequent cycle. However, in extensive laboratory and in situ tests on
relatively soft rock, Mattax et al (1975) suggested that the first cycle compressibility is the most realistic measure
of in situ response to changes in effective pressure that occur during reservoir depletion. It was mentioned,
however, that erroneously high values of first cycle compressibility are obtained in laboratory tests on
unconsolidated sands because of systematic experimental error (caused by freezing and thawing of the sample and

some grain crushing). It was therefore recommended that about two thirds of the first cycle compressibility be
taken as representative of in situ compaction.

The uniaxial compaction curves representing the six samples tested are plotted for figure 6 for the first
loading cycles. The graph shows an almost linear compaction-stress relationship for higher stresses, so that
average compaction per unit stress can be calculated for this range. Further, it is noted that the compaction curves
are parabolic. Thus, there is an observed relationship:

g;avNop 3)

where €= axial strain

and 0'1' = axial effective stress.

To demonstrate the observed relationship, the axial strains have been replotted against 01' as shown in

figure 6. This plot provides strain lines, although it is noted that some points deviate slightly from linearity. By
using the linear relationship as shown in figure 7, the uniaxial compaction coefficient, Cmp, may be calculated over
the relevant stress interval,
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Consider the simulation of dewatering operations for a typical specimen such as D156-286. Assuming an

average overburden density of 2.5 st/m3, the initial in situ hydrostatic effective stress 7 MPa would increase to 9
MPa to simulate the effects of dewatering. Hence the uniaxial compaction can be calculated by

O =18 {7 @

where (e1)7 and (e1)9 are axial strain at hydrostatic effective stresses of 7 and 9 MPa, respectively.

0.288 - 0.277) x 10-2
_ 4 277) x )

The uniaxial compaction coefficient data corresponding to first, second, and third loading cycles are plotted
as a function of initial porosity in figure 8. It appears that compaction is greater for the first loading, indicating
loading history influences on compaction. However, those correlations serve to assess a reliable average field
value of the uniaxial compaction coefficient, which is required for a prediction of field compaction.

Cm

In an early study (Nikraz, 1991), the average porosity obtained from 105 samples tested as 20.77% of
bulk volume, although variation in porosity between holes was considered to be minor. This and the near-linear

relationship between uniaxial compaction and porosity prompted the acceptance of 20.77% porosity for the
determination of an average value of the uniaxial compaction coefficient.

Based on the first loading cycle, figure 8 indicates a uniaxial compaction coefficient of 3.124 x 10-4
(MPa)-1. The effects of stress relief upon sampling are accommodated within this value. However, the second
and third loading cycles exhibit elastic compaction characteristics and provide an average value of uniaxial
compaction coefficient for the second and subsequent loading cycles of 1.6409 x 10-4 (MPa)-1.

The difference between two values indicates the elastic component of compaction. Considering the strain
hardening and core disturbance arguments one may expect the true compaction to be somewhere in between. In
view of the quite small difference between maximum and minimum values, the most practical approach seems to
be to take the average as a working value, thus reducing the uncertainty to an acceptable limit. Thus, a mean value
of 2.382 x 10 -4 (Mpa)-1 was used to represent the in situ compaction coefficient.
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Applying these results to a 12.5 m thick aquifer above the Collieburn No. 2, with an ultimate reduction in
pore water pressure of 2.0 MPa, could produce a vertical compaction of

Ah=Cph AP ©)

=2382x104x12.50x 103 x 2.0
=5.96 mm

The Poisson's ratio of the specimens tested can be determined independently using the ratio of lateral to
vertical stresses. The ratio of lateral to vertical stresses under isotropic conditions suggested by Teeuw (1971) is o

Sh = (_V_)l/n

c 1-v

v
where v is the Poisson's ratio and n is the exponent in relationship of the uniaxial compaction-axial pressure in
figure 4. The exponent reflects the deformation of the contact points and/or contact areas between grains (Brandt
1955). According to Hertz's theory (Timoshenko et al 1951) for perfect spheres v = 2/3, while for linear elastic

media such as nonporous quartz and steel, v = 1, reducing equation 7 to the well known equation,

Q)

n

%h
B . ®
Oy

For ideally elastic materials, a variation in v thus reflects a change in grain sphericity at the point of contact

between adjoining grains. The values of n for the specimen tested range from 0.869 to 0.982. This range is
higher than the value of 0.677 for spheres and indicates flatter contact surfaces.

Conclusi

Special purpose - designed triaxial testing equipment has been designed, tested, and commissioned. A
series of uniaxial compaction tests were performed for laboratory determination of compressibilities and in situ
behaviour of the Collie sandstone. The following conclusions are drawn.

While recognizing the early stages of development of subsidence prediction, some deformation has been
postulated based on laboratory observations. In situ monitoring of strata deformation will be required for
verification of the actual deformation mechanisms at work.

It has been observed that the uniaxial compression of Collie sandstone is characterized by significant
nonlinearity, hysteresis, and an irrecoverable strain on unloading.

Uniaxial compaction curves have been presented for the sandstone aquifer in the Collic Basin. It was
found that the uniaxial compaction curves were parabolic over the major part of the stress range. This yielded the
expression

g1 a v o1’ 3)

A good correlation was found to exist between uniaxial compaction coefficient and porosity. The
correlation was quantified by regression analysis. Considering the different compaction behaviour of the
specimens in the first and subsequent loading cycles, an average value for uniaxial compaction coefficient equal to
2.382 x 10-4 (MPa)-1 was obtained for an average porosity of 20.77%.
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ASSESSMENT OF ACID MINE DRAINAGE REMEDIATION SCHEMES
ON GROUND WATER FLOW REGIMES AT A RECLAIMED MINE SITE!

M. A. Gabr?, J.J. Bowders®, and M. S. Runner*

Abstract: Ground water modeling and a field monitoring program were conducted for a 35-acre (150,000 m?)
reclaimed surface mine site that continues to produce acid mine drainage (AMD). The modeling effort was focused
on predicting the effectiveness of various remedial measures implemented at the site for the abatement of AMD
production. The field work included surface surveys and monitoring of ground water levels with time, seepage areas,
and sedimentation ponds located on the site. The surveys provided the physical and topographic characteristics of
the site. Pump tests conducted at the site provided general hydraulic conductivities (k) for two major areas of the
site; undisturbed area (k = 2.9x10°ft/s or 8.7x10m/s) and disturbed area (k =3.3x10* ft/s (1x10* m/s) to 2.0x1073
ft/s (6.2x10* m/s)). The monitored ground water data indicated rapid change in ground water levels during recharge
events. Such behavior is indicative of flow regime that is dominated by fracture flow. Modeling of an approximately
700 ft by 1500 ft (213 m x 457 m) area of the site was achieved using the US Geological Survey code MODFLOW,
and ground water field measurements were used to calibrate the model. A hydraulic conductivity of approximately
1.15x10? fi/s (3.5x10* m/s) was estimated for the undisturbed area and 1.15x10? ft/s (3.5x10° m/s) was estimated
for the reclaimed area. Remedial measures for diverting the ground water away from the areas of spoil included the
use of a subsurface seepage cutoff wall and discrete sealing techniques. Modeling results indicated that the most
effective remedial technique for this site is the use of a subsurface seepage cutoff wall installed at the interface
(highwall) between the disturbed and undisturbed zones. Using this scheme caused a dewatering effect in the
reclaimed area and therefore reduction in the volume of the AMD generated at the site.

Additional Key Words: acid mine drainage, coal refuse, ground water, grouting
Introduction

AMD poses a serious environmental problem in the United States. Kleinmann (1989) estimated that abandoned
coal and metal mines and the mine waste that accompanies them adversely affect water quality in 12,000 miles of
streams and rivers and 180,000 acres of lakes and reservoirs. AMD forms due to the oxidation of sulfide minerals
and subsequent hydrolysis during and after the mining process. Chemical reactions associated with the production
of AMD were presented by Stumm and Morgan (1970). The presence of pyrite material (FeS,), water, and air is
required for generation of AMD. The AMD pollution leads to low pH values, increased turbidity, and increased
concentration of metals such as iron, and manganese and elements such as sulfates. The advent of clean water
standards mandated by Federal laws such as the National Pollutant Discharge Elimination System (NPDES) and
Wetlands Mitigation necessitates the development of cost effective and innovative remedial measures for regulatory
compliance.

One of the emerging remedial techniques for abatement of AMD is the use of subsurface grouts to encapsulate
and divert ground water from areas containing the pyrite material. Harshberger (1991), Almes (1991), and Baker
(1993) investigated the development of grout mixtures for formation of subsurface low permeability hydraulic

"Paper presetned at the International Land Reclamation and Mine Drainage Conference and the Third International
Conference on the Abatement of Acidic Drainage, Pittsburgh, PA, April 24-29, 1994.

2 Assistant Professor, Dept. of Civil Engineering, West Virginia University, Morgantown, WV 26505-6101.
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barriers. In general, the function of these barriers is twofold; (1) control of AMD migration to stream reaches and
rivers and (2) encapsulation of the spoil material to minimize exposure to water and air and therefore to minimize
AMD production. As part of the ongoing research program for development of low permeability subsurface barriers,
a 35 acres test site near Waynesburg, PA, was selected for field demonstration. Application of subsurface grout
mixes to this test site was performed by US Bureau of Mine, Pittsburgh Research Cnetere, in cooperation with the
authors. :

The research presented in this paper includes the modeling of the ground water flow regime before and after
subsurface grouting. The simulation model is developed using the computer code MODFLOW by the US Geological
Survey (USGS). Monitored ground water wells installed at the site were used to calibrate the computer model.
Various modeling scenarios for simulating the placement of low-permeability grouts were conducted.
Recommendations regarding the various grouting schemes and the most effective one for abatement of AMD are
presented.

Research Site

The study site is located in Greene County, PA. The site encompasses 35 acres of reclaimed surface mine
that currently produces approximately 20 gal/min of AMD under steady-state conditions. Figure 1 shows an overview

of site area,
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Figure 1. General overview and surface elevations of the study site
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The AMD discharge exits the site in the form of seeps at several locations. These seeps are routed to aeration
anc sedimentation ponds and then pumped to a central location for lime treatment. The main coal seam on the site
is the Waynesburg Coal. The coal seam is overlain by the Cassvile Shale and approximately 30 to 60 ft of
Wz . nesburg Sandstone.

Fourteen monitoring wells were installed in the disturbed and undisturbed areas at the site. The general
hydraulic conductivities (k) of the site were established using slug tests that were conducted by researchers at the
U.S. Bureau of Mines. The results of the slug tests indicated that k values are approximately 2.85x10° ft/s for the
undisturbed area and range from 3.3x10*to 2.0x10? ft/s for the disturbed area. These values are localized in nature,
and variability in the hydraulic conductivities for both the disturbed and undisturbed areas should be expected. As
discussed by Hawkins and Aljoe (1991) the hydraulic conductivity for disturbed areas can vary several orders of
magnitude throughout the mine site.

As described by Harshberger (1991), magnetometry and conductivity surveys were performed at the site.
Bascd on the results of these surveys, four separate areas were delineated as having material with high potential for
proa.cing AMD. However, subsurface exploration conducted during the installation of the monitoring wells indicated
that the spoil material is randomly located over the whole site.

Monitored ground water levels indicated that the average ground water head difference between the
undisturbed and reclaimed areas is approximately 8 ft with the higher heads within the undisturbed area. This head
diffcrence induces flow gradient across the site and results in recharge across the highwall from the undisturbed area
to the reclaimed area. A second source of recharge to the reclaimed area is leakage from three AMD aeration and
setiling ponds. These ponds are lined with the sludge produced during the treatment process. The recharge rate from
each pond was estimated by measuring the water depth and sludge thickness along with the permeability of the sludge
material. Laboratory tests on the sludge material indicated that the average permeability of the sludge material is
approximately 4.9x107 ft/s.

The estimated recharge rates from the treatment ponds are presented in table 1. Recharge from precipitation
was minimal on the site. The greater portion of the reclaimed area is steeply sloped, and runoff trenches were
instotled. Water ponded in the runoff trenches after storm events is routed underground away from the site. Field
data from monitoring wells around the run-off trenches indicated that these wells exhibit a significant increase in
water levels after precipitation events.

Table 1. Recharge rates from the three treatment ponds at the site

Pond Water depth, ft Sludge Permeability of | Hydraulic Discharge per unit area
thickness, ft | sludge, ft/day | gradient ft/day
1.0 4,2 2,8x10? 0.24 6.7x10°
2 3.0 1.0 2.8x10? 3.00 8.4x107?
3 1.7 0.6 | 2.8x10? 13.00 3.6x10"

Analysis Model

The computer program MODFLOW by McDonald and Harbaugh (1988) was used in this study. The flow
regime is modeled as a 3-D nonhomogeneous media using the following steady-state governing differential equation:

5 B0, B o Bdy ., B o By . 1
35 hogd) + 5 (oy3d) + L e, 38 - w0 ()

where: k,,, k,,, and k,, = hydraulic conductivities along the x, y, and z axes,
¢ = piezometric head at any point, and, w= flux per unit volume representing source or sink.
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Solution of equation 1 is obtained using a block-centered finite difference method. The flow domain
representing the site aquifer system is discretized into node and elements as shown in figure 2. The program allows
for the simulation of confined and unconfined aquifers or a combination. External stresses such as recharge events
can be incorporated in the model. Solution of the finite difference scheme is achieved using implicit procedure with
successive relaxation technique.

® - Activecell o -Inactive cell eeeee - Aquifer boundary
Figure 2. Representation of flow regime in MODFLOW

In general, the characterization of ground water flow through mine spoils is rather challenging. As discussed
by Hawkins et al. (1991), ground water flow through mine spoil exhibits bimodal characteristics that include those
similar to flow through porous media as well as pseudokarstic flow. The difference between the pseudokarstic flow
and porous media flow is distinct. Conventional porous media flow is generally laminar and can be described by
Darcy’s law, Pseudokarstic flow is characterized by turbulent with multiple primary flow paths, extreme ranges of
hydraulic conductivity, and rapid response to recharge events. The analysis model used in this study is based on
assuming the dominance of porous media flow. Using this assumption, the hydrogeologic parameters of the site can
be averaged over the flow domain and porous media flow can be simulated.

i h terization and Analysis Domain

The analysis domain for the research site is shown in figure 3. The modeled area of the site is approximately
700 ft wide and 1500 ft long. A part of the undisturbed area that is 300 ft long was incorporated in the model. This
was necessary in order to simulate recharge events from this area and include into the model the presence of the
highwall. The site was modeled as unconfined aquifer wit the bottom of the aquifer at the elevation of the pavement.
The bottom of the aquifer was estimated to be at El. 915.

Domain Discretization and Boundary Conditions

A grid measuring 18 cells by 25 cells was used to discretize the site as shown in figure 4. The cell width (in
the y direction) ranged from 20 to 50 ft, and the length ranged from 25 to 100 ft. Boundary conditions for the flow
model were selected in accordance with observed field conditions. A boundary located at the interface between the
undisturbed and reclaimed area was modeled as a general constant head boundary with ground water flow allowed
across it. The head levels for this border boundary were interpolated from the monitoring well data.

The north and south boundaries were set as no flow boundaries except where drains and ponds were located.
The field location of the south boundary was set along the fence line at the edge of the mine site, as shown in figure
3. The field location of the north boundary was selected in the model to be off the reclaimed site such that its effect
on the predicted ground water regimes is minimal. The simulated abatement techniques consisted of the installation
of a 5-ft thick subsurface cutoff wall and the grouting of discrete spoil pockets as.shown in figure 4. The
permeability of the grout to form the wall was assumed equal to 3.3x10® ft/s. Seeps on the sites represented the
primary source of discharge. Measurement of total seep volume indicated base flow of approximately 15 to 20
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Figure 3. Area of the site used to model the ground water flow regime and remedial measures (North is Downward)

gallons per minute (gpm), or 2900 to 3900 ft*/day. The seeps on the site were modeled as drains. In addition, an
existing interceptor drain on the south side of the site that was installed to prevent seeps from flowing to property
adjacent to the mine was included in the model. The treatment ponds were represented as constant recharge nodes
with the recharge rates as shown in table 1.

N §

W fi

il Poc

eatinent Pon

N
Grout Wall

Il

yior

0
0 1500 ft

Figure 4. Domain discretization and boundary conditions
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Model Calibration

A steady-state trial and error calibration study was performed using the monitored well data from
measurements taken on June 24, March 5, and March 31, 1992. The June 24 data are representative of a time when
seeps flow was minimum and precipitation did not occur for several days prior to that date. The March 31 data
represent the highest water levels for the wells at the upgradient edge of the model as well as high-seep condition.
The March 5 data were chosen to represent midlevel data between the low and high water levels.

The initial k values used for the model were those estimated from the slug tests as 2.85x10° ft/s for the
undisturbed area and 3.3x10*ft/s to 2.0x10 ft/s for the disturbed area. Model simulations were conducted, and the
predicted piezometric heads were compared with monitored well data. Adjustments were made to the k values until
the differences between measured, and predicted piezometric heads in all wells were within 10% from each other.
Figure 5 shows the results of the calibrated model and the difference in ft between measured and predicted heads.
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Figure 5. Measured and predicted piezometric levels from the calibration study.

Predicted piezometric heads at wells 2, 4, and N were consistently lower than the measured field values but within
the 10% closure tolerance.

A possible explanation for the lower levels in these wells is the fact that the analysis did not account for rainfall
recharge. The k-distribution shown in figure 6 was obtained such that these closure values were achieved. These
permeabilities are 1 ft/day for the unmined area, and 10, 20, and 40 ft/day for zones in the reclaimed areas.

A volumetric budget generated for the site indicated a recharge flow of 785 ft*/day from the unmined area and 4517
ft’/day from the treatment ponds. Discharge from the reclaimed site was estimated at approximately 5290 ft'/day into
the seeps, drains, and seep collection ponds. This value is 1.8 times the measured value from seeps based on June
24 data. However, it is possible that water on the site is discharged via other field means, such as eavpotranspiration
and possible vertical leakage, that were not represented in the analysis model. Based on the result of this analysis,
approximately 85% of the seep water is from the treatment ponds.

Grout Wall: Simulation and Results

The use of subsurface grout wall is one of the most promising abatement techniques for AMD. In this study,
the primary function of this wall is to block the inflow from the undisturbed area. The wall was extended along the
length of the highwall with a thickness of 5 ft. The analysis was conducted for the days of June 24, March 5, and
March 31. Two scenarios were assumed for the analysis. In the first scenario, the south seep pond remained at a
constant head which artificially held the water level constant in this area.
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Figure 6. Distribution of permeabilities based on the results of the calibration study.

In the second scenario, the head at the south seep pond was set according to the initial conditions but was then
allowed to vary in accordance with the analysis computations. As shown in figure 7A, the presence of constant head
caused mounding of the ground water table.
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Figure 7. Piezometric contours (900+) from the ground water model :'A, no grout wall; and B, grout wall installed.
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This mounding dictated that the flow from the undisturbed area be routed around the south pond with the higher
quantity flowing to the north boundary.

The installation of the grout cutoff wall caused a large head loss across the wall, as shown in figure 7B. The
head loss occurred almost entirely within the grouted zone. As shown in figure 8 (section through the middle of the
reclaimed area), the piezometric head drop across the grout wall is from El. 948 ft to El. 942 ft. Before the wall
installation, the piezometric head was relatively constant and at about El. 940 at the edge of the reclaimed area.

After the installation of the grout wall the water level at the south seep collection pond was predicted below
the initial level of El. 939.4 ft. As shown in figure 8, the piezometric level in the undisturbed area at the highwall
boundary was predicted to increase from El. 941.9 without the wall to El. 951.9 (an increase of 10 ft) with the wall
installed. In addition, a significant change was predicted in the direction of the flow in the reclaimed area as shown
in figure 7. Before the installation of the wall, most of the flow from the unmined area was predicted to be around
the treatment ponds. This flow was the result of the mounding effect induced from the recharge by the treatment
ponds. The flow in this case was basically split between the north and south seeps. After the wall was installed, the
piezometric head across the reclaimed area was reduced to an average of El. 939.5 with the entire flow routed to
the location of the north seep. Accomanying this flow routing was a reduction of approximately 1.5 ft in the water
level within the reclaimed area and therefore a reduction in the amount of saturated material. Results using the March
5 and the March 31 data were similar to those obtained using the June 24 data.
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Figure 8. Profile of predicted piezometric heads based on June 24 data.

The volumetric budget for the grout wall simulation indicated that recharge from the unmined area was
reduced to approximately 170 ft*/day. The total recharge from the aquifer was estimated to be approximately 4700
ft*/day. These discharge values correspond to 80% reduction in the amount of recharge from the undisturbed area
and 10% reduction in the overall discharge from the aquifer. Based on the assumption used to formulate the model
and the analysis conditions, approximately 97% of the amount of recharge to the reclaimed area was predicted to
be from the treatment ponds after the cutoff grout wall was installed. ‘

Grouted Pockets: Simulation and Results

The second abatement technique that was suggested for the site consisted of grouting isolated pockets of mine
spoil that were identified from the geophysical surveys. The merit of this technique is to encapsulate the spoil
material within the grout matrix and therefore minimize the generation of AMD. Ground water analysis was
conducted with the spoil locations, shown on figure 4, grouted and thereby the cells were assigned a k value of
3.3x10* ft/s. The June 24 data were used to conduct the simulation. In general the grouting of pockets resulted in
a slight increase in the predicted water levels (figure 9).
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The increase in water levels ranged from 0.2 to 0.4 ft with the highest increase observed at the north side
of the treatment ponds. In addition, and because of the location of the grouted pockets on the south side of the
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Figure 9. Ground water flow regime and discrete grouted spoil pockets

treatment ponds, increase in the flow to the north seeps was noted due to the routed recharge from the treatment

ponds.
As mentioned earlier, the comprehensive subsurface investigation of the site indicated that the spoil material

is randomly distributed across the site. Grouting of discrete pockets, although it may improve the quality of the
discharge, did not significantly affect the ground water flow regime and magnitude at the site.

Summary and Conclusion

Modeling of the ground water flow regime at a reclaimed mine site was accomplished. The model was
developed using the USGS computer code MODFLOW. The analysis model was used to predict the general ground
water flow regime at the site and to evaluate the effectiveness of AMD abatement techniques. These techniques
included the installation of subsurface grout wall at the location of the highwall and the grouting of discrete spoil
pockets on the site. The developed model was calibrated using ground water elevations from monitoring wells.
Closure between measured and predicted piezometric heads was approximately 10%. Modifications to measured
permeability values were introduced to obtain close agreement with the monitored ground water heads. Based on the
results of this study the, following conclusions can be advanced:

1. Installation of a grout wall at the location of the highwall provided for a significant reduction in the amount of
recharge from the undisturbed area. A reduction of approximately 80% was predicted from the developed model.

2. After the installation of the wall, the main source of recharge to the reclaimed area, without accounting for
precipitation, was the treatment ponds. The predicted flow pattern after the wall installation was radially outward
from these ponds.

3. Due to the installation of the grout wall, the water levels near the south seep dropped to a level below the
elevation of the south seep. This may cause the flow at the location of this seep to cease and therefore limit flow
from the seeps to those on the north side of the site.

4. Grouting of discrete spoil pockets did not significantly affect the ground water flow regime. However, this area
needs further investigation to evaluate whether improvements in the water quality may be realized due to
encapsulating the spoil material within the grout matrix.
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5. The most effective means for reducing the quantity of water flowing into the acidic spoil at this site is the use of
subsurface grout wall. Predictions from this study indicated that this technique may eliminate the south seeps and
therefore lead to a reduction in the volume of AMD. Consequently this reduction will lead to the downsizing of the
treatment ponds which, after the installation of the grout wall, are the main source of recharge.
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HYDROLOGIC AND WATER QUALITY CHARACTERISTICS OF A PARTIALLY-FLOODED,
ABANDONED UNDERGROUND COAL MINE!

By William W. Aljoe2

Abstract: The hydrologic and water quality characteristics of a partially flooded, abandoned underground coal mine
near Latrobe, PA, were studied to support the development of techniques for in situ abatement of its acidic discharge. A
quantitative understanding of the conditions affecting discharge flow was considered to be very important in this regard.
Statistical analysis of hydrologic data collected at the site shows that the flow rate of the main discharge (a borehole that
penetrates the mine workings just behind a set of portal seals) is a linear function of the height of the mine pool above
the borehole outlet. Seepage through or around the portal seals is collected by a set of french drains whose discharge
rate is largely independent of the mine pool elevation. This seepage was enhanced after a "breakthrough" that occurred
during a period of unusually high pool levels. The mine pool recharge rate during winter is about 2.5 times greater than
that of any other season; recharge rates during spring, summer, and fall are approximately equal. Mine pool and
discharge water quality information, along with bromide tracer tests, suggest that the original main entries discharge
primarily to the french drains, while the borehole carries the discharge from an unmonitored set of entries northwest of
the mains. The water quality of the east french drain discharge may have been improved substantially after seepage
through the alkaline materials used to construct the portal seals.

Additional Key Words: acid mine drainage, mine pools, statistical analysis

Introduction

Small-scale mine site hydrology is one of the most poorly understood aspects of the acid mine drainage (AMD)
problem. This makes it difficult to achieve in situ control of AMD and increases the uncertainty associated with disposal
of waste materials such as AMD treatment sludge and fly ash into abandoned underground mine voids. This paper
describes how the hydrologic and water quality data from a partially-flooded underground mine near Latrobe, PA, were
used to characterize the "mine pool aquifer” and delineate probable flow paths through the mine. The study site, located
within Keystone State Park, was described previously by Aljoe and Hawkins (1993). The mine pool (figures 1 and 2)
was formed when the portals of an updip, free-draining underground coal mine were sealed in the early 1970's. The
pressure of the impounded water eventually caused a breakout through the land surface approximately 45 m behind the
seals. A borehole was installed at this point to allow a relatively unimpeded outlet for the mine discharge, thus limiting
the further buildup of water within the mine. The open mine entries serve as a basal drain system which carries most of
the flow; the orientation of the entries and the slope of the underclay governs the direction of flow. Flow toward the
discharge occurs not because of a measurable hydrologic potential gradient within the mine pool, but because the pool
is connected to the atmosphere (via the borehole) at an elevation that is lower than that of the pool surface. Seepage
through or around the portal seals is collected by two french drains, providing another outlet for the mine discharge.

Mine Pool Elevation and Discharge Characteristics

In the initial hydrologic investigation at this site (October 1989 through December 1990), it appeared that the
total mine discharge was related linearly to the elevation of the mine pool (Aljoe and Hawkins 1993). This suggested
that the pool elevation could serve as a good predictor for the discharge rate using simple linear regression. Such a
predictive capability would be valuable for long-term data collection because pool elevation can be measured and
recorded easily in a borehole with a pressure transducer and datalogger. Conversely, direct measurements of mine
discharge are typically more labor-intensive to obtain over the long term because the primary discharge structure (weir,
flume, calibrated pipe, etc.) requires frequent cleaning and other maintenance, especially in AMD environments where
iron hydroxide buildup is rapid.

A nonparametric line-fitting technique first described by Theil (1950) and refined by Conover (1980) was found
to be more appropriate than the more commonly used ordinary least squares (OLS) technique for developing a linear

1Paper presented at the International Land Reclamation and Mine Drainage Conference and the Third International
Conference on the Abatement of Acidic Drainage, Pittsburgh, PA, April 24-29, 1994.

2William W. Aljoe, Environmental Engineer, U. S. Department of Interior, Bureau of Mines, Pittsburgh, PA 15236.
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equation relating the discharge rate (Q) to the
pool height (h). Although the OLS
technique yielded a regression coefficient of
0.96 using the initial Q and h data, its
validity was questionable because the
position of the regression line was strongly
controlled by four data points with very
large Q and h values. Attempts to reduce the
influence of these points by transforming the
data (logs, square roots, etc.) were
unsuccessful. Helsel and Hirsch (1991)
provide an excellent discussion of the
problems associated with this situation, and
recommend the use of nonparametric
techniques when it occurs. The slope of the
Theil line (1) is defined as the median of all
the n*(n-1)/2 pairwise slopes associated
with a data set of n pairs:

B1 = median (Q; - Qi) / (b - hy) ey
fori<j; i=1,2,.(n-1); j=2,3,..n.

The intercept of the Theil line, By, is
Bo = [median (Q)] - [B; * median (h)]. (2)

For the data collected in the initial
investigation, the values of By and B were
4.28 and 13.91 respectively, with Q
expressed in L/min and h in cm, referenced
to the top of the discharge borehole. The
resulting linear regression equation using the
Theil slope and intercept was

Q=4.28+(13.91 *h). (3)

However, equation 3 proved to be a poor
predictor of the subsequent discharge flows
because the hydrologic behavior of the mine
pool appeared to change substantially after
equation 3 was developed.

Ground surface

Mine pool flow path

Figure 2. Cross-section of mine pool study site.
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As shown in figure 3(a), the pool elevation dropped far below the top of the borehole in the late summer and fall of
1991 and 1992, but had not done so during 1989 and 1990. Also, the maximum pool elevations reached during the
winters of 1991-92 and 1992-93 were more than 24 cm below the maxima of the two preceding winters. These changes
could not be traced to precipitation differences; it was therefore postulated that they were related to a significant change
in the mine discharge conditions.

Note in figure 3(a) that an anomalous data period occurred during December 1990-January 1991. This period is
magnified in figure 3(b); a detailed discussion of these events is provided by Aljoe (1992) and is summarized here.
Hourly water levels obtained from a pressure transducer in one of the mine void monitoring wells (W2) revealed several
very sharp declines and rises in the pool elevation during this period. On two occasions, the pool elevation actually
dropped below the top of the discharge borehole, although flows were consistently greater than at any time during the
study period. Independent measurements of the pool elevation in wells 1, 6, and 8 confirmed that the W2 hydrograph
was indicative of the overall pool elevation, and that the observed rapid fluctuations were not related to the subsequent
transducer failure on January 19. The erratic pool behavior was interpreted as a breakthrough in the portal seal area,
resulting in a permanent increase in flow to the french drains; this interpretation was supported when, in the fall of

1991, flows from the french drains became visibly discernable for the first time during the study period.

Figure 3. Mine pool elevation and discharge hydrographs:
(a) entire study period; (b) period of anomalous data
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. The data collected after the breakthrough still appeared to follow a linear pattern (at h>0) with a few high, very
influential values; however, equation 3 proved to be a very poor predictor of the discharge flow rate. The change
resulting from the breakthrough event can be quantified by defining the "conductance” of the mine discharge area as:

Ci=Qv/h|h>0 @)

where C is the conductance of the mine discharge area, and the subscript t denotes the parameters of the total mine
discharge. If the breakthrough did indeed increase the total conductance of the mine discharge area, the value of this
parameter after the breakthrough (C',) should be statistically greater than its value before the breakthrough (C,).
Considering that the total flow is the sum of the flows from the borehole (Qbh) and the french drains (Qg), expressions
for the borehole and french drain conductances can be written as:

Ct=(Qon + Qg )/h = Cypp, + Cyy, where Cypy = Qun/h and Cgy=Qgyh. &)

where the subscripts bh and fd refer to the borehole and french drain flow paths. Before the breakthrough, all the
discharge was observed to have come from the borehole, so Ci = Cpn and Cgy = 0 for the pre-breakthrough period.
After the breakthrough, the conductance of the flow path to the french drains (C'fd) would increase while that of the
borehole (C'py) would remain unchanged. Therefore, while it would be impossible to quantitatively compare the french
drain conductances before and after the breakthrough (Cg = 0), the difference between the borehole conductances
before and after the breakthrough (Cyp, and C'yy) should be statistically insignificant.

Direct measurements of the post-breakthrough borehole flow (Q'bn) as required to compute C'yy, could not be
obtained due to the logistics of the pipe entry to the manhole. However, in November 1992, provisions were made to
measure the french drain flows directly, and these were subtracted from the total flows to yield values for Q'y,. The

relationship between Q'yp, and the total flow Q'; was almost perfectly linear; the associated Theil regression equation
Q'vh =-29.0 +(0.97 * Q")) | h>0 (6)

was used to produce estimates of Q'yp, and equation 5 was used to estimate C'vh for most sampling dates (except for
dates when h<0) between March 1991 and November 1992.

The three conductance groups of interest were C (which is also Cpy), C', and C'yp; their median values were
1.54, 2.00, and 1.58 m2/min, respectively, and their distributions were non-normal but similar in shape. To test the
significance of the differences between the groups, the rank-sum test (also known as the Mann-Whitney test) was
employed. This nonparametric test, first developed by Wilcoxon (1945), determines whether one data set has
significantly larger values than another. In each test, a nuli hypothesis H, (the values in the two groups do not differ) is
compared to an alternative hypothesis H; (the values in the groups differ in a specified manner), and a test statistic W
is computed. The value of W5 determines whether H,, should be rejected in favor of H at a predetermined level of
confidence. The test results (table 1) support the hypotheses relating to the breakthrough, i.e., the total conductance of
the mine discharge increased significantly while the borehole conductance remained unchanged.

Table 1. Results of rank-sum tests on mine discharge conductances

Null Altemate_ Test Signiﬁca_nt qut_
hypothesis | hypothesis at 95% statistic
Ho H,; confidence level?| Wrs | p-value! Interpretation
. ' Reject Ho: Total conductance of discharge area
Ci=C | C>C, Yes 8495 1<0.0001 increased significantly after breakthrough
v ' Cannot reject Ho: Borehole conductance did
Ctn= Con [ Con#* C o No 5409 1 0.9081 | o) change significantly after breakthrough
Ao e ' ' Reject Ho: After breakthrough, total conductance
Cy=Cly | Cy > Clyy Yes 8403 | <0.0001 | -0 significantly greater than borehole conductance

Iprobability that the computed test statistic, or one even less likely, would have been achieved if H,were true
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The final model for predicting the future mine discharge flows from the pool elevation should be based only on
data collected after the breakthrough period of January 1991, since these data more accurately represent the discharge
conditions that are likely to exist in the future (assuming that no future breakthroughs occur). At positive h values, the
total flow, Q' (in L/min), can be estimated from the pool height above the borehole, h (cm), by employing the Theil

regression equation developed solely from the post-breakthrough data:

The borehole flow, Q'py, can be

Q'y =20.5+(22.0 * h) | h>0.

(N
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Figure 4. Relationship between mine pool height and discharge,
post-breakthrough period

portal seals and fractured strata which
comprised the flow path to the french
drains. It is likely that a positive
correlation would be found if flow and
pool height measurements were made
more frequently and accurately and if
pool height fluctuations were greater.

Mine Pool Recharge and Storage Characteristics

Previous reports on this study site (Aljoe, 1992; Aljoe and Hawkins, 1993) provided qualitative evidence that
the mine pool recharge was greater in the winter and early spring than in the summer and fall. The availability of mine
discharge and pool elevation measurements over a period of more than three years made it possible to quantify the
seasonal recharge differences directly, without having to estimate the effects of related parameters such as soil type, soil
moisture, and evapotranspiration rate, as would be required in a typical water-balance analysis. The key consideration in
the analysis described here is that the change in the volume of water stored in the mine pool (AS) is equal to the
difference between the total amount of water recharging the pool (XR) and the amount discharging from the mine (ZD)
over a given time period:

AS=YR-¥D. (8

If time periods are chosen such that the mine pool elevation (hence storage) is the same at the beginning and end of the
time period, then AS = 0 and R = ¥D. The mine pool elevation hydrograph of figure 3 was divided into 43 "recharge
periods" for which AS=0; for each time period, the total discharge >D was computed as the area under the mine
discharge hydrograph (figure 3), and the recharge >R was expressed as a function of precipitation such that

2R = f*A*3p, 9
where Yp is the sum of the daily precipitation falling on the mine area, A is the mine area over which recharge occurs
(approx. 250 acres), and f is the "recharge factor," the fraction of precipitation that reaches the mine pool over the
specified period. Recharge factors for each period were obtained by combining equations 8 and 9 and solving for f.

The 43 selected recharge periods ranged from 4 to 54 days in length, and each period was categorized as
occurring entirely during one of three "seasons" -- winter (December 21-March 31), spring (April 1-June 30), or
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summer/fall (July 1-December 20). If recharge is dominated by seasonal effects, there should be significant differences
in the recharge factor distributions for different seasons. Figure 5 shows the boxplot representations of the seasonal
recharge factor distributions. Although the absolute values of the recharge factors in figure S reflect the errors
associated with the estimation of XD, A, and Xp, these errors do not affect the validity of seasonal comparisons.

Differences between seasonal recharge factors were

Winter o T N tested for significance using the rank-sum test, since

) n=12 the recharge factor distributions were found to be

Spring 03— nonnormal. Table 2 summarizes the results of the
n=13 rank-sum tests. As expected, winter recharge was

Summer/fall CIT——PH— * significantly greater than that of the other two
,,,,,,,,,,,,,,,,,,,,, seasons; the median recharge factor was about 2.4

(') C '0'1' o '0:2' o '0'3' T '0:4 times higher (0.17 versus 0.07). However, spring

recharge was not significantly different than that of
MINE POOL RECHARGE FACTOR the summer/fall.

Figure 5. Bo.xplots of seasonal mine pool recharge fagtors. Two long periods that were characterized by
The width of each bo>§ represents the ceqtral 50% (.)f steady declines and subsequent rises of the mine
the data; the vertical line within the box is the medlan; pool elevation (late summer through early winter of
the parentheses represent the 95% confidence interval 199192 and 1992-93, see figure 3) could not be
on the median; the horizontal lines at each end of the  included in the above analysis because the declines
box extend to the last data point within 1.5 times the and rises took place during different seasons. For
box width from the box end; outliers are denoted with  these periods, the Change in mine poo] storage (AS)
an asterisk; n = number of observations in each group.  was estimated by computing the mine void volume

associated with the pool elevation change.
Equations 8 and 9 were then used to calculate recharge factors for the two "decline" periods, which took place during
the summer and fall, and the two "rise" periods, which occurred during the winter. Although the absolute values of the
recharge factors were somewhat lower than the median values for the respective seasons (probably because of the error
in estimating AS), the factors for the two "rise" periods were 2.5 to 3.7 times greater than those of the "decline"
periods. This was generally consistent with the seasonal differences in recharge noted above.

Table 2. Results of rank-sum tests on seasonal recharge factors. fy, f,, and f ;s represent the recharge factors
for winter, spring, and summer/fall, respectively.

Null Altemate | Test significant | Test
hypothesis | hypothesis at 95% statistic
Ho H; confidence level?] Wis | p-value! Interpretation
- Reject Ho: Winter recharge factor is significantly
=15 fo > fsp Yes 359 0.0004 greater than spring recharge factor
= Reject Ho: Winter recharge factor is significantly
fo=fowr | fw > bur Yes 370 0.0006 greater than summer/fall recharge factor
- Cannot reject H,: Recharge factor is not
fip = fowr | Top* four No 167 | 0.5679 | gionificantly different in spring than in summer/fall

Iprobability that the computed test statistic, or one even less likely, would have been achieved if H,were true

Water Quality Variations

Mine Void Wells

Figure 1 shows that three of the monitoring wells at the study site (W1, W2 and W6) penetrated the original
main entries of the mine, W3 penetrated a submain, and W8 penetrated an isolated room. Aljoe (1992) showed that a
significant degree of stratification existed in all five of these wells, i.e., the water sampled near the mine roof was much
less contaminated than water at the center or bottom of the entries. This suggested that the flow through all the
monitored entries was relatively slow. Comparatively minor differences in AMD contaminant concentrations existed at
the bottoms of the voids, suggesting that flow between the monitored entries, if any, was occurring at a level close to
the mine floor. It is also possible, however, that flow through the entries was occurring preferentially through other
portions of their cross sections, effectively bypassing the portions penetrated by the monitoring wells.
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Mine Pillar Wells

All wells in figure 1 except W1, W2, W3, W6, and W8 penetrated solid coal between or adjacent to the mine
voids. The five "pillar wells," that were surrounded by mine voids (W4, W5, W7, W9 and W105), had water
elevations that were almost identical to those in the voids (Aljoe, 1992), indicating a reasonable degree of hydrologic
interconnection. However, AMD contaminant concentrations in the pillars and voids were vastly different. For
example, the median concentrations of acidity and sulfate in W4 (613 and 1980 mg/L, respectively) were two to three
times higher than those of the voids. Conversely, W7 and W9 were consistently alkaline with very low contaminant
concentrations; W5 and W105, while acidic, also had much lower contaminant concentrations than the voids.
Geochemical analyses of the drill cuttings obtained from the pillar wells showed no correlation between AMD
contaminant concentrations in the wells and the net acid production potential of the overburden immediately above them.
Therefore, it appears that the water quality in the pillars is controlled primarily by local geochemical conditions in the
immediate vicinity of the wells rather than by the transfer of water from the adjacent voids or the overlying strata.

Water quality in the five wells located in the barrier coal on the downdip side of the mine workings (W101,
W102, W103, W104, and W106) also exhibited wide variations, but the differences could be explained more readily by
hydrologic considerations. The two wells closest to the mine (W104 and W106) had similar AMD contaminant
concentrations (e.g., about 300 mg/L acidity and 1,000 to 1,100 mg/L sulfate). Although the concentrations of some of
the AMD contaminants in these two wells were statistically different (rank-sum tests significant at 95% level), they
compared more closely to each other than any other two monitoring wells completed in coal. Slug tests in W104 and
W106 showed that these two wells had much higher hydraulic conductivities than the other pillar wells. Water quality
data collected during pumping tests in these two wells suggested that they were both connected to strong AMD recharge
sources, presumably the adjacent mine entries (Aljoe and Hawkins, 1992). Some degree of hydrologic connection with
the mine may also exist at W101 and W102, both of which were consistently alkaline but had relatively high
concentrations of sulfate and all cations unique to AMD. No such connection appeared to exist at W103, which had
circumneutral pH and acidity and very low contaminant concentrations.

Mine Discharge Sources

The most striking and important water quality
variations at this site were found at the mine discharge.

Table 3 lists the median values of ten AMD-related in mine pool and discharge.
parameters for the three discharge sources, the mine voids East | West [ Wells .
(bottom samples only), and the two "barrier wells" (W104 Borehole | French|French| 104 and| Voids
and W106, see figure 1) which were believed to represent | Parameter | Discharge| Drain | Drain [ 106 |(Bottom)
the water quality in the unmonitored set of entries to the [Number of
northwest of the original mains. Figure 6 shows the | Samples 141 56 57 20 84
boxplot representations of eight of these parameters. For pH 311 637 | 3.99 | 3.03 331
each parameter, significant differences in the median values Net Acidity| 365 455 | 208 303 187
exist where the 95 % confidence intervals at any two

: : . : . | TotalIron | 93.8 | 289 | 69.4 | 104.5 | 60.3
locations do not overlap in figure 6. Note in particular that: 0 723 99.0 | 100.0| 97.9 971
(1) most contaminant concentrations were significantly | 7o Ferrous : : . : 40
higher in the borehole discharge than in the two french Sulf_ate 1125 868 | 1074 | 1025 8
drain discharges; (2) the east french drain discharge hada | Calcium 185 248 | 224 | 184 162
very high pH and was net alkaline, although its sulfate and |Magnesium| 74.4 56.6 | 69.5] 70.4 53.8
AMD-cation concentrations showed that it had undoubtedly | Sodium 7.5 13.5 | 8.2 6.6 13.1
come from the mine; (3) the west french drain discharge | Aluminum | 18.9 37 | 12.6 | 15.9 9.6
was similar to the borehole discharge in sulfate Manganese| 13.6 127 | 128 | 13.4 5.9

concentration but had a higher pH and significantly less
acidity, iron, and aluminum; (4) the borehole and west
french drain discharges were generally more contaminated
than the monitored mine voids; (5) the borehole discharge

Table 3. Median AMD-related water quality parameters

pH in standard units; % Ferrous in percent;
all other data in mg/L

quality was similar to that of W104 and W106; (6) the calcium concentrations were higher in the two french drains than
in the other locations; and (7) the concentrations of three relatively "conservative" AMD ions -- sulfate, magnesium, and
sodium -- were about the same in the mine voids as in the east french drain.

These water quality patterns suggest that there are two largely independent internal flow paths within the mine
pool. The set of entries near W104 and W106 constitutes the primary flow path; this path discharges mostly through
the borehole, which is located where the flow path intersects the west main entry. This would explain the similarities in
water quality noted in (5) above. The original main entries of the mine, in which the portal seals were constructed,
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constitute a secondary flow path whose water quality is represented by the void wells. A portion of the primary flow
path mixes with the secondary path in the west main entry, and the mix is chemically altered as it passes through the
portal seals to the french drains. A report on the mine sealing project (Chung, 1973) shows that the seals contained
large amounts of limestone aggregate and cement grout, which would account for the higher calcium concentrations in
the french drain discharges. The west french drain represents the preferred flow path through the portal seals; its flow
rate was consistently four times higher, its AMD contamination was much greater, and its calcium concentration was
significantly lower than those of the east french drain. During periods of high pool elevation, diffuse seepage of AMD
emanated from the ground immediately above and adjacent to the west french drain. These characteristics suggest that
the west portal seal and the surrounding strata are more heavily fractured than elsewhere in the discharge area. Note also
(figure 1) that the west portal seal is situated at the structural low point of the mine, and would therefore be subject to
greater hydrostatic pressure than the other portal seals. The high degree of neutralization evidenced in the east french
drain is the result of very slow seepage through the portal seals. Because of its location and the chemical similarities
noted in (7) above, the east french drain probably derives most of its discharge from the secondary internal flow path.
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Figure 6. Boxplots of mine pool and discharge water quality parameters. See figure 5 for
explanation of symbols; medians and confidence intervals are not shown when they
coincide with the box ends; circles denote extreme outliers.
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Tracer Tests

Aljoe and Hawkins (1992) described the results of a bromide tracer test, using W6 for tracer injection, which
confirmed the hydrologic connection between the original main entries and the french drains. The highest bromide
concentration in any discharge sample (6.8 mg/L) occurred in the west french drain on the third day after tracer addition;
concentrations at this location decreased consistently thereafter. Conversely, bromide concentrations in the east french
drain increased steadily during the first 17 days after tracer addition, remained relatively constant (close to 1.0 mg/L)
through the 54th day, and continued at just above the detection limit (0.1 mg/L) for almost a year after tracer injection.
This suggested a slower flow path to the east french drain, with greater opportunity for chemical change. Bromide
concentrations in the borehole discharge were negligible. Tracer migration away from the injection well was more than
three times as rapid at the bottom than at the top of the mine void, supporting the earlier inference of a higher flow rate
along the mine floor.

Discussion and Conclusions

For mine pools with reasonably well-defined "spillover points" (e.g., boreholes or open fractures), the pool
elevation can provide a reasonable estimate of the mine discharge rate. This can be an advantage in long-term monitoring
because of the lower maintenance costs associated with pool elevation measurements. While the functional relationship
between elevation and flow is linear, the predictive equation should be generated by non-parametric rather than
parametric regression techniques in order to reduce the influence of high outliers. Data on both parameters should be
collected for several water years before relying on pool elevation as a predictor, and discharge conditions should be
field-checked periodically. This is especially important during high-pool periods, which can create or enhance
discharge paths other than the one for which the predictive equation was developed. If this occurs, a new round of data
collection for all discharges will be necessary, and new predictive equation(s) must be generated.

The efficiency of recharge to the mine pool, as defined by the "recharge factor" (recharge per unit precipitation
input) was generally more than twice as high during the winter months compared to the rest of the year. This can be
attributed primarily to the low temperatures and lack of plant activity during the winter, which combine to reduce
evapotranspiration. In addition, snowmelt represents a gradual, widespread application of water to the land surface,
which would tend to favor recharge versus runoff. Conversely, intense spring and summer rainstorms would tend to
favor runoff over recharge. The lack of significant differences in recharge during the spring, summer, and fall can be
explained by the offsetting effects of plant activity and temperature. During the spring, plant activities are relatively high
while temperatures are low; during the summer and fall the reverse is true. Also, the accumulated effects of warm
temperatures and plant activity create an undersaturated condition in the soil and overburden in the summer and fall.
This moisture demand must be met before accelerated recharge to the mine can begin. This demand was apparently met
on at least one occasion during the summer/fall period (outlier in figure 5); this event occurred at the end of a long
period (1-2 weeks) of cool temperatures and consistent, heavy rainfall.

The wide variations in water quality that existed among the mine voids, pillars, and discharges can be attributed
to several hydrologic and geochemical factors. Water quality in mine voids was vertically stratified, indicating a
relatively slow flow velocity at the monitoring points. The vast differences in pillar water quality could not be explained
by vertical or lateral flow from adjacent overburden or voids, and it was postulated that local pillar geochemistry was
responsible. However, water quality patterns in four of the five wells in the barrier pillar immediately downgradient of
the mine could be related to recharge from the adjacent voids. Differences in water quality at the three mine discharge
points were attributed to the partial mixing of two internal flow paths through the mine prior to discharge, coupled with
varying degrees of chemical alteration upon seepage through the calcareous portal seal materials. The apparent
complexity of the internal flow and discharge patterns was somewhat surprising, given the close proximity of the
discharges to each other and the relative simplicity of the deep mine itself (only a few open mine entries with no
evidence of collapse). This implies that multiple flow paths will exist at any flooded deep mine, and a comprehensive
definition of these paths would be necessary prior to implementing any type of in situ AMD treatment scheme.
Conversely, the apparent existence of “natural” AMD amelioration at the east french drain provides encouragement that
in situ treatment may be possible at the study mine if the neutralizing agents can be introduced along the primary flow
path. Efforts are currently underway to develop a passive AMD treatment scheme that takes advantage of the observed
hydrologic and geochemical characteristics of the mine pool.
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THE HYDROGEOLOGY AND
HYDROGEOCHEMISTRY OF THE STAR FIRE SITE, EASTERN KENTUCKY!

David R. Wunsch and James S. Dinger?

Abstract: The Kentucky Geological Survey is directing an applied research program to determine the potential water
supply for future property development at the Star Fire site. It is anticipated that an aquifer constructed in mine spoil could
provide base flow to streams that could feed water-supply reservoirs. Dye tracing, water-level measurements, and chemi-
cal analyses of water samples indicate that ground water moves slowly in the spoil’s interior, where it must flow into sur-
rounding hollow fills before discharging out of the spoil. Two water tables have been established: one in the spoil’s interi-
or, and the second in the hollow fills below the main spoil body. Based on an average saturated thickness of 6.4 m, the
saturated spoil stores an estimated 5.2 x 109 m3 (1.37 billion gal.) of water. Hydraulic conductivity (K) values derived
from slug tests range from 7.0 x E-5 to > 9.0 x E-4 cm/sec. All of the waters are a calcium-magnesium-sulfate type, differ-
ing mainly in the total concentration of these constituents. Saturation indices calculated using the geochemical model
PHREEQE indicate that most of the ground water at the site is near equilibrium with gypsum. Nearly all of the samples
had pH measurements in a favorable range between 6.0 and 7.0, indicating that the spoil at the site does not produce highly

acidic water.

Additional Key Words: ground-water movement, conceptual model, hydraulic conductivity, mineral equilibria.

Introduction

Areas of Appalachia dependent on mining econo-
mies are finding out that economic diversification is ham-
pered by the lack of water supplies and flat usable land. Al-
though significant areas of relatively flat land are continu-
ously being created by surface-mining operations
throughout Appalachia, the question remains as to the
availability of water resources to sustain alternative land
uses such as industrial development or agriculture. This
study by the Kentucky Gealogical Survey evaluates the
potential development of water resources in a thick and ex-
tensive spoil at the reclaimed site owned and operated by
Star Fire Coal Co., a subsidiary of Cyprus Minerals, Inc.
The results of this study should (1) contribute to the basic
understanding of the hydrogeology and hydrogeochemis-
try of the Star Fire site and (2) create baseline data and
transferable technology that may be applicable to other re-
claimed mine areas in the Appalachian Coal Field.

Geologic and Hydrologic Setting
The Star Fire Mine encompasses portions of Brea-
thitt, Perry, and Knott Counties in eastern Kentucky (fig.
1). The coals being mined include the Hazard Nos. 7, 8, 9,
and 10 seams, all of which are included in the Breathitt

Formation of Pennsylvanian age. These seams consist of
high-volatile bituminous coal ranging in thickness from

1.0 to 2.1 m. Several of the seams contain rider coals that
are also mined. The overburden consists of interbedded
sandstones, shales, siltstones, and underclays. In the pro-
cess of mining, spoil up to 91 m thick is being created.

Analyses of sandstone samples taken from cores
revealed the following average mineral percentages:
quartz, 47%; feldspar, mainly K-spar, 29%; rock frag-
ments, 11.9%; mica, 5.4%; and heavy minerals (pyrite,
siderite), 0.5%. The majority of the cement was deter-
mined to be ferroan-calcite (Weinheimer 1983). Abundant
authigenic kaolinite was found to fill pore spaces and form
reaction rims around feldspar grains. The occurrence of
dolomite in Breathitt rocks was rare. Shales and claystones
in the Breathitt Formation contain illite, kaolinite, and
chlorite (Papp 1976). The overburden should not produce
acid mine drainage problems. All pre-mining overburden
analyses show a potential acidity (PA) of less than 5. If PA
<5, the stratum is generally considered a non-acid produc-
er, regardless of the neutralization potential (Sobek et al.,
1978).

Ground-Water Considerations
Aquifer Framework
Several previous papers have described, in detail,

components of the spoil and their interpreted implications
toward controlling the movement and storage of ground

IPaper presented at the International Land Reclamation and Mine Drainage Conference and the Third International Con-
ference on the Abatement of Acidic Drainage, Pittsburgh, PA, April 24-29, 1994.

2David R. Wunsch, Hydrogeologist, and James S. Dinger, Section Head, Water Resources Section, Kentucky Geologi-

cal Survey, University of Kentucky, Lexington, KY, USA.
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Figure 1. Location map, showing sigificant features at the site.

water at the site (Wunsch et al. 1992; Dinger et al. 1990).
Therefore, these points are ‘discussed only briefly here.

The spoil at the site, which approaches 91 m in
thickness, consists of a heterogeneous mixture of broken
clastic sedimentary rocks. A continuous coarse boulder
zone exists on top of the pavement rock that lies below the
No. 7 coal seam, which is the lowest seam in the section
presently being mined. This boulder zone, and similar
boulder zones that are found in hollow fills, should permit
the storage and rapid movement of ground water. Because
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of their thick and continuous nature, these zones are antici-
pated to be the most capable of providing significant
ground-water quantities.

A surface-water infiltration basin with a continu-
ously penetrating rock chimney was constructed to create
adirect connection to the rubble zone resting on top of the
No. 7 coal underburden. The rock chimney was
constructed to bypass all intermediate compacted zones
within the spoil that might tend to perch percolating
ground water.



Water Monitoring Methods
Monitoring Wells

Fourteen monitoring wells ranging in depth from
16.7 to 72.8 m were installed in the spoil. Several monitor-
ing wells are equipped with data loggers at alternate times
torecord changes in the water table for extended periods of
time.

Slug Tests

Based on methods first described by Hvorslev
(1951), falling-head slug tests were performed in monitor-
ing wells to determine the hydraulic characteristics of the
spoil. The hydraulic conductivity values were then calcu-
lated by using the computer program TIMELAG (Thomp-
son 1987). Nine tests were performed by injecting water
(ground water derived from the spoil) as quickly as pos-
sible into the monitoring wells (injected at 3.2 liter/se-
cond) until the water level reached the top of the plastic
casing. In most cases, the well casing could be filled with
water in less than a minute. An equilibrium water level
was maintained for several seconds while any trapped air
bubbles were allowed to escape from the water column.

The instantaneous drop in head when the water
flow was cut off was recorded by a submerged pressure
transducer and digital data logger. These tests violate the
assumption that instantaneous change in water level oc-
curs at the initiation of the test. Even under ideal condi-
tions this method is not precise, but it is generally consid-
ered as an appropriate means of estimating the order of
magnitude of hydraulic conductivity (Thompson 1987).

In some cases, wells took more water than could be
supplied by the pump. In these wells, the hydraulic con-
ductivity calculated represents a minimum value based on
a water injection rate of 3.2 liters/second. The static head
level used in calculations was the maximum head level
(top of casing) for each well, which provided for a mini-
mum hydraulic conductivity value that would sustain the
flow rate.

er-Quality Sam and Analysis

Water samples from the largest spring, monitoring
wells, and the deep infiltration basin were collected to es-
tablish water-quality characteristics and determine
changes in water quality that occur between recharge and
discharge points. Field variables determined in most sam-
ples were temperature, specific electrical conductance,
Eh, and pH. These parameters were collected utilizing a
flow-through cell with water supplied by a 5 cm submers-
ible pump. Laboratory analyses of water samples included
dissolved concentrations of 30 major and trace metals and
major anions.
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Dye Tracing

Ground-water dye traces using Rhodamine WT
were conducted to define flow paths and travel times
through the the spoil. Dye traces were performed to deter-
mine the flow path of water entering the spoil at various
points. Dye trace data from previous studies (Kemp 1990;
Wunsch et al. in press) were also used to aid in the deter-
mination of ground-water flow paths.

rou Movemen

Ground-water movement within the spoil will be
controlled by the gradients that form as a function of the
interaction of recharge and discharge zones, by the topog-
raphy of the relatively impermeable pavement that under-
lies the lowest coal seam being mined (Hazard No. 7), and
the drainage patterns that existed before mining began.
The major streams that drained the pre-mined area (Fig. 2)
(Chestnut Branch, Spring Gap, and Long Fork) eroded
valleys whose bottoms are at elevations well below the
elevation of the No. 7 coal. These drainage valleys became
hollow fills as contour-cut mining occurred along the
valley walls.

Knowledge of ground-water movement and satu-
rated thickness has been gained by examining discharge
hydrographs and dye tracing to the springs, by water-level
measurements in the spoil monitoring wells, by direct
field observations, and through ground-water quality de-
terminations made at springs, ponds, and wells.

Results and Discussion
Recharge

Field reconnaissance of the study arearevealed nu-
merous places where streams and storm runoff recharge
the spoil aquifer. Several streams were observed to flow
directly into swallets (i.e., disappearing stream channel) at
the toe of spoil slopes. The largest of these streams is
Chestnut Gap Branch, a first-order stream with a wa-
tershed area of 0.85 km?2.

A number of recharge zones were observed on the
spoil during storm runoff events. These occur where the
spoil adjoins highwalls or natural bedrock slopes, or where
spoil handling resulted in boulder zones being locally ex-
posed at the surface. Storm runoff flows into these areas
and then rapidly disappears into the spoil. Likewise, the
deep infiltration basin has been functional in this regard,
although its present watershed is limited. Numerous small
cracks and fissures in the spoil surface were observed to
capture lesser amounts of storm runoff. These discrete re-
charge points or “snakeholes” usually occur where rubble
or boulders are exposed or intersect the surface.

Infiltration through the spoil surface is not thought
to account for a significant amount of recharge owing to



the compacted nature of the graded spoil. A percolation
test performed at the site revealed very low infiltration rate
(0.47 cm/h) for water entering the spoil through the
graded, compacted surface.

Spring Discharge

The most significant area of observed discharge is
a group of three springs located at the northern toe of the
Spring Gap Branch hollow fill (fig. 1). The springs crop
out at an elevation of approximately 1,040 ft. (317 m).
This discharge area is located at the toe of a 39.6-m-thick
lift of end-dumped sandstone spoil that overrides a
13.7-m-thick lift of end-dumped shale that is believed to
have a lower permeability than the sandstone spoil (Kemp
1990).

Discharge was not observed from the toe of the
Long Fork hollow fill. Based on observations made by
mine personnel, ground water is flowing through this hol-
low fill, but discharges directly into the sediment pond lo-
cated at the bottom of this fill below the surface of the
pond.

Ground water also discharges from the spoil into
the active dragline pit when the pit is at the level of the No.
7 coal bed, requiring pumping on a daily basis. On occa-
sion pumping rates have reached an estimated 1,360 m%/d.

Two ponds have been created to store water for
dust control. These ponds, shown on figure 1, are located
at the northwest corner of the spoil, above the spoil
springs. The bottom surface of the northern pond is on the
underclay of the Hazard No. 7 coal. The bottom of the se-
cond pond has been excavated into the shale unit that is be-
low the No. 7 coal and underclay. Both of these ponds are
fed by water from the saturated spoil. Evidence for this ob-
servation is (1) the water levels in the ponds are very simi-
lar to those observed in the nearest monitoring wells that
are located on the buried plateau, (2) although these ponds
are pumped to fill 38 m? water trucks, the water is never
depleted, (3) the ponds do not freeze in the winter, and (4)
the electrical conductance (2,100 microsiemens) of the
water flowing out of the overflow is similar to that of the
spoil-fed springs that crop out below (Kemp 1990). Water
overflows from the lower pond during wet periods and
cascades down the spoil face by way of a riprap-lined
drainage channel, and contributes to the total mine out-
flow.

A large-capacity flume was installed below the
sediment pond to gage the total water outflow. Data collec-
tion from the flume has not been continuous owing to peri-
ods of freezing conditions and vandalism. However, for
the 1992 water year, data were collected for 255 days. The
monthly mean discharge data show a range of 0.13 t0 0.29
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m3/s. Mean and median discharge are both approximately
0.16 m3/s.

Ground-Water Occurrence

Figure 2 shows the outline of the spoil complex
with a contoured surface of the present buried basal topog-
raphy. The bottom surface of the interior is dominated by a
gently undulating plateau capped by the underclay and
shale that underlie the No. 7 coal. This “buried plateau” is
bordered by the pre-existing stream drainage (shaded
areas) formed by Long Fork to the northeast and Spring
Gap-Chestnut Branch to the southwest. A considerable
drop in elevation occurs from the plateau level to the bot-
tom of the old stream drainages. Maximum relief (approx-
imately 45.7 m) occurs in the northwest corner of the spoil
where the the two buried drainage valleys converge.

A contour map of the water table within the spoil
(fig. 3) was created from water elevation data from all 14
monitoring wells on the site, ponds, Chestnut Branch, and
spring 1. Water-level elevation data for the wells were col-
lected in June 1991. This map was produced without re-
gard to the basal topography revealed on figure 2. A north-
westerly sloping water table is shown with arelatively low
gradient in the central plateau of the spoil bottom. Gener-
ally, the slope of the water table in this area follows the
structure of the bedrock plateau. A structural low exists at
approximately the center of the plateau (as shown by the
nearly closed 1,110-ft. (335.3 m) contour line(see fig. 2).
The gradient of the water table increases drastically near
the northwest section of the plateau. The steep gradient is
interpreted as representing the boundary between two sep-
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Figure 2. Map showing the contoured bedrock surface
after removal of the No. 7 coal.



arate but interconnected saturated zones, separated by the
increasing elevation difference toward the northwest be-

tween the buried plateau and the bottom of the pre-mining’

valleys. The structural contour map (fig. 2) shows that the
interior basal plateau has roughly a “spoon” shape; thus,
the slopes formed by the bedrock along the edges of the
plateau may form the barriers that retard water movement
in the plateau region.

The overall picture of the distribution of water
within a section of the spoil is more clearly illustrated in
figure 4, which is a cross section of the spoil through moni-
toring wells 7, 8, 9, and 13 along the line A-A’ shown on
figure 1. Two saturated zones are shown: one relatively
shallow zone perched on the buried plateau formed by the
removal of the No. 7 coal, and the other in the hollow fill of
the Chestnut Branch drainage. The water levels in wells on
the northern side of the spoil suggest that a similar config-
uration exists in the Long Fork hollow fill. The saturated
zones should be connected at the southeast reaches of the
spoil, where the elevation of the buried valleys approaches
the elevation of the base of the No. 7 coal.

The apparent lack of direct connection suggests
that the water system in the spoil’s interior is somewhat
stagnant, and that the majority of ground water must flow
into either of the two buried valleys before finally dis-
charging in the northwestern corner of the spoil, Addition-
ally, some ground water from the spoil’s interior dis-
charges into the two ponds on the northwestern corner of
the spoil and contributes to the total mine discharge
through the pond’s overflow.

Based on an average saturated thickness (6.9 m)
determined from water levels taken from the 14 wells dur-
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Figure 3. Contour map of the water table.
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ing April 1991, and an estimated porosity of 20%, there
would be approximately 5.2 x ES m3 (1.37 billion gal.) of
water stored within this 4 km? acres of spoil. Diodato and
Parizek (1994) found that the porosity of mine spoil
ranged from 30.1 to 57% in shallow, unsaturated bore-
holes. However, because of the greater spoil thickness,
compaction, and saturated conditions at the Star Fire site,
the 20% porosity estimate used here seems reasonable.

Slug Tests

Falling-head slug tests were performed in nine
monitoring wells at the site during the fall of 1992 (table
1). The hydraulic conductivity (K) values ranged from 7.0
x E-5to > 9.0 x E-4 cn/s. These values are comparable to
those for silty sand (Freeze and Cherry 1979). These val-
ues are also consistent with hydraulic conductivity values
determined by other researchers in mines that employ sim-
ilar mining methods. For example, Oertel and Hood
(1983) found K values in the range from 4.6 x E-5t0 2.1 x
E-2 cm/s and Herring and Shanks (1980). found a range
from 4.6 x E-5 to 4.8 x E-2 cm/s.

Table 1. Slug test data—hydraulic conductivity.

Well cm/sec ft./sec
MW 4 7O XE-5 20XE-6
MW 5 >82XE4 >27XE-5
MW 7 2.0XE-5 8.0XE-6
MW 8 - >7.3XE4 >24XE-5
MW9 40XE-5 1.0 X E-6

MW 10 >9.0XE-4 >29XE-5
MW 12 40X E4 1.0XE-5
MW 13 >5.8XE4 >19XE-5
MW 14 20X E-4 8.0X E-6




Because some wells (Nos. 5, 8, 10, and 13) were
able to take water at a rate that exceeded injection capabili-
ties, only a minimum hydraulic conductivity could be cal-
culated. The actual K’s for these wells may be significant-
ly higher than the values given. In addition, high K’s may
be representative of spoil that exhibits turbulent or non-
darcian flow, rendering dubious results.

Infiltration Basin

Water entering the basin probably flows in the
direction of well 4 (southwest) toward the Spring Gap hol-
low fill (Wunsch et al. in press). Therefore, the Spring Gap
hollow fill is probably capturing the water infiltrating the
spoil through the- infiltration basin, from where it most
likely moves downslope to the Chestnut Branch hollow
fill and discharges from the spoil at one of the springs lo-
cated on the spoil’s outslope. The structure contours
shown on figure 2 support this hypothesis. The 1,110-ft.
contour and surrounding intervals indicate a structural low
in the base of the No. 7 coal beneath the infiltration basin,
which slopes in the direction of the Spring Gap hollow fill.

Dye Tracing

A dye trace performed by Kemp (1990) involved
injecting dye into monitoring well 1 (fig. 1). This dye was
not recovered in the springs in the northwest corner of the
spoil. Dye was still visible in well 1 after several months,
indicating that ground-water movement is sluggish in the
center of the interior spoil area. No discernible difference
in hydraulic conductivity appears to exist between the
wells tested in the hollow fills or the spoil interior. There-
fore, the apparent sluggish nature of the ground-water
movement in the spoil interior must be related to gradients
induced by recharge-discharge relationships. The spoil in-
terior, lacking any major direct recharge from the surface,
remains stagnant, whereas the ground water in the hollow
fills receives recharge from the streams that disappear into
the base of the spoil, from adjacent bedrock aquifers, and
from surface water that seeps in near the bedrock-spoil in-
terface.

Additional dye tracing using Rhodamine WT was
performed during the spring of 1991 to determine the flow
path of recharge water that enters the spoil through the in-
filtration basin. Three dye-trace positives were detected to
the west of the infiltration basin, which is consistent with
the direction of flow as determined by hydraulic gradients
and basal topography (Wunsch et al. in press). One posi-
tive trace was located in a pit excavated along the high-
wall-hollow fill contact near well 6. Additional positive
traces were found where water flowed from the spoil’s
face below the elevation of the infiltration basin during
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wet periods. This indicates that not all of the water that
flows into the infiltration basin penetrates to the base of the
spoil; instead it may travel along highly conductive paths
or be diverted by low-permeability horizontal barriers
within the spoil.

Conceptual Model for Ground-Water Flow in the
Spoil

Figure 5 shows a map of the spoil body with arrows
indicating the assumed direction of ground-water flow.
Water that slowly accumulates in the spoil interior flows
toward the head of the buried valleys that now are hollow
fills. This is evidenced by (1) dye trace data, (2) head data,
and (3) bottom structure of the buried plateau.

Water contained in the hollow fills flows toward
the northwest, where it discharges. Some of the water
stored in the spoil’s interior supplies the water to the ponds
used for dust control that are situated above the springs.
The pond water, in turn, discharges through the overflow
down the face of the spoil, where it joins with the spring
discharge before entering the lowermost sediment pond.

In summary, this model presents a scenario where
the majority of water contained in the spoil moves through
the hollow fills from the main spoil body and discharges at
the northwest corner of the spoil. Recharge enters the spoil
mainly along the edges of the hollow fills, and at discrete
points on the reclaimed surface, which includes the in-
filtration basin.

~—>» Ground-water flow

ot |mMpermeable boundary

T~ SPOIL
BOUNDARY

L] 1000 2000 3000 Ft.

[} 5
SCALE

1Km.

Figure 5. Conceptual model of ground-water flow at the
' Star Fire site.
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Figure 6 shows water samples plotted as a function
of the normalized percentage of the samples’ major cat-
ions and anions. Sixty-eight water samples are represented
on the diagram, which includes all samples taken from
April 1991 through June 1992 and represent five sampling
events. A complete list of data for samples collected from
the Star Fire site can be found in Wunsch et al. (in press).
All of the samples plot close to a single location on the dia-
mond-shaped field of the diagram, indicating that calcium
and magnesium are the major cations and sulfate is the
dominant anion. The most likely origin for the Ca-Mg-
SO4 water type found at the site is the oxidation of iron sul-
fide minerals with the contemporaneous dissolution of
calcium carbonate. The data shown here represent four
sampling events spanning 14 months, indicating that the
water-quality type has little temporal variation.

Figure 7 shows the distribution of pH values for all
monitoring wells and spring 1. Monitoring wells show
maximum, median, and minimum pH values greater than
6.0 with the exception of wells 6, 11, and 14. Overall, the
majority of pH data collected at the site indicate that the
mine spoil does not produce highly acidic water.

All samples from well 14 have pH’s less than 4.5,
which represents the lowest pH encountered on the site.
Samples taken from MW 14 are somewhat separated from
the group of other samples plotted on the Piper diagram
(fig. 6). The samples from well 14 show that the distribu-
tion of cations (mainly calcium and magnesium) is consis-
tent with the percentages found in other wells’ samples,
with the major difference being in the distribution of the
anions. The range of HCO3" concentrations in well 14 is
from 3.66 to 8.54 mg/L, while the range of HCOj3" from all
other wells is from 185 to 1,045 mg/L. The highest aver-
age Eh value (mean Eh = 196 mV, coefficient of variation
=6.97%) of all of the wells surveyed was observed at well
14. This is well into the range where the oxidation of sul-
fides is likely to take place (Champ et al. 1979). Most like-
ly an area of “hot” spoil exists in the zone monitored by
well 14. The abundance of sulfide minerals in this zone
with a deficiency of calcium carbonate could result in the
low HCO3" concentrations and low pH observed in well
14,

Sodium and potassium concentrations are general-
ly low compared to the calcium and magnesium con-
centrations in all samples. The most common clay miner-
als found in overburden rocks in the vicinity of the site are
kaolinite and illite (Papp 1976). These clay minerals typi-
cally have low to medium cation exchange capacity (CEC)
(Bohn et al. 1985). Therefore, it is unlikely that cation ex-
change is an important factor in controlling the distribu-
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Figure 6. Piper diagram showing water types of ground-
water samples from monitoring wells and the
main spring.

tion of cations in the spoil ground water. The release of di-
valent cations from the dissolution of carbonate minerals
appears to dominate the water chemistry reactions, such
that any effect of cation exchange is insignificant.

Based on April 1991 data, the total dissolved solids
(TDS) of water samples from wells in the spoil interior are
higher than the TDS of wells located over hollow fills.
Wells located in the interior section of the spoil (monitor-
ing wells 2, 3,5,8,9, 11, 12, and 13) have a mean TDS of
2,812 mg/L (std. dev. = 457), whereas hollow-fill samples
(wells 4, 6,7, 10, 14, and spring 1) have a mean of 1,128
mg/L (std. dev. = 766). The higher TDS values character-
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Figure 7. Distribution of pH values for water samples
collected from monitoring wells and the spoil
spring (SP1).



istic of wells located in the interior of the spoil are most
likely the result of longer contact time between ground
water and spoil due to slow ground-water movement. The
extended contact time allows for greater water-rock inter-
action and leaching of soluble and reactive rock materials,
therefore increasing the concentration of the dissolved
constituents.

The TDS for samples taken from the springs and
monitoring wells in the northwest area of the spoil (MW 7
and MW 10) are very similar to the TDS of the discharge
water exiting the mine site through the flume. TDS values
are 2,608 and 2,116 mg/L for wells 7 and 10, respectively,
and 2,127 mg/L for the flume discharge water. These pre-
liminary data suggest that the major source of the water
discharging from the entire mine site is ground water
derived from the mine spoil. If surface-water runoff at the
site were making a significant contribution to the total
mine outflow, it would be expected that the TDS would be
considerably less than that observed. Water from the
stream at Chesnut Branch and water entering the infiltra-
tion basin have TDS concentrations that are generally less
than 500 mg/L (Dinger et al. 1990).

Saturation indices for minerals thought to impart a
significant control on the water chemistry were calculated
using the geochemical model PHREEQE (Parkhurst et al.
1980). Data used in the calculations are from water sam-
ples collected on June 16, 1992. The equilibrium data
(table 2) indicate that all water samples are undersaturated
with respect to both calcite and dolomite and suggest that

these minerals, if present, should dissolve. Dolomite is not
abundant in the rocks that comprise the overburden, and
probably does not make a significant contribution to the
magnesium content of the ground water at the site.

The carbonate cements in the sandstones indige-
nous to the overburden rocks were determined to be fer-
roan calcite, which may also contain magnesium and
could provide calcium, iron, and magnesium to the ground
water. Chlorite is abundant in the overburden, based on
mineralogical assessments performed by Papp (1976), and
is probably the main source of magnesium. Powell and
Larson (1985) found chlorite to be a probable source of
magnesium in ground water derived from rocks that are
stratigraphically and lithologically similar to the rocks
that comprise the overburden at the site. Table 2 shows that
all of the water samples are undersaturated with respect to
chlorite.

The water from nearly all wells is at or near equi-
librium with gypsum (CaSO42H,0), with the exception
of monitoring wells 4, 6, and 14 (table 2). Each of these
monitoring wells is located in an area of the spoil where
surface water can easily influence the ground water. The
effect of dilution by surface water and lower residence
time is the most likely explanation for the degree of under-
saturation with respect to gypsum in these three wells. The
average total dissolved solids calculated for these wells
was the lowest observed from all wells at the site, but the
distribution-percentage of cations and anions remained
consistent with that of all other ground-water samples.

Table 2. Saturation indices for selected minerals shown in log IAP/K using the model PHREEQE (Parkhurst et al. 1980).
IAP=ion activity product, K=equilibrium constant, TDS=total dissolved solids (calculated).

Well Calcite Dolomite Gypsum Chlorite TDS
MW 2 -0.3618 —0.8095 0.0116 -10.9561 2412
MW 3 -0.2230 -0.6151 0.0364 -10.8265 2796
MW 4 -=1.2823 -2.4945 -0.8279 -15.3130 874
MW 5 -0.2750 -0.6708 -0.0378 -10.2089 2380
MW 6 -1.5691 -3.0704 -0.8140 -17.2109 726
MW 7 -0.2747 -0.3551 -+ 0.0095 -7.3621 2608
MW 8 -0.0049 -0.1510 0.0754 -7.8246 3409
MW 9 -0.2792 -0.5369 —0.0681 -9.2461 2812

MW 10 —0.4647 -0.8510 -0.1012 -10.3842 2117
MW 11 -0.5093 —0.9636 0.1195 -12.3585 3596
MW 12 -0.2738 -0.7338 0.1251 -11.3047 2574
MW 13 -0.4078 -0.8301 -0.0217 -9.9278 2521
MW 14 —4.5345 ~-9.0036 —0.4288 -34.2911 926

SP1 -2.4520 —4.9492 -0.0336 —-11.5458 1591
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Wells 8, 11, and 12 show saturation with respect to
gypsum. Each of these wells is located in the interior area
of the spoil. Two of these wells (8 and 11) contain some of
the highest TDS contents observed at the site (table 2). The
degree of gypsum saturation in these wells corretates well
with the increased mineralization of the ground water in
the spoil’s interior.

Summary

A ground-water resource evaluation has been initi-
ated to monitor the development of the water table in the
spoil, assess the effect of infiltration basins on ground-wa-
ter development, perform tests to determine the hydraulic
properties of the spoil, and delineate ground-water quality
over time.

Water-table elevation data from the monitoring
wells, springs, and ponds indicate that separate saturated
zones exist in the spoil, one in the interior section of the
spoil, and two additional at lower elevations in the two ad-
joining hollow fills (Spring Gap/Chestnut Branch and
Long Fork). Most likely these saturated zones are in hy-
draulic connection in the upper reaches (southeast area) of
the spoil body, but are separated by elevation due to the to-
pography of the basal aquitard in the northwestern section
of the spoil.

Based on an average saturated thickness of 6.9 m
for the site, an estimated 5.2 x 106 m? (1.37 billion gal.)
exists in the 4 km? acre spoil at the Star Fire site.

Slug tests performed in monitoring wells at the site
show the range of hydraulic conductivity (K) values en-
countered in the spoil is from 7.0 x E-5t0>9.0x E-4 cm/s.
The upper limit of K for spoil could not be determined be-
cause of equipment limitations and could be significantly
higher than reported.

All waters at the site are a calcium-magnesium-
sulfate type. The pH of most ground-water samples fell
into a favorable range of 6 to 7. The TDS values for wells
located in the spoil interior are significantly higher than
those for wells located in the hollow fills. Higher mineral-
ization of the water samples from the interior spoil area
probably reflects the longer contact time of ground water
with reactive spoil material. These data are consistent with
the gentle gradient of the water table and dye-tracing data.
Lower TDS values for the hollow-fill wells probably re-
sults from a greater contribution of less mineralized sur-
face water into the ground-water flow system and a lower
residence time.

Ground-water chemistry appears to be controlled
by the dissolution of carbonate minerals and the oxidation
of sulfide minerals, resulting in a Ca-Mg-sulfate water
type for both ground and surface water at the site. Most of
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the ground water in the spoil is at or near equilibrium with
the mineral gypsum. This may inhibit the use of ground
water from the spoil for certain industrial or agricultural
applications. Therefore, monitoring of water quality will
continue to measure any changes in dissolved mineral
equilibria with time.

Two saturated zones occur in the spoil. The interior
of the spoil contains a relatively thin and stagnant satu-
rated zone from the accumulation of water from discrete
infiltration, the infiltration basin, and the active mining
area where uncompacted or reclaimed spoil is present.

Water in the hollow fills is a combination of spoil
seepage and ground water from the adjacent unmined bed-
rock highwall and surface water that accumulates and later
percolates into the hollow fills along the spoil/bedrock
contact.

Total mine outflow measured in the northwest area
of the reclaimed spoil produces a base flow of approxi-
mately 0.16 m3/s (3.9 mgd). Variations in water quality
observed at the site are related to the flow system de-
scribed by this conceptual model.

The initial water-quality and -quantity data mea-
sured at the Star Fire Mine demonstrate that ongoing min-
ing techniques can provide the physical framework for an
aquifer in the extensive mine spoil. Although the ground
water stored in the spoil is not potable at this time, it is like-
ly that it could serve for various agricultural and industrial
uses. Development of a useful water supply from within
the spoil will be a key factor in future land use and eco-
nomic diversity of the site and other similar sites in eastern
Kentucky.
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HYDROGEOLOGICAL EVALUATION AND WATER BALANCE
OF A THICKENED TAILINGS DEPOSIT NEAR TIMMINS, ON, CANADA!

Mark R. Woyshner® and Luc St-Arnaud®

Abstract: Recent literature suggests that the thickened tailings deposition method has the potential to reduce acid
generation and seepage, compared to conventional methods. A commonly studied site is the Kidd Creek deposit,
located in northern Ontario. The present study was aimed at providing in-situ verification of the hydrology of that
site. The field program included measurements of moisture content, hydraulic head and hydraulic conductivity.
Precipitation, pan evaporation, and tailings water evaporation were monitored during the period 1991-93. Water
balance components during average conditions (runoff 42% of precipitation, evaporation 51% and infiltration 7%)
were similar to published predictions. Hydraulic gradients indicated that pore water in the saturated zone tended to
move longitudinally with low average linear pore-water velocities (12 cm/y). The capillary fringe at the top of the
tailings cone was observed to be less than 1 m from the surface of the tailings. Normally, the tailings are near 100%
saturation after spring snowmelt; summer drying is replenished during the fall and with the following spring
snowmelt. Dewatering during a drought year is predicted to have little impact on long-term saturation. When tailings
disposal discontinues, the degree of saturation and water-table position are expected to resemble that presently
observed in areas of the cone where deposition is not active. These conditions are favorable for decommissioning
because the depth of oxidation is limited due to the sustained presence of near-surface saturated conditions. Release
of metals and acidity from the tailings site to the environment should be slow because pore-water velocities are slow.

Additional Key Words: cone-shaped thickened-tailings deposit, tailings oxidation, acidic drainage, tailings
decommissioning, high moisture retention, low hydraulic conductivity, energy balance and water balance.

Introduction

The use of the thickened-tailings disposition (TTD) method for tailings disposal was originally proposed by
Robinsky (1975) for specific advantages such as low initial capital investment, low operational costs, good storage
capacity, and the elimination of high perimeter dams, slime ponds and decant systems. The method involves the
thickening of tailings slurry which is typically discharged in an elevated central spigot line, thereby producing a large
cone-shaped deposit.

At the Second International Conference on the Abatement of Acidic Drainage, Robinsky et al. (1991) argued
that the TTD method has the potential to reduce acid generation and seepage, compared to conventional deposition
methods. This would be achieved by the creation of a relatively homogeneous tailings mass of low hydraulic
conductivity and high moisture retention characteristics in which oxygen entry and the resulting tailings oxidation
are very limited. The paper presented laboratory, field, and seepage modeling results from a study of the Kidd Creek
thickened-tailings deposit, located in northern Ontario, near the town of Timmins. In a collaborative paper with the
present authors, Barbour et al. (1993) subsequently reviewed the TTD method and compiled results of field and
laboratory testing of hydraulic and geotechnical characteristics of the Kidd Creek tailings. Conclusions stated that
the tailings tended to remain saturated to the surface above the water table, a favorable condition with respect to
decommissioning of the tailings. The authors also concluded that the ingress of oxygen is minimized, reducing the
long term potential for oxidation and the resulting development of acid drainage.

'Paper presented at the International Land Reclamation and Mine Drainage Conference and the Third International
Conference on the Abatement of Acidic Drainage, Pittsburgh, PA, April 24-29, 1994.

*Mark R. Woyshner, Consulting Hydrogeologist, MW Hydrologics Inc, Montreal, PQ, Canada.

*Luc C. St-Arnaud, Program Leader, Noranda Technology Centre, Pointe-Claire, PQ, Canada.
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The present paper describes the field testing in detail, and presents some of the findings to date. The program
commenced in the summer of 1991 and included measurements of moisture content, hydraulic head, and hydraulic
conductivity. Field monitoring included precipitation, pan evaporation, and evaporation from the tailings surface by
the Bowen Ratio energy balance method. A monthly water balance was assembled for 1992 and calibrated to the
measured water-table elevation. The water balance was estimated for average (i.e., steady state) conditions by using
monthly meteorological normals from the Environment Canada meteorological stations. Extreme conditions were
analyzed by substituting precipitation from the driest year of record and evaporation from the highest year of record.
Results give insight to the degree of tailings saturation and therefore a sense for the likelihood of tailings oxidation.

Site Description

The regional topography is generally flat and forested, featuring elevated bedrock exposures rising above
broad, wet lowlands. Since 1975, approximately 50 million mt of sulfide-mineral tailings have been deposited at a
high point in the Porcupine River watershed, using the thickened-tailings disposal method. The thickener underflow
density was gradually increased from 50% in 1976 to 61.5% at present (Yeomans 1985). The resulting tailings cone
presently covers a circular area of 1,215 ha and at its center extends 23 m above the perimeter diking. It has a slight
concave slope of about 1.5%. The Porcupine River flows along the west side of the site, to the north, and then
shifting south to pass the east side of the site, almost encircling the entire deposit before reaching Nighthawk Lake
to the southeast.

Beneath the tailings cone, the dominant overburden material is a varved clay, constituting part of a sequence
deposited some 8,000 to 10,000 yr ago during the last phase of glacial Lake Ojibway (Quigley 1980). The clay is
overlain by a thin layer of organic soil (peat) and underlain by uneven till and bedrock. A bedrock ridge exists
underneath the present main embankment, where spigoting has taken place.

Field and laboratory testing of the tailings have been conducted by several researchers, most of which are
reviewed by Barbour et al. (1993). The average hydraulic conductivity is 5 x 10® m/s. Porosity is about 46%, varying
by +7% with depth owing to alternating summer and winter deposition. In the summer, evaporation dewaters the
surface of the tailings, thereby increasing the matric suction and consolidating the material to a lower porosity. The
dry bulk density is about 1.7 g/cm’® and specific gravity is 3.1. The tailings surface is nonvegetated and shows
polygonal shrinkage cracks.

Regional Climate

The climate of northern Ontario may be classified as modified continental. The modification is mainly due
to the presence of the Great Lakes on the south and, to a lesser extent, to Hudson Bay on the north (Chapman and
Thomas 1968). A pattern of relatively low winter and high summer precipitation prevails in northern Ontario,
although not to the degree that this occurs in the Prairie Provinces. This seasonal contrast decreases from northwest
to southeast. Cold polar air masses producing dry, clear weather generally persist much of the winter. In the summer,
a continuing succession of cyclonic storms sweeps over the area from west to east; warm, humid air masses from
the south alternate with cooler and drier air from the north. This produces a typical pattern of 2 or 3 days of clear
weather followed by warmer, more humid weather, often with changeable winds and rain for a day or two. The
climate of the Kidd Creek region is particularly modified by Lake Superior; air masses generally track across the
lake, which results in higher precipitation and a seasonal lag, retarding the onset of spring. The average annual
precipitation at Timmins Airport is approximately 860 mm.
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Investigative Methodology

Hydrometeorological Monitoring

A data-logger-driven monitoring station was installed on the tailings to measure precipitation, pan evaporation,
and the evaporation of water from the tailings surface. Precipitation was measured with a tipping-bucket rain gage
and pan evaporation was measured with a U.S. class A evaporation pan. Tailings evaporation was deduced from
measurements of net radiation, soil heat flux, and vertical gradients of air temperature and vapour pressure. An energy
budget by the Bowen ratio partitioning method of surface energy was used to calculate the latent heat flux from the
tailings surface. The latent heat flux was then converted to a mass flux of water with the latent heat of vaporization.
A summary of the method is found in Oke (1987). A snow density survey was conducted at the end of March to
determine the water content of the snow pack before melting.

Hydrogeological Measurements

Instrumentation for measuring hydrogeologic
parameters primarily consisted stations of 2 to 4
piezometers of different lengths. Several piezometer
stations were located in the tailings (fig. 1): (1)
along Section A-A’, northwest from the top of the
cone; (2) at Station Bl, the hydrometeorological
station; and (3) along Section C-C’, southwest from
the top of the cone. Section A-A’ was selected to
determine the horizontal hydraulic gradient in a
portion of the site where tailings were not actively
being deposited. At Section C-C’, tailings were
being deposited and the piezometer stations were
located in the flow path of tailings slurry. C1 was
located in an entrenched channel, above the point
where the flow begins to spread and form a
depositional fan, and C2 was located approximately
300 m downstream of C1 at the right (north) edge of
the fan, where sheet flow had been actively
depositing tailings. Station B1 included tensiometers
which measured the hydraulic head above the water
table.

% LIME STATION #1 THICKENER

Weekly water-level measurements were °| : °‘| I ‘-°| lm
conducted in the spring, summer and fall. Monthly
measurements were conducted in the winter. Figure 1. Piezometer nest location map.
Continuous monitoring of the water level at Bl was
conducted with submersible pressure transducers, connected to the data logger. Hydraulic conductivity measurements
were conducted in each piezometer by the falling head method (Hvorslev, 1951). During 1991, soil-moisture content
was measured at Al.

Available Data

Precipitation has been measured at Timmins Airport, ON since April 1955, and since 1968, pan evaporation
has been measured at Amos, PQ, about 200 km to the east. Data from these stations were correlated to Kidd Creek
data. Water-level measurements in a borehole network has been measured on a monthly basis by Kidd Creek
personnel, since March 1991. A westwardly cross section of four boreholes were selected to illustrate the annual
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changes in water-table elevation. Each borehole was installed with a piezometer which had a screened section that
extended the entire depth of the saturated zone. These piezometers averaged the pore-water pressures of the entire
saturated zone; therefore, they measured the water-table elevation where vertical hydraulic gradients were small.
Concurrent with the present study, a runoff and erosion study had commenced in 1991 (Paul Wisner and Associates
et al. 1993). A runoff coefficient (C=R/P) was determined for each runoff event and each month.

Findings and Discussion

Hydrogeology

Pore-water Flow. Figure 2 shows interpolated hydraulic head contours along Section A-A’ following the largest
rainfall of 1992. Flow is perpendicular to the contours and therefore primarily lateral, along the length of the cone.
Tendencies for downward flow are apparent at the top of the cone. Upward flow is presumably past A4, further down
the cone, although no well defined seepage face is observed. Percolation from the base of the tailings is likely
restricted by the underlying clay soil. The average lateral hydraulic gradient is 0.017 which is similar to the slope
of the tailing surface (0.015). Using Darcy’s law, a porosity of 0.46, and a hydraulic conductivity of 1 x 107 m/s,
the calculated flow velocity is 0.12 m/y. This velocity is quite low. Specific discharge is 0.054 m/y, which is also
quite low.
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Figure 2. Hydraulic head contours at section A-A’.

Figure 3 shows the monthly water-level measurements in boreholes along a westwardly cross section from
BH1 to BH4. These data indicate that the water table is high after snowmelt and during the fall, and low during the
summer and winter. Figure 4 illustrates hydraulic heads at piezometer nest B1 during the summer and fall of 1992
and 1993. The hydrograph generally depicts the trend that was observed at all stations where the lowered summer
water table rises in response to precipitation and a waning evaporation rate, to remain at a high level through the
autumn and early winter. The advent of the recharge period was earlier in 1992 because August 1992 was much
wetter than August 1993, The upward gradients shown in figure 4 may be caused by local flow within the cone; at
other stations they are less frequent.

Hydraulic heads readily responded to individual rainfall events, rising as much as a meter, only to fall again
during the dry period that followed each storm. These large fluctuations in water table levels typically occur in fine-
grained soils, a process which has been described by Abdul and Gillham (1984). It is related to the fact that the water
table can rapidly rise through the capillary fringe (i.e., the tension-saturated zone) after an infiltration event of minor
intensity.
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The Capillary Fringe. Figure 5 shows soil-moisture
content and water-table elevations at Al. Since this
station is located near the top of the cone, the water
table is farthest from the surface and the vadose zone
is more developed than at other places on the cone.
The water content profile shows the density layering
from altermating summer and winter deposition. Full
saturation is therefore depicted as a range from 22% to
27% (w/w). Figure 5 features a rising water table and
capillary fringe, which is responding to infiltration.
Most significantly, the thickness of the capillary fringe,
the tension-saturated zone that extends above the water
table, is delineated at approximately 4 m and is within
| m of the tailings surface.

The capillary fringe is not always the same
thickness. When the waler table drops, the capillary
fringe elongates, and when the water table rises (as in
fig. 5), it retracts. The capillary fringe is held by
surface tension, which causes its top to fluctuate with
less magnitude than that of the water table. A plot of
suction versus water content (drainage curve) best
illustrates this phenomenon.

Figure 6 shows the drainage curve for the Kidd
Creek thickened tailings (Yang ¢t al, 1992). Matric
suction is the force with which soil holds water by
surface tension; it is equivalent to the negative pressure
head, but expressed as a positive number. Pressure
head is zero at the water table, positive below and
negative above. Figure 6 indicates that up to a suction
of about & m of water (60 kPa), significant drainage
does not occur. Since this is the suction exerted at the
top of the capillary fringe, 6 m is the predicted
maximum thickness of the capillary fringe. If the water
table drops below this, the larger voids at the top of
the capillary fringe drain and therefore fracture the
continuous water column. Recharge of water from
infiltration causes the water table to rise and the
thickness of the capillary fringe to diminish, as in
fipure 5. The larger voids at the top of the capillary
fringe require significantly larger amounts of recharge
to completely fill, which therefore limits the ability of
the top of the capillary fringe to rise. Therefore, the
thickness of the capillary fringe fluctuates, which is
accompanied by the water-table fluctuation.
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Figure 6. Drainage curve of the Kidd Creek tailings.

203



Oxygen Diffusion. In soils with a high degree of water saturation, the diffusion coefficient of oxygen (D,) is the
principal control on the rate of oxygen entry into the soil. Experiments using a well sorted till indicate that D, does
not significantly increase until the degree of water saturation drops below 70% (Yanful 1993). Applying this factor
to the drainage curve from the Kidd Creek tailings (fig. 6), D, would not increase until the matric suction is about
16 m of water (160 kPa). In other words, if the tailings were allowed to drain under gravity (and not evaporate), the
water table position would have to be 16 m beneath the tailings surface before the rate of oxygen entry into the
tailings would increase significantly. The results of ongoing diffusion experiments will help to confirm the
applicability of this 70% factor on the Kidd Creek tailings.

The depth to water was between 6 and 7 m at the top of the cone and between 1 and 2 m at the base of the
cone. Therefore, if it were not for drying at the surface by evaporation, the flux of oxygen into the soil would be
constant and slow. Therefore, for practical purposes, gravity drainage will not promote oxidation.

Infiltration. One of the hydrogeological concerns is whether the water-table elevation is sustained by the
infiltration. Infiltration is caused by precipitation and tailings-slurry water. Infiltration from precipitation is addressed
in the water balance section, and infiltration from slurry water is adressed in this section.

Tailings slurry generally flows down the cone in a small braided channel. When the flow reaches the end of
the channel, it spreads out as sheet flow, about 500 m down the cone where the grade decreases. The increase in
width is accompanied by a decrease in depth and velocity, causing deposition of tailings and the formation of a fan,
The wetted areas of the channel and fan were determined by planimetry of infrared areal photographs (1:5000 scale),
and consisted of 1% of the total tailings area (maximum).

At section C-C’, where tailings slurry was actively flowing, the water table fluctuated and responded to
precipitation and dry spells in a similar manner to that observed at the other stations. Vertical gradients were also
similar to those observed at the other stations. These data indicate a control of the tailings pore-water flow beneath
the channel and fan area by the pressure dynamics of the cone. However, the water-table fluctuation was about 1.5 m,
much less than that at the other station, and the depth to water table was shallower (0.4 to 1.8 m at C1, and O to
1.2 m at C2) in comparison to the other piezometer nests. At C1 and C2 water levels are controlled more by the
topography than by the ponds. These facts suggest some contribution of water by tailings slurry discharge. However,
considering the channel areas constitute only 1% of the tailings, infiltration by thickened tailings discharge is
negligible in the water balance (less than 1% of precipitation).

Water Balance

The water balance was used to quantify infiltration and analyze its affect on water-table position. Monthly
water balances were assembled for three separate conditions: (1) for the studied year 1992, which was calibrated to
the measured water table elevation; (2) for average (i.e., steady state) conditions by using monthly meteorological
normals from the Timmins Airport station and Amos station; and (3) for extreme conditions by substituting
precipitation from the driest year on record at Timmins Airport and from the highest evaporation on record at Amos.

Description of Data. In the Timmins area, it generally rains from May through October and snows from November
through March. The snow cover, which accumulates during winter, melts mostly during April. Monthly runoff was
estimated with runoff coefficients. Environment Canada data was correlated to site measurements to extend the Kidd
Creek record. The ratio of runoff (R) to rainfall (P) is defined as the runoff coefficient (C=R/P). Monthly runoff
coefficients were determined on site for the year 1992 (Paul Wisner and Associates et al. 1993). These coefficients
were adapted for average and extreme conditions by considering the monthly precipitation and season. Both pan
evaporation and evaporation from the tailings surface were measured on site. Evaporation coefficients
(Ce=E itings/Epan)» the ratio of tailings water evaporation to pan evaporation, were calculated for each month (table 1).
The average C; for each month was applied to the pan evaporation to estimate the evaporation of water from the
tailings surface.
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Table 1. Monthly evaporation coefficients at Kidd Creek thickened tailings site.
Year June July August September October
1991 no data no data 0.37 0.66 0.46
1992 no data no data no data no data no data
1993 0.56 0.69 0.45 0.65 no data
Average 0.56 0.69 0.41 0.65 0.46

Infiltration (I) is quantified in the water balance by subtracting runoff and evaporation from precipitation (i.e.,
rainfall and snowmelt), leaving drainage (D) and the change in tailings moisture storage (AS) as unknowns. AS is
the change in water-table elevation and tailings saturation. By arbitrarily setting AS to zero at the end of snow melt,
negative values for succeeding months indicate a loss of moisture and a lower water table, and positive values
indicate a gain of moisture and a higher water table. Water-table measurements during 1992 were used to calibrate
the water balance. D (unknown) is adjusted to match AS to the water-table position. The specific discharge (54 mm/y)
was used as D and gave reasonable values of AS.

Results. Figure 7 shows the monthly water balance results and table 2 summarizes the annual results. 1992 was a
year of normal precipitation and normal evaporation. Evaporation, was high during May, and precipitation was high
during August. Storage decreased during May and June and increased through the rest of the year. The position of
the water table during 1992 confirmed the predicted trend. In December, a storage deficit was 35 mm. The water
table position was observed to drop about 2 m by the end of 1992 (fig. 3), accompanied by the 35-mm deficit in the
water balance. This gives a calculated specific yield (S,) of 0.02 (35 mm/2 m). Since the usual range of S, in
unconfined aquifers is 0.01-0.3, a value of 0.02 seems reasonable for a soil (like the Kidd Creek tailings) with a high
moisture retention capacity.

For average conditions, as in 1992, storage decreases following snowmelt and increases after summer.
However, AS decreases less for the 3-month period May through July, is low during August, and increases from
September through November. By the end of November, AS is at its original level. During winter (December-March),
AS decreases slightly, only to be replenished by spring snowmelt. No annual deficit of AS was found. Infiltration
during average conditions is similar to the 9% that was predicted with the Hydrological Evaluation of Landfill
Performance (HELP) model by Robinsky et al. (1991).

For extreme dry conditions, storage decreased from May through August and stayed low for the remainder
of the year. Furthermore, from August through the end of the year, AS was similar to that of July 1992. Therefore,
the moisture conditions observed during July of 1992 reflected those of an extreme dry year. Since moisture was
nearly replenished by the end of 1992, the dewatering following an extreme dry year should be replenished with
normal rainfall. However, also considering that an additional year of evaporation would follow, average conditions
may sustain the dry condition; above-normal rainfall would be necessary for replenishment.

Table 2. Water balance summary expressed as percent of precipitation.
Hydrologic 1992 Normal Extreme Dry
Component Conditions Conditions

Runoff 48 42 39
Evaporation 51 51 72
Infiltration 1 7 -11
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Figure 7. Water balance of the Kidd Creek tailings cone.

Summary and Conclusions

This paper reviewed hydrologic and hydrogeologic field data collected at the Kidd Creek thickened-tailings
site. The findings confirm that very little slurry water contributes to water-table recharge, and if tailings deposition
presently discontinues, then tailings saturation and water table position are expected to resemble that presently
observed in areas of the cone where deposition is currently not active. Observations at the top of the cone, where
the unsaturated zone is more developed, indicated near-saturated conditions within 1 m from the tailings surface. In
this upper 1 m zone, where the top of the capillary fringe fluctuates, oxygen diffusion is predicted to be slow owing
to the water saturation. Water balance modeling indicated that dewatering during a dry year is expected to have little
impact on long-term saturation of the tailings. These conditions are favorable for decommissioning because the depth
of oxidation is limited due to the sustained presence of near-surface saturated conditions. Release of metals and
acidity from the tailings site to the environment should be slow because pore-water velocities are slow.
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THE PORE-WATER GEOCHEMISTRY OF THE Cu-Zn
MINE TAILINGS AT KIDD CREEK, NEAR TIMMINS, ONTARIO, CANADA!

Tom A. A%, David W. Blowes?, and John L. Jambor’

Abstract: The Kidd Creek Cu-Zn sulfide deposit near Timmins, ON. has been in operation since 1966, with current
production of approximately 10,000 tpd. Tailings from the deposit contain 10 to 25 wt % pyrite and are disposed
of as a thickened slurry in a 12- to 15-m high cone-shaped deposit in a 1,200-ha impoundment. Approximately 2.5
wt % natrojarosite residue from the zinc concentrate refining circuit has been disposed of with the tailings since 1985.
The natrojarosite residue is limited to the upper 4.5 m of tailings. Three geochemical zones are defined by the pore-
water concentrations of metals and SO,. In the deepest zone, concentrations of most metals and anions are below
detection and Na, K, Mg, Mn, Fe, Zn, HCO,, and SO, are low, reflecting the mill discharge-water released with the
tailings. In this zone, gypsum precipitation controls the concentrations of Ca and SO,, the dominant elements in the
pore water. Higher concentrations of Na, K, Mg, Mn, Fe, Zn, Pb, As, HCO,, and SO, occur in an intermediate zone
coincident with detectable natrojarosite in core samples. These increases indicate that some natrojarosite deposited
with the tailings has dissolved. Higher Zn concentrations in the intermediate zone than in the deep zone are
attributed to minor substitution of Zn in natrojarosite and to residual aqueous Zn-sulfate in the natrojarosite residue
that is co-disposed with the tailings. A surficial zone with visible signs of sulfide oxidation contains high
concentrations of Na, K, Mg, Mn, Fe, Zn, Pb, Cu, Ni, Co, Cd, Al, As, NO,, and SO,. Oxidation reactions, and the
consequent pH decrease, have increased the concentrations of metals and SO, in the shallow pore-water.

Additional Key Words: mine tailings, tailings geochemistry, sulfide oxidation, jarosite, jarosite disposal, Kidd Creek.

Introduction

The Kidd Creek Cu-Zn deposit is approximately 25 km north of Timmins, ON, (fig. 1). The ore consists
mainly of chalcopyrite, sphalerite, galena, and pyrite in massive ore, and chalcopyrite in stringers. In production
since 1966, peak production of 12,400 tpd in 1985 has declined to approximately 10,000 tpd. Tailings are deposited
as a thickened slurry in a 12- to 15-m high conical pile within a 1200-ha impoundment (Robinsky et al. 1991). The
tailings consist of 10 to 25 wt % pyrite, 1 to 2 wt % pyrrhotite, 1 to 2 wt % combined sphalerite and chalcopyrite,
75 to 85 wt % gangue minerals, dominated by quartz and various silicates, 1 to 5 wt % carbonate minerals, and traces
of numerous other minerals.

'Paper presented at the International Land Reclamation and Mine Drainage Conference and the Third International
Conference on the Abatement of Acidic Drainage, Pittsburgh, PA, April 24-29, 1994.

2Waterloo Centre for Groundwater Research, University of Waterloo, Waterloo, Ont., Canada, N2L 3G1
3Mineral Sciences Laboratories, CANMET, Energy Mines and Resources Canada, 555 Booth St., Ottawa, Ont.,

Canada, K1A 0G1: Current Address: Waterloo Centre for Groundwater Research, University of Waterloo, Waterloo,
Ont., Canada, N2L 3G1
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The zinc-refining process used at Kidd Creek
removes dissolved Fe from acidic Zn- and Fe-SO,
solutions by precipitating natrojarosite
(NaFe,(SO,),(OH),) (Scott and Dienstbach 1990). This A
natrojarosite residue was deposited in a settling pond
until the pond reached capacity in 1985; since then the
residue has been blended with the mill tailings prior to
disposal. The natrojarosite residue, which averages 2.5
wt % of the tailings solids, is confined to the upper 1-
to 4.5-m of the tailings impoundment,

In this study, pore-water geochemical data were
collected through the vadose and saturated zones at
several locations in the Kidd Creek impoundment (fig.
1).  Coincident core samples of the tailings were
collected for mineralogical analysis to identify the solid
phases in contact with the pore water. These data and
geochemical modeling were used to assess and interpret
the geochemical mechanisms controlling  the
composition of the tailings pore water.

hickeners

Tailings to
thickener

Methods of Investigation Concentrator
_ LEGEND L s
Pore water from the vadose zone at all sites m

® Piezometer nest

(fig. 1) was sampled by collecting cores in thin-walled
aluminum casing, 7.62-cm in diameter. The cores were
cut into lengths of 20- to 25-cm, and pore water was Figure 1. Location of the study area and piezometer
squeezed from each section. Pore water from the nest sites.

saturated zone was collected with a peristaltic pump, in

polyethylene lines, from polyethylene-lined stainless steel or PVC, single-completion drive-point piezometers installed
at regular intervals between the water table and the base of the tailings. All piezometers were bailed dry prior to
sampling. Groundwater temperatures were measured with a thermistor probe in the piezometer tip after the sample
was collected. Determinations of pH and Ej; of the vadose-zone pore-water were made at least three times during
the collection of each sample. Measurements of pH and Ey; of the saturated-zone pore-water were made in a sealed
flow-through cell, maintained at the groundwater temperature. The Ross combination pH electrode was calibrated
with standard buffers at pH 4 and 7, and the platinum redox electrode was checked regularly with Zobell’s solution
(Garrels 1960). All samples were filtered through 0.45-pm cellulose acetate filters, then split into two volumes. One
was acidified with 12N, analytical-grade HCI to a pH of less than 1 for cation analysis, and the unacidified subsample
was used for anion analysis. All samples were refrigerated until analysis. Cations were determined by atomic
absorption spectroscopy, and anions by ion chromatography. Pore-water alkalinity was measured in the field on
subsamples of 3- to 10-mL for vadose zone samples and 25- to 100-mL for saturated-zone samples using methyl red,
bromcresol green indicator and a digital titrator or potentiometric titrations.

Results and Discussion

Pore-water data from two piezometer-nest sites (1 and 3 on fig. 1) are used to illustrate the pore-water
geochemical evolution that followed tailings disposal. Limited tailings deposition has occurred at s%te 1 for the past
5to 7 years. This site was chosen because the tailings near the surface display the most advanced oxlda.tlon qbservcd
within the impoundment. The maximum depth of sulfide oxidation at site 1 is only 20- to 40-cm. Site 3 is closer
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tO the discharge road’ and nearly conﬁnuous “
deposition has limited the extent of sulfide oxidation.
Profiles of concentrations of dissolved constituents at
sample sites along cross section A-A’ (fig. 1) are 1991
shown in figure 2. Three zones of distinct pore- Cations, mg/L

water chemical composition can be outlined from the

Table 1. Mill discharge-water composition.

1992 Average

data: a deep, mill discharge-water like zone, an Ca 654 684 669
intermediate zone with increased concentrations of Mg 10.5 12.7 11.6
Fe, Na, K, Pb, Zn, As, and SO, resulting from Mn 0.95 3.08 2.11
natrojarosite dissolution, and a surficial zone with Na 473 50.3 48.8
high concentrations of metals and SO, due to sulfide K 25.7 20.4 23.1
oxidation. The components from natrojarosite Al <0.02 <0.02 <0.02
dissolution have been transported by groundwater Fe 0.05 <0.05 <0.05
from the deepest level of natrojarosite detection at Zn 0.55 9.06 4.81
the upper dashed line, to the depth where ion Cu 0.07 0.31 0.19
concentrations decrease significantly (lower dashed Ni 0.07 0.15 0.11
line in figure 2). Co 0.05 0.10 0.08
Cd 1.23 0.16 0.70
Mill Discharge-Water Zone As,pg/l.  <3.0 35 1.8

Nearly continuous accumulation of tailings at Anions, mg/L
site 3 has minimized the effects of sulfide oxidation

by atmospheric oxygen. Consequently, observed SO, 1520 1780 1650
changes to the pore-water chemistry, relative to the Cl 24.4 24.6 24.5
mill discharge-water, can be considered to result from HCO, 15.0 50.4 32.7

reactions between the tailings solids and the pore
water. From 6- to 10-m depth, the pore-water
composition is similar to the mill discharge-water. Notes. - Samples collected from the tailings

Pore-water concentration profiles are shown in figure thickener overflow. Natrojarosite is

3. Geochemical equilibrium calculations conducted added to the tailings prior to thickening.

using MINTEQAZ2 (Allison et al. 1991) indicate that e —————————
the water in this interval of site 3 approaches or
attains saturation with respect to calcite and siderite, and is undersaturated with respect to dolomite (fig. 4).
Mineralogical analyses confirm the presence of calcite, dolomite, and siderite in the tailings solids. The pore water
in this interval is consistently undersaturated with respect to jarosite, natrojarosite, and hydronium jarosite, thus
indicating that if these phases are present, conditions are favorable for their dissolution. None of these jarosite-group
minerals have been detected within this interval. The pore water in this zone is supersaturated with respect to ferric
hydroxide (Fe(OH),), goethite (a-FeO(OH)), lepidocrocite (¥-FeO(OH)), and akaganeite (B-FeO(OH,Cl)). The pore
water from surface to the base of the tailings is saturated with respect to gypsum. Gypsum has been detected by X-
ray diffraction throughout most of this interval (Jambor et al. 1993).

The pore water from 3- to 9-m at site 1 also reflects the mill discharge-water composition. Most metals in
this zone are below detection limits (fig. 3). Geochemical calculations indicate that the pore water below 3-m is
slightly supersaturated with respect to calcite, is saturated with respect to dolomite, and one sample indicates
saturation with respect to siderite. In the one sample with a significant iron concentration, the pore water is
undersaturated with respect to jarosite, natrojarosite, and hydronium jarosite, and is supersaturated with respect to
the ferric oxyhydroxide minerals (fig. 4). The pore water throughout the tailings at site 1 is saturated with respect
to gypsum, and gypsum has been detected by X-ray diffraction throughout the core-sampled interval (0- to 1.65-m).
The similarity between the deep pore water and the current mill discharge-water at sites 1 and 3 indicates that the
water in this deep interval has been relatively unreactive with the tailings solids.
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Figure 2. Cross section of pore-water concentration profiles.
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All concentrations are in mg/L unless shown otherwise.



SATURATION INDEX SATURATION INDEX

- 0 OBt 0 o -10
4 4
4 4
8 8 L
8 8
12 12

E . . E_ * Calcite ® Na-jarosite
T o Galcty :. Na-jaipsity I # Dolomite ®* K-jarosite
= # Dolomite K-jarosite — * Siderite * H.O-jarosite
o * Siderite * Hp-jarosite o X
w 3 w . 0 -5 5
o of 0 (]
§ 4 4 4
8 8 i i
L 8 8
12[ 12
+ Fo(CH), * Gypsum
- ge(o!:'l 23 T Sypsum * Gosthite - M);Ianterite
- Leogziéce}ocite - Xele-etme * Lepidocrocite  _ Angiesite
a) < Akaganeite * Anglesite b) +» Akagansite

Figure 4. Saturation-index profiles for a) site 3, and b) site 1, calculated with MINTEQA2.

Natrojarosite Disposal Zone

The concentrations of Na, K, Fe, Pb, Zn, As, and SO, increase above 6-m depth at site 3 (fig. 3). Sodium,
K and H;O are the principal components in the monovalent cation site of the natrojarosite produced at Kidd Creek
(table 2), and the high concentrations of Na and K at this depth interval are best explained by the dissolution of
natrojarosite. Tailings pore water above 6-m depth has Na/K = 10 to 20, similar to the average Na/K ratio of 23.7
in natrojarosite from the jarosite pond (Jambor and Owens 1992). Similarly, the increased concentrations of Fe, SO,,
and Pb can be attributed to natrojarosite dissolution. The higher As concentrations in the pore water at this depth
also may have resulted from natrojarosite dissolution, as minor solid-solution incorporation of As is documented in
jarosite (Dutrizac and Dinardo 1983, Dutrizac and Jambor 1987). Increased concentrations of Zn may be attributed
to retention of ZnSO, in the aqueous phase during co-disposal (Jambor and Owens 1992). Most other metals in this
interval remain at or below their detection limits. Increased alkalinity can also be attributed to the dissolution of
natrojarosite (reactions 1 and 2.).

[Nay 75Kq,01(H30), 54]Fe5(SO,),(OH)s + 3H,0 —
3/4Na* + 1/100K* + 24/100H,0* + 250> + 3Fe(OH), + 3H* ()

H* + (Ca,Mg,Fe,Mn)CO, — HCO, + (Ca,Mg,Fe,Mn)* Q)

Above 6-m depth, the decrease of pH (fig. 3) may be a result of natrojarosite dissolution and ferric iron hydrolysis
(reaction 1). In the tailings impoundment, the dominant redox-sensitive species are Fe** and Fe*. The decrease in
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Table 2. Analyses of natrojarosite residue (Jambor and Owens 1992).

Range, wt % Mean o© Mineralogical Site
Min __ Max wt %
Na 1.91 297 237 0.25  Natrojarosite.
K 0.06 0.16 0.10 0.03  Natrojarosite.
Ca 0.07 0.30 0.15 005 Gypsum.
Mg 005 0.11 0.08 0.02 Mg sulfate.
Zn 393 8.04 6.69 1.21  Zn ferrite, natrojarosite, Zn sulfate.
Cd 0.03 0.08 005 001 Zn ferrite.
Pb 072 297 1.63 0.54 Plumbojarosite, anglesite.
Cu 0.12 0.49 0.34 0.09 Covellite, Cu sulfate.
Fe 25.30 31.80 28.53 1.65 Natrojarosite, Zn ferrite.
S 8.58 24.60 1236 4.82 S°
As 0.08 0.32 0.16 0.06 Natrojarosite.
SO, 25.22 3141 27.77 1.83  Natrojarosite, various sulfate salts.
H,0 26.06 36.82 3200 297
In' 370 1242 728 210  Natrojarosite.
Ag' 151 511 308 90 Natrojarosite, Ag sulfate.

! Concentration in grams per kilogram

Notes. -n =17
- Small amounts of Mn, Sn, Al, and SiO, occur in the residue and are derived from
MnO, and Mn-sulfate, cassiterite, natrojarosite, "silica gel", and quartz, respectively.
- Silica gel is the amorphous hydrated-alumina-silica product of acid leached chlorite.

E, may be caused by increased activities of Fe** that result from natrojarosite dissolution followed by the oxidation
of pyrite:

14[Nay 75K, 6, (H;0)24)Fe4(SO,),(OH)s + 3FeS, —
21/2Na* + 7/50K* + 84/25H,0* + 34S0,* + 45Fe* + 36(0OH) + 24H,0 3

Calculated saturation indices (SI) in this zone indicate undersaturation with respect to calcite and dolomite,
and slight supersaturation with respect to siderite (fig. 4). These conditions are consistent with the inference of Morin
et al. (1988) that precipitation of siderite occurred as a consequence of calcite dissolution in an aquifer affected by
acidic Fe- and SO,-rich tailings drainage water near Elliot Lake, ON. Calculated SI also indicate that the pore water
is undersaturated with respect to jarosite, natrojarosite, and hydronium jarosite, suggesting a tendency for the
natrojarosite to dissolve, with reaction 1 or 3 favored. This water is supersaturated with respect to goethite,
lepidocrocite, and akaganeite, and is very close to saturation with respect to Fe(OH),. Goethite was the only ferric
oxyhydroxide mineral detected by Jambor et al. (1993).

At site 1, a similar zone of high concentrations of Na, K, Fe, Pb, Zn, As, and SO, occurs above 3-m depth.
As at site 3, the mechanism most likely to be responsible for the increased concentrations in this zone is dissolution
of natrojarosite. Increased concentrations of Zn are probably due to adsorbed or aqueous-phase Zn within the
natrojarosite residue. Within this interval, Cu, Ni, Co, Cd, Se, Cr, Ag, Ba, Al, NO, and PO, remain at or below their
respective detection limits. Calculations for the interval from 0.6- to 3-m depth at site 1 indicate that the pore water
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is undersaturated with respect to calcite and dolomite (fig. 4). Undersaturation with respect to siderite occurs from
0.6- to 1.0-m, and saturation to slight supersaturation occurs from 1.0- to 3.0-m. Between 0.6- and 3-m in depth,
the pore water is undersaturated with respect to all jarosite phases, is saturated with respect to Fe(OH),, and is
supersaturated with respect to other ferric oxyhydroxides. The zones of increased Na, K, Fe, Pb, Zn, As, and SO,
concentrations above 6-m depth at site 3 and above 3-m depth at site 1 are characteristic of similar zones at all sites
where natrojarosite has been added to the tailings. The pore water affected by natrojarosite occurs below the depth
of natrojarosite occurrence (short dashed line, figure 2) as a result of solute transport with the advecting groundwater.

Sulfide Oxidation Zone

High concentrations of SO, and metals not associated with natrojarosite occur in the pore water of the upper
0.2-m at site 3. Sulfide oxidation (reaction 4) near the tailings surface is the most likely mechanism for these

FeS, + 15/40, + 7/2H,0 — Fe(OH), + 250,* + 4H* @)

observed increases. Sulfate is released directly to the pore water by sulfide oxidation. Sulfide oxidation generates
H* ions, which are neutralized by carbonate-mineral dissolution (reaction 2). These reactions contribute Ca, Mg, Fe,
Mn, and HCO, to the pore water. MINTEQA2 calculations indicate supersaturation with respect to siderite, and
undersaturation with respect to calcite and dolomite in the top 0.2-m at site 3. These calculations support the inferred
mechanism for increased Mn, Mg, and alkalinity in the pore water at this depth: up to 5.2 wt % Mn occurs in solid
solution within siderite, dolomite, and ankerite, and up to 9.7 wt % Mg occurs in solid solution with these minerals
(Jambor et al. 1993). The tailings water within this interval is undersaturated with respect to jarosite, natrojarosite,
and hydronium jarosite, indicating that conditions are favorable for the dissolution of these minerals. The pore water
is saturated with respect to Fe(OH), and gypsum, and is supersaturated with respect to goethite, lepidocrocite, and
akaganeite, suggesting that Fe(OH); and gypsum may control the pore-water concentrations of Fe and Ca through
precipitation-dissolution processes.

The pore water from the surface to 0.6-m depth at site 1 contains high concentrations of metals and SO, (fig.
3), reflecting the effects of sulfide oxidation: the H* released by pyrite oxidation (reaction 4) has decreased the pore-
water pH to between 2.5 and 4, and the Ey has increased to between 525- and 600-mV because of the increased
solubility of Fe** at low pH. Sulfide oxidation near the surface releases H* ions, which are neutralized by carbonate-
mineral dissolution, causing increases in the concentrations of Ca, Mg, Fe, and Mn. The high concentrations of Mg
and Mn (fig. 3) suggest that dissolution of dolomite is occurring. Also released by sulfide oxidation are Fe, Zn, Pb,
Cu, Ni, Co, and Cd, which are relatively soluble under low pH conditions. Where the pH decreases below 5, Al
concentrations increase, probably because of pH buffering reactions involving dissolution of aluminum-silicate
minerals such as chlorite, muscovite, and albite. The alkalinity of the pore water decreases from 52 to 0 mg/L HCO,
between 0.6-m depth and the surface, suggesting either depletion of the carbonate-mineral acid-neutralization capacity,
or that the rate of carbonate-mineral dissolution is too slow to maintain measurable alkalinity concentrations.
Mineralogical study indicates the latter since dolomite and siderite are present in this interval. The high
concentrations of Cd, Co, Cu, Ni, Cr, and Al in the pore water distinguishes the effects of sulfide oxidation from the
effects of natrojarosite dissolution. Geochemical modeling for the zone 0- to 0.6-m at site 1 indicates that the pore
water is undersaturated with respect to all of the carbonate minerals (fig. 4). The pore water is saturated to
supersaturated with respect to jarosite, is saturated with respect to natrojarosite, and is undersaturated with respect
to hydronium jarosite. The SI of the ferric hydroxide and oxyhydroxide phases decrease in this interval. The pore
water also approaches saturation with respect to anglesite (PbSO,) in the upper 0.2-m, suggesting a possible control
on the near-surface pore-water Pb concentrations.

Comparison with Mill Discharge-Water Chemistry

The geochemical data from site 1 and site 3, normalized to their respective concentrations in the mill
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discharge-water, show changes in pore-water composition that have occurred since the tailings were deposited (fig.
5). Below the natrojarosite disposal zone there are slight increases of Mg, Na, Fe, and SO, relative to the discharge
water, but except for Fe, these differences could be a result of variation in the discharge-water composition. The pore
water in the zones affected by natrojarosite disposal displays similar patterns at sites 1 and 3. Concentrations of Na,
K, Fe, Zn, Pb, Mn, As, and SO, are sharply increased relative to the discharge water. The concentrations of metals
are highest at the surface where tailings have been affected by sulfide oxidation. Sulfide oxidation is associated with
increased concentrations of Mg, Fe, Zn, Pb, Cu, Ni, Co, Cd, Mn, As, Cr, Al and SO,. ’

1 10 100 1,000 10,000 1 10 109 1,090 10:000
Ca ) K ) Ca
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Mn Mn ;
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Cr Cr
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Figure 5. Average concentrations from the zones affected by sulfide oxidation and by natrojarosite dissolution, and
the deep, pre-natrojarosite zone, all normalized to the average mill discharge-water concentrations from table 1.

Conclusions

The data define three geochemical zones, the deepest zone displaying pore-water concentrations of metals and
sulfate similar to the present mill discharge-water concentrations. Intermediate depths display elevated concentrations
of Na, K, Fe, Mg, Mn, Pb, Zn, As, HCO,, and SO, relative to the present mill discharge-water. These increases are
a result of the dissolution of natrojarosite that has been co-disposed with the tailings since 1985. Mineralogical
studies indicate that a significant mass of natrojarosite remains in the tailings. Pore water near the surface contains
high concentrations of Mg, Mn, Fe, Zn, Pb, Cu, Ni, Co, Cd, As, Cr, Al, and SO, that are the result of sulfide
oxidation near the tailings surface, causing the release of metals and sulfate to the pore water. Both sulfide oxidation
and natrojarosite dissolution cause the dissolution of carbonate minerals, consuming the acid-neutralization capacity
of the tailings. Acidity is contributed to the pore water through increased pore-water Fe** concentrations related to
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related to natrojarosite dissolution and sulfide oxidation.
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LABORATORY TESTING OF COATINGS FOR PREVENTION
OF ACID DRAINAGE IN UNDERGROUND COAL MINES'

Ronnie L. Adams, Judy J. Ninesteel, and Henry W. Rauch?

Abstract: Laboratory research has been conducted to develop tough chemical and mineral coatings for the
prevention of acid mine drainage (AMD) in unsubsided underground coal mines. Specially designed sprayed coatings
have the potential for substituting for initial rock dusting, preventing AMD in unsubsided mines, and opening up
more acid-producing coal reserves for mining. Fifteen liquid chemicals were sprayed onto acid-producing mine rock
samples for laboratory testing of coating durability in water tanks. Eight chemicals that passed the durability tests,
and 4 of these were judged suitable for further tests. These 4 chemicals were mixed with water and apatite dust and
sprayed on mine rock samples for more tests involving short-term bubbler tank, soxhlet, and long-term bubbler tank
procedures. Two coating types, for chemicals code-named I and G, passed these tests. These 2 chemicals were then
mixed with limestone dust and water and further tested as sprayed mine rocks using the same testing procedures.
These coatings also worked well in retarding AMD products. For most tests coating G (an epoxy resin) worked the
best but is most expensive; coating I (a latex) worked second best. The optimum G and I limestone coatings are ones
composed of a 10% (by volume) chemical to 90% water solution mixed as a slurry with 30% by weight of limestone
dust. These 2 coatings are economical, durable, and should be tested in an underground mine.

Additional Key Words: acid mine drainage, underground coal mines, mine coatings, apatite, limestone.
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Kiss Engineering for their financial support of collaboration on this research.

One costly and long-term consequence of coal mining is often acid mine drainage from underground mines.
Current methods to remedy the problem have had limited success. Consequently, alternative techniques for
mediating acid formation continue to be investigated. This report details preliminary research results for evaluating
polymer-mineral coatings as inhibitors of pyrite oxidation and the generation of AMD in underground coal mines.
Such inhibitions could possibly be achieved through spraying coating barriers on mine rock surfaces, to retard
movement of mine air, water, and bacteria to rock and to keep the pH of adsorbed water high on rock surfaces.
Successful coatings would likely target active mines for preventing AMD prior to mine abandonment and flooding.

Hart et al. (1990) have shown that phosphates reduce the oxidation of pyrite, possibly by forming iron
phosphate on exposed pyrite. Texasgulf Inc.’s Code 31 apatite (about 95% apatite), was found to be very effective
in suppressing AMD from mine wastes. Highly soluble at pH values below 5.5, apatite may react with ferric iron
leached from pyrite to precipitate iron phosphate, disrupting acid generation. Although this theory for apatite is
disputed by some, apatite was found to ameliorate AMD. Only one Appalachian area study was found in which
phosphate rock was applied in an underground setting to inhibit acid mine drainage. Hause and Willison (1986)
reported that a West Virginia coal mine was sealed and flooded with alkaline water, after above-high-water-table
areas were dusted with ground apatite. The mine effluent required no additional treatment 14 months after treatment.

IPaper presented at the International Land Reclamation and Mine Drainage Conference and the Third International
Conference on the Abatement of Acidic Drainage, Pittsburgh, PA, April 24-29, 1994.

?Ronnie L. Adams, Geology Graduate Student, Judy J. Ninesteel, Geology Graduate Student, and Henry W. Rauch,
Professor of Geology, West Virginia University, Morgantown, WV, USA.
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and Nuzum (1975) ass_essed the suitability of 46 chemicals in suppressing radon gas emissions from uranium mines.
Se:veral of these chemicals were later field-tested in an underground coal mine to try preventing the weathering of
mine roof shales, and proved effective for at least 1.5 years (Franklin et al. 1977).

Materials for Study

Fifteen chemicals were chosen for initial testing. These polymer chemicals were first tested for adhesion on
rock surfaces by dunking and short-term bubbler tests. The chemicals were then diluted with water and mixed with
powdered apatite (Texasgulf Inc. Code 31) in varying percentages to prepare coatings for laboratory testing. After
short-term testing, chemicals for the 3 most successful apatite coatings (J, a petroleum extract; G, an €poxy resin;
and I, a latex) were mixed with cheaper limestone dust (agricultural lime) and water for further coating tests.

WYV, a major AMD producer. Where possible, fresh roof, coal, and pavement rock were obtained from small areas
(few square feet) and small volumes of rock in the mine, to minimize effects of prior weathering and lithologic
heterogeneity. Coal was the greatest soxhlet acid producer, averaging 1.16% sulfur and -34.19 net neutralization
potential (NNP). Roof and pavement rock averaged respectively 0.06% and 0.03 % sulfur, and 0.45 and 1.33 NNP;
these rocks were at most moderate acid producers, with roof rock being the greatest acid producer from bubbler tank
tests. These rocks were reduced to convenient pieces for testing, and their surface areas were estimated using
wrapped aluminum foil. Surface areas for rocks ranged 50-100 cm? and averaged about 80 cm? for soxhlet tests,
and ranged 570-1,750 cm? and averaged about 1,100 cm? for the 1 to 4 rock pieces per bubbler tank test.

The tested coating mixes were slurries that were applied thin enough to be economical but thick enough to
cover the rock. For tested apatite coatings, coating A was prepared by adding by volume 10% A (a latex) to 90%
distilled water, supplemented by 25% by weight of apatite dust (AD); this mixture is abbreviated 10% A, 25% AD.
In similar fashion, coating G was 25% G, 25% AD; coating I was 10% I, 25% AD; and coating J was 20% J, 25%
AD. For the tested limestone dust (LD) coatings, coating G had three versions: 15% G, 0% LD; 10% G, 30% LD;
and 20% G, 60% LD. Coating I LD versions were 10% I, 0% LD; 10% I, 30% LD; and 10% I, 60% LD.

The typical thickness of wet sprayed coatings varied with composition, with thicker coatings being associated
with more mineral dust. From glass plate spray tests, wet chemical-mineral coatings ranged about 0.1-0.2 mm thick.
Dry coatings were less than 50% the thickness of wet coatings. The dry coating weight percentages were 71-93%
for apatite mixed with chemicals A, G, I, and J, and 88-96% for limestone mixed.with chemicals G and I. Both
minerals (especially limestone) are cheaper than the tested chemicals per unit quantity. From_ glass plate tests, the
estimated expense of spraying chemical-limestone coatings in a mine is 2-4 f:ents/ft2 for chemlc_als I and q, with G
being more expensive. Labor costs are most of this expense. Our wet coatings would be cqns1derably thinner and
somewhat more expensive than a single typical limestone rock dusting in an underground mine.

Laboratory Methods

Dunking tests served to identify coatings for further testing by evaluating the short-.term .adherence of each
tested chemical to painted mine rocks under submerged conditions. Polymers that remained intact on the rock
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surfaces were subjected to additional tests. Short-term bubbler tank tests were next conducted to evaluate the short-
term adhesion of applied coatings to mine rocks; these tests simulated flooded mine conditions using plastic tanks
with 2.5 liters of distilled, aerated water. Mine rock samples about 3-8 cm in size and about 70 cm? in average
surface area were coated with undiluted polymers, cured in a high-humidity chamber, and submerged in bubbler
tanks for 5-7 days. Coating chemicals showing little or no change were used to formulate chemical-apatite coatings.
These coating mixes of chemical, water, and mineral were sprayed onto more rocks, cured, and then tested
submerged as before except that pH was held at 2.5-+0.1 by HCI addition, to simulate a harsh AMD environment.
Coatings remaining durable after 5-7 day tests were visually identified. Of 8 coatings remaining intact after testing,
the 4 cheapest and most convenient chemicals (A, G, 1, and J) were further tested in apatite coating mixtures.

Following these further tests, various limestone dust mixtures with water and chemicals G, I, and J were
tested as coatings using 5-day acid water bubbler tank tests as described above. Chemical A was not tested again
because it was least successful in the apatite coating tests. Chemical J failed to be durable during these tests, so only
chemicals G and I were further tested in limestone coating mixtures.

The soxhlet method (Renton et al. 1988) with modifications was used to evaluate acid-suppression ability of
the coatings. Chemical-apatite coatings for chemicals A, G, I, and J, followed by 2 chemical-limestone coatings for
chemicals G and I were tested. Coated mine rock samples averaging about 80 cm? in surface area and control
specimens of uncoated rocks, chemical-coated glass marbles, and peels of chemical-limestone coatings (for chemicals
G and I) were soxhlet tested in duplicate through 5 leaching and oven-warming cycles. Each leaching cycle consisted
of 24-hour hot-water leaching followed by leachate collection for analyses. After each leaching cycle, the sample
thimbles were oven heated at 37° C for 1 week under humid conditions (with a water tray), to increase leaching
potential of sulfide minerals in the rocks and yet to not further dry and crack the coatings and to preserve any pyrite-
oxidizing bacteria possibly present. After 5 leaching cycles, visual observations were made of coating durability.

The chemical-apatite and chemical-limestone coatings tested by soxhlet leaching were later subjected to long-
term bubbler tank tests. One to 4 coated roof, coal, and pavement rocks, averaging about 1,100 cm? in total surface
area, were placed in tanks containing 7 L (for apatite tests) and 8 L (for limestone tests) of continuously bubble-
aerated, distilled water. The tanks were innoculated with 0.5 mL of fresh AMD from a mine source to ensure the
presence of AMD bacteria. An initial tank water sample was chemically prior to test-rock immersion. Thereafter,
pH readings were taken weekly and 60 mL water samples were collected at 2-week intervals for iron and sulfate
analyses; a descriptive log of specimen appearance was also kept. These tests were run for a several months.

Water samples from the soxhlet and tank tests were tested for pH, total iron, and sulfate because these are
the 3 primary chemical parameters indicative of AMD and pyrite weathering reaetions. Elevated values of iron and
sulfate concentrations and lower values of pH relative to background (initial) values indicate that AMD-generating
reactions are occurring. Of these 3 parameters, sulfate is considered the most definitive indicator of AMD generation
owing to its persistence, in contrast to pH and iron which change after AMD neutralization. Sulfate was measured
by the turbidimetric method for the apatite-coating experiments and by ion chromatography for the limestone-coating
tests. Total iron was measured by atomic absorption spectrophotometry on preacidified water samples. pH was
measured with a pH meter, in water of tanks or tank samples just after sampling.

Results and Discussion

The soxhlet test results are summarized in Table 1, which contains data as hydrogen ion activity and sulfate
concentration per cm? of exposed rock, for the first (A), fifth (E), and 5 cycles (cumulative total). Higher values
may mean higher AMD leaching potential from the tested rocks. Of the control (uncoated) rocks, coal allowed the
greatest acid and sulfate contents, producing a pH of about 4 for cycle 5 and about 60-100 mg/L of cumulative
sulfate. Pavement rock allowed the least acid and sulfate, with a pH of about 7-8 for cycle 5 and about 15-79 mg/L
of cumulative sulfate. Roof rock was intermediate in acid and sulfate, with about 7-7.6 for pH for cycle 5 and about
32-81 for cumulative sulfate. Apatite coatings allowed more sulfate than limestone coatings, probably because Code
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Table 1. Hydrogen and sulfate results from soxhlet experiments.

APATITE DUST MIXTURES CYCLE A CYCLEE CUMULATIVE
(H+)/em2 804 Conc. mg/l/em2 (H+)/om2 S04 Conc. mg/l/em?2 (H+)em?2 804 Conc. mg/l/em2

Roof Rock Tests

Coating A 6.48E-11 3.59E-01 5.20E-10 2.09E-01 3.13E-09 9.07E-01
Coating G 4.17E-11 2.57E-01 5.97E-11 6.44E-02 2.33E-07 5.06E-01
Coating I 1.22E-10 4.95E-01 6.62E-11 1.04E+00 5.20E-09 1.97E+00
Coating J 2.80E-08 6.34E-01 5.24E-11 1.08E+00 3.13E-08 2.38E+00
Control Roof 1.75E-05 2.73E-01 2.30E-09 1.33E-01 1.76E-05 9.99E-01
Coal Tests

Coating A 5.36E-11 3.70E-01 7.16E-11 1.71E-01 1.06E-05 6.75E-01
Coating G 7.87E-11 2.18E-01 4.02E-09 1.30E-01 3.47E-08 7.01E-01
Coating I 4.54E-09 4.92E-01 4.51E-11 1.15E+00 7.14E-09 1.83E+00
Coating J 9.47E-08 5.14E-01 2.26E-11 1.05E+00 9.52E-08 1.97E+00
Control Coal 1.17E-05 1.85E-01 2.00E-06 2.86E-01 1.86E-05 1.13E+00
Pavement Rock Tests

Coating A 4.96E-11 4.21E-01 5.43E-11 2.14E-01 5.31E-10 8.76E-01
Coating G 7.19E-11 2.63E-01 8.57E-11 1.26E-01 3.78E-06 7.33E-01
Coating I 8.71E-11 4.74E-01 5.13E-11 1.28E+00 1.85E-09 2.16E+00
Coating J 2.95E-08 4.38E-01 3.11E-11 9.52E-01 2.98E-08 1.75E+00
Control Pavement 5.93E-06 4.02E-01 1.62E-08 747E-02 6.14E-06 9.63E-01
LIMESTONE ROCK DUST MIXTURES CYCLE A CYCLEE CUMULATIVE

(H+)Yem2 S04 Conc. mg/l/em?2 H+)em2 S04 Conc. mg/l/em2 (H+)em2 S04 Conc. mg/l/ecm?2

Roof Rock Tests

10% Coating I Pure 1.02E-08 2.14E-01 4.88E-09 6.68E-02 1.59E-08 5.19E-01
10% Coating 1/30% RD 2.67E-12 9.80E-02 7.56E-12 3.13E-02 2.91E-11 2.35E-01
10% Coating 1/60% RD 5.24E-12 1.18E-01 2.40E-12 3.40E-02 1.50E-11 2.78E-01
15% Coating G Pure 1.70E-08 1.63E-01 3.45E-10 4.59E-02 4.27E-08 3.57E-01
10% Coating G/30% RD 2.49E-12 1.71E-01 5.88E-12 5.00E-02 2.16E-11 4.08E-01
20% Coating G/60% RD 4.28E-12 2.02E-01 4.28E-12 9.58E-02 1.92E-11 6.74E-01
Control - Roof 1.37E-08 2.88E-01 5.23E-10 7.03E-02 2.41E-08 6.43E-01
Coal Tests

10% Coating ] Pure 4.03E-09 7.96E-02 5.09E-09 2.16E-02 1.09E-08 1.47E-01
10% Coating 1/30% RD 5.78E-12 9.74E-02 S.61E-12 2.03E-02 2.51E-11 1.75E-01
10% Coating 1/60% RD 1.54E-12 8.19E-02 7.18E-13 1.46E-02 6.02E-12 1.49E-01
15% Coating G Pure 1.20E-09 1.29E-01 6.21E-10 1.66E-02 7.12E-09 2.03E-01
10% Coating G/30% RD 1.90E-12 8.32E-02 4.60E-12 2.15E-02 1.45E-11 1.61E-01
20% Coating G/60% RD 1.55E-12 1.12E-01 3.70E-12 1.12E-01 1.64E-11 5.28E-01
Control - Coal 1.68E-08 1.75E-01 1.09E-06 1.30E-01 3.40E-06 6.67E-01
Pavement Rock Tests

10% Coating I Pure 9.89E-10 9.22E-02 1.32E-10 3.46E-02 1.39E-09 2.62E-01
10% Coating I/30% RD 4.64E-12 9.74E-02 4.10E-12 2.58E-02 2.82E-11 2.75E-01
10% Coating 1/60% RD 2.90E-12 1.03E-01 3.17E-12 2.90E-02 1.12E-11 2.53E-01
15% Coating G Pure 1.77E-10 8.66E-02 9.75E-11 2.73E-02 1.60E-09 2.34E-01
10% Coating G/30% RD 2.15E-12 7.34E-02 4.67E-12 2.68E-02 1.92E-11 2.01E-01
20% Coating G/60% RD 2.98E-12 7.69E-02 3.48E-12 2.75E-02 1.36E-11 1.99E-01
Control - Pavement 1.58E-10 9.29E-02 1.49E-10 2.44E-02 5.90E-10 2.12E-01

HH=Hydrogen ion activity, in moles/kg, and SO4=sulfate concentration, in mg/L.. All values are reported as ratios of activity or concentration to surface area of their
respective tested rock samples. All values shown are averages of duplicates tested for each group of treatments and rock types. Number interpretations:
6.48E-11 = 6.48x10exp(-11).



31 apatite contains 1.2% sulfur. For the apatite tests all coatings showed less acid than control rocks. Coatings I
and J allowed more sulfate than controls, perhaps because of the sulfur in apatite dust. Overall, coating G performed
best, having the least acid and sulfate. For limestone tests the coal coatings performed better than the coal control,
and most coatings performed better than the roof rock control. The coatings appear to be least successful for
pavement rock, but this rock showed little acid (pH about 8) or sulfate (about 15 mg/L). Both 30% LD and 60%
LD coatings performed well, and I coatings overall appear to have worked slightly better than G coatings.

Fig. 1 displays the results of the apatite-coating bubbler-tank leaching tests through April, 1993. For the
control rocks, the roof rock allowed the most acid and sulfate and the coal was least associated with these chemicals.
These rocks apparently varied in composition compared to those used in the soxhlet tests. The control roof,
pavement, and coal rock produced respectively pH’s of about 5, 5, and 6, and sulfates of 204, 99, and 80 mg/L on
April 26th. The initially higher hydrogen ion and sulfate ratios for the first tested control samples of some bubbler
tank tests cannot be readily explained and may be from experimental error; the only acid and sulfate sources for
initial samples should be the 0.5 mL of AMD added to the tanks. In general, apatite coatings allowed less acid and
sulfate than control rocks. Overall, coatings G and I performed very well, and better than coatings J and A. Coating
J and especially coating A developed concentrated fungus growth after several months of tank testing, indicating that
these chemicals are fungus-culture mediums and should not be used in mines. Also, coating J showed significant
wear. Based on chemical results and visual appearances, coatings G and I performed best.

Fig. 2 and Fig. 3 show results of the limestone-coating bubbler-tank tests up to October, 1993, for coating
types G and I respectively. For control rocks, the roof rock allowed the most acid and sulfate, while the coal also
showed much acid and sulfate. The pavement exhibited the least AMD products. For the last reported October date,
the control roof, coal, and pavement rocks allowed respectively pH values of about 3, 3, and 6.5, and sulfate values
of 151, 67, and 12 mg/L. In general, the G and I coatings worked well in preventing sulfuric acid compared to the
control rocks, with the exception of pavement rocks whereby the control allowed about as much acid and sulfate as
the average G and I coated rocks; however, the control pavement rock allowed very little acid and sulfate and is
considered an alkaline rock. Overall, G coatings worked better (with less sulfuric acid) than I coatings. The 30%
LD G coatings worked better than 60% LD and 0% LD G coatings for 2 out of 3 tested rock types, with the
exception of the alkaline pavement rock. The 0% LD I coating allowed more acid and sulfate than did 30% LD and
60% LD I coatings. Although 60% LD I coatings worked better than 30% LD I coatings with less AMD products,
60% LD I coatings tended to spall from tested rocks, probably because they are thicker and have less chemical
cement. Therefore 30% LD G and I coatings are preferred over 60% LD G and I coatings to prevent AMD.
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Figure 1. Graphs of water quality data for bubbler tank experiments performed on mine roof, coal, and pavement rock samples treated with various
coating chemicals mixed with apatite dust. Hydrogen ion activity (H+) and sulfate (SO4) concentration are reported in ratios to their

respective rock sample surface areas. Control test bubbler tanks were started 1 week after all of the coating test bubbler tanks. The first
water samples were taken prior to rock sample submersion.
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Figure 2. Graphs of water quality data for bubbler tank experiments performed on mine roof, coal, and pavement rock samples treated with
mixtures of coating G and limestone rock dust (RD). Hydrogen ion activity (H+) and sulfate (SOs) concentration are reported in ratios
to their respective rock sample surface areas. The hydrogen ion activity ratio is shown for each week, while the sulfate ratio is shown
for each month. The first water samples were taken prior to rock sample submersion.
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ENGINEERING EVALUATION OF
AMENDED FLY ASH FOR HYDRAULIC BARRIERS'

John J. Bowders, Jr,? Mo A. Gabr,? Ellis M. Boury,? and Robert C. Baker>

Abstract: A laboratory investigation was conducted to determine the potential for
producing low-hydraullc conductivity (k<10 cm/s), amended fly ash barriers. The
objective is to control sources of water which now leach and transport products
of oxidization from mine spoil and overburden materials -- the result of which
is acidic drainage. The surface barrier evaluation program consisted of blending
a Class F fly ash, clay and sand at varying dry weight percentages and water
contents and analyzing the resulting mixtures’ physical and engineering
properties. Optimum water content for the mixes ranged from 16.7% for 10% clay
to 13.8% for 30% clay. Specimens were prepared at water contents from
approximately -4% to +4% of optimum for each mix ratio. Over this range, the
hydraulic conductivity typically varied by one order of magnltude. The lowest
hydraulic conductivity achieved during the project was 1.5x107 cm/s for a mix
containing 40% fly ash, 30% clay, and 30% sand.

Additional Key Words: acid mine drainage, hydraulic conductivity, permeability
fly ash, reclamation

Introduction

Numerous abandoned and reclaimed surface mines continue to discharge acidic
drainage. New technologic and economic methods to prevent or reduce the acidic
drainage are required in order to improve and safeguard surface and groundwater.

In many instances, reclamation budgets have long been exhausted. Continued
control and treatment attempts by the owner or agency push budgets further into
deficit. Thus, it is important to find effective, economic means for

controlling and reducing acidic drainage from these sites.

Seepage cutoff systems using traditional materials, whether they are applied
at the surface (infiltration barriers) or subsurface (grout curtains), have been
effective when applied in well characterized materials (Bowman 1968, Powell and
Morganstern 1985); however, this project involves developing nontraditional
materials (fly ash, AMD sludge) to be placed in uncharacterized, highly
heterogeneous material (surface mine backfill) for the purpose of controlling and
reducing AMD. The abundance of fly ash leads to excessive disposal costs, and
its proximity to existing acid drainage sites makes it an attractive material for
hydraulic barriers, provided the ash can be engineered to have the necessary
behavioral properties. This must be accomplished in an economic manner to allow
the technique to be used throughout the mining and reclamation industry.

The work reported herein is the laboratory phase of a larger project whose
objective is to demonstrate at-source control or reduction of AMD from surface
mined sites through the utilization of combustion waste materials in subsurface
grouts and surface barriers. The objectives of the laboratory phase include
refining the surface barrier mixtures to optimize engineering and economic
properties, including: minimizing hydraulic conductivity through constituent

'Paper presented at the International Land Reclamation and Mine Drainage
Cconference and the Third International Conference on the Abatement of Acidic
Drainage, Pittsburgh, PA, April 24-29, 1994.

2John J. Bowders, Associate Professor of Civil Engineering, Mo A. Gabr, Assistant
Professor of Civil Engineering, and Ellis M. Boury, Graduate Research Assistant,
West Virginia University, Morgantown WV, USA.

3Robert C. Baker, Project Engineer, GAI Consultants, Inc., Monroeville, PA, USA.
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proportioning, characterizing elemental constituents that leach from the
mixtures, and determining the nature (pH, acidity, alkalinity) of any resulting
flows from the mixtures.

Hart et al. (1992) showed that diffusion of oxygen to unreacted pyrite
controls the rate of formation of oxidation products. When water is kept from
the reacted material, a buildup of oxidation products occurs. These deposits not
only slow diffusion of oxygen to the unreacted pyrite but also increase the
resistance of subsequent leaching due to reduced pore size and tortuosity of the
remaining flow paths. Results using a simulation model by Hart (1992) showed
that system porosity was the second most important parameter controlling the
generation of acid mine drainage. Acid transport rate is inversely proportional
to the amount and size of the pores in the formation. These findings indicate
two potential modes for controlling acidic drainage from exisiting sites: (1)
cut off or reduce the supply of oxygen to the reaction system or (2) cut off or
reduce the supply of water to the leaching system. A third potential control
mode is to precipitate the Fe®* during the final stage of the reaction. While
this is done during treatment processes, it is the least efficient mode to
implement in situ at existing sites.

Controlling the flow of water to the leaching process is the easiest mode
to implement in situ. Two techniques for water control are possible: elimination
and rate reduction. The first technique, elimination, reduces the quantity of
water entering the volume of oxidized material, thereby reducing the volume of
acidic drainage emanating from the oxidized volume. This reduction is obtained
by placing a seepage cutoff barrier around the oxidized material. Barriers can
be in the form of surface barriers or subsurface grout curtains. The second
technique is to actually grout the matrix containing the pyritic material. This
technique reduces the porosity of the matrix, thus slowing the rate of both the
oxygen reaching the unreacted pyrite and the leaching and subsequent transport
of the oxidation products.

For either water control technique to be effective requires that a low-
hydraulic-conductivity material be available in significant quantities. Although
clays or clay-rich soils can be ideal candidates, their lack of availability in
mining areas is a limiting factor. Additionally, significant deposits of clay
may be developed for more economical applications. Thus, an alternate source of
material is required, and for many AMD sites in the Appalachian region, fly ash
from the coal combustion process provides an attractive alternative (American
Coal Ash Association 1991). However, the ash must first be amended with other
agents to provide the needed engineering properties - low hydraulic conductivity
and constituent retention during permeation. In this article we report on our
laboratory efforts to characterize and optimize the physical properties through
the addition of various amendments.

Program of Investigation

The primary parameter for the success of a surface barrier is that it
possess and maintain a low hydraulic conductivity. In solid waste dlsposal
applications this means maintaining a hydraulic conductivity at or below 107
cm/s. While this hydraullc conductivity does not exclude all flow, it can reduce
the volume of flow passing through the barrier by up to 80% of the impinging
water provided adequate drainage is supplled (Bowders and Chiado 1990). In the
reclamation industry, a barrier possessing a higher hydraulic conductivity could
be implemented while still reducing the volume of water enterlng a pyritic zone.

It was the intent of this investigation to minimize the hydraulic
conductivity of the fly ash by adding clay and/or sand while maintaining the ash
as the principal constituent. Several factors were analyzed to determine their
effect on producing low-hydraulic-conductivity material: molding water content,
percentages of sand and clay, clay type, hydraulic gradient during test, and
grain-size distribution of mixtures.

Index properties of the materials used in the investigation are shown in
table 1. Twelve test mixes were prepared with varying percentages of fly ash,
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clay, and sand. Mix ratios are provided in table 2. Both the clay and sand were
air-dried prior to mixing with the fly ash, which was at a nominal moisture
content of 10%. Distilled de-ionized water was added during mixing to bring the
mixtures to the desired moisture contents. Use of the fly ash and sand in
conjunction with the low-plasticity clay were believed to produce a mixture that
was not particularly sensitive to permeant liquid chemistry; thus, the distilled
de-ionied water was used. Mixtures were placed in sealed plastic bags, and
moisture equilibration was permitted for 24 h after which specimens were
compacted using ASTM D698, standard Proctor compaction procedures (ASTM 1993a).

Hydraulic conductivities of the compacted specimens were measured in double-
ring, rigid-wall permeameters (fig. 1). Hydraulic conductivities were calculated
using the constant-head analysis (ASTM 1993b). Calculations of hydraulic
conductivity were made for inflow volume and for outflow volumes for both the
inner and outer rings. Termination of tests was based on the following: minimum
of 3 pore volumes of flow and inflow hydraulic conductivity falling within 25%
of the average hydraulic conductivity measured after 2 pore volumes (Peirce and
Witter 1986).

Table 1. Index properties of materials.

Mater- | Specific | Max Dry | Optimum | Atterberg Grain Clay Unified
ial Gravity | Density Water Limits Size Frac- Soil
Mg/m3 Content | LL PI Para- tion Classi-
% meters, % fication
Cu
BBL 2.71 1.71 18.0 46 23 XXX 79.0 CL
LMS 2.73 1.68 17.3 40 19 XXX 67.8 CL
OR 2.69 1.78 XXX NP 3.15 0 SP
AFA 2.29 1.45 20.4 NP 4.10 14.2 ML
BBL = Big Bear Lake Clay LL = Liquid Limit
IMS = Lake Monongahela Sediment PI = Plasticity Index
OR Sand = Ohio River Sand Cu = Coefficient of Uniformity
AFA = Albright Fly Ash NP = Non Plastic

Upon completion of the permeability tests, each test specimen was sectioned,
water content was measured, and degree of saturation was calculated. In
addition, grain-size distribution was measured to assess the effect of
constituent material proportioning on the gradation of the test mixes.

Results and Discussion

Sixty-one specimens were prepared, and their hydraulic conductivities were
measured at two hydraulic gradients. For each mix ratio shown in table 2, five
specimens were compacted ranging from approximately 4% dry of optimum moisture
content to 4% wet of optimum. After the specimens were compacted into the rigid-
wall molds, end platens were added and permeation was initiated at a hydraulic
gradient of 59. After steady flow and hydraulic conductivity was achieved, the
gradient was increased to 118. A response, typical of that shown in figure 2,
for hydraulic conductivity at the various molding water contents was exhibited

for all mixes tested. As molding water content increased, the hydraulic
conductivity decreased, reaching a minimum value for specimens prepared 2% to 4%
wet of optimum. The hydraulic conductivity measured at the higher gradient

(i=118) typically exceeded that at the lower gradient (i=59) when the gpecimens
were compacted dry of optimum. When samples were compacted wet of optimum, the
permeabilities measured at the higher gradient were lower than those at the lower
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gradient. The measured permeabilities typically differed by a factor between 0.5
and 1.75 (table 2, col. 8).

A summary of the compaction and hydraulic conductivity results is given in
table 2. The minimum hydraulic conductivities for each mix design at both
hydraulic gradients are presented. Examination of the data indicates that an
increase in sand percentage produced a subsequent reduction in mixture hydraulic
conductivity for all clay contents tested. However, the effectiveness of the
increased sand percentage diminished as the clay contents increased, as shown in
figure 3.

Table 2. Compaction and hydraulic conductivity results for compacted fly ash,
clay and sand mixtures.

Mix Ydry w, Kmini1 ’ KlniniZI ij-nﬂ/ Kminavgr
Mg/m3 % cm/s cm/s Kmin;, cm/s

x10°7 %1077 x10°7

AS/CL/SA Max Mix Opt Mix

(1) (2) (3) (4) (5) (6) (7) (8) (92)
100/0/0 1.45 1.42 | 20.4 |23.0 150.0 200.0 1.33 180.0
80/10/10 1.60 1.59| 16.7 |18.0 17.0 21.0 1.24 19.0
75/15/10 1.63 1.60| 16.0 |17.8 7.0 6.5 0.93 6.8
70/20/10 1.64 1.59 | 16.0 |19.0 5.5 2.4 0.44 4.0
60/30/10 1.64 1.58 | 15.3 [20.0 2.5 2.0 0.80 2.3
70/10/20 1.64 1.62 | 15.2 |17.2 9.0 8.0 0.89 8.5
60/20/20 1.67 1.66 | 14.8 |17.0 2.8 2.6 0.93 2.7
50/30/20 1.68 1.64 | 14.6 |17.0 1.8 1.6 0.89 1.7
60/10/30 1.74 1.67 | 13.8 |17.0 5.0 5.0 1.00 5.0
50/20/30 1.77 1.66 | 14.1 |18.0 1.9 1.8 0.95 1.9
40/30/30 1.77 1.68 | 14.2 |17.5 1.5 1.4 0.93 1.5
80/L10/10 98.4 97.7 16.2 |18.5 40.0 70.0 1.75 55.0
70/L20/10 98.9 97.0 16.9 |19.5 20.0 30.0 1.50 25.0

(1) Fly Ash/Clay/Sand proportion by dry weight.

(2) Maximum dry unit weight for the mixture.

(3) Dry unit weight of specimen for reported hydraulic conductivity.

(4) Optimum water content (gravimetric) at max unit weight.

(5) Water content of specimen for reported hydraulic conductivity.

(6) Minimum hydraulic conductivity at il= 29.5 for tests 1-3 and il= 58.9
for tests 4-13.

(7) Minimum hydraulic conductivity at i2= 58.9 for tests 1-3 and i2= 117.8
for tests 4-13.

(8) Ratio between K measured at different hydraulic gradients.

(9) Average minimum hydraulic conductivity for the two testing gradients.

This is also illustrated in the hydraulic conductivity ratios given in table 3.
The values in table 3 indicate the factors by which the hydraulic conductivity
decreased as the sand percentage was increased above 10% for a constant clay
content. At the low clay content (10%) the reduction due to the addition of 30%
sand is nearing an order of magnitude. At the 30% clay content, the reduction
in hydraulic conductivity due to the addition of 30% sand is about one-half order
of magnitude.

Traditional thinking supposes that hydraulic conductivity decreases as the
percentage of fines increase in a soil mass; however, the results.of th@s
investigation show this is not necessarily true when the primary constituent is
fine, noncohesive particles, i.e., fly ash. The postpermeation grain-size
distribution curves for fly ash-10% Big Bear Lake Clay-sand are shown in figure
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4. The decrease (from 80% to 60%) in the percentage of fines (sizes less than
0.074 mm) is readily evident as the percentage of sand was intreased from 10% to
30%. The corresponding coefficients of uniformity (Cu), a measure of the
gradation of the mixture, are given in table 3. For the mixtures shown in figure
4, the Cu values increase from 8.0 for the mixture with 10% sand to 30 for the
mixture with 30% sand. An increase in Cu indicates that the mixture is trending
toward a more well-graded mixture, i.e., one containing a wide range of particle
sizes.

Table 3. Hydraulic conductivity ratios, dry unit weights and coefficients of
uniformity as a function of sand percentage for constant clay contents.
10% Clay 20% Clay 30% Clay
10% Sand
Kratio 1 1 1
Ydrys Mg/m’ 1.58 1.58 1.58
Cu 8.0 11.0 17.3
20% Sand
Kratio 0.45 0.68 0.74
Ydry, Mg/m’ 1.62 1.66 1.64
Cu 18.3 24.2 41.7
30% Sand
Kratio 0.26 0.48 0.65
Ydry, Mg/m’ 1.67 1.66 1.68
Cu 29.8 32.0 51.9

Kratio = K @ X% sand/K @ 10% sand. Cu = coefficient of uniformity.
Yary = dry unit weight of specimen.

From compaction theory, we know that maximum densities are achieved when the
material being compacted has a blend of particle sizes rather than having
particles of a uniform size. Such a blend promotes dense packing, with the
smaller particles filling in the interstices of the matrix of larger particles.
This is also borne out by the data shown in table 3. The dry unit weights
increase as the percentage of sand increases for a constant clay content. For
example, at a clay content of 10%, the dry unit weight increases from 99 to 104
1b/ft® for a 20% increase in the sand content. From this increase in density, we
can infer a decrease in the hydraulic conductivity of the compacted mixture.
Indeed, this has been shown in tables 2 and 3. Thus, the addition of sand to the
fly ash resulted in significant decreases in the hydraulic conductivity of the
fly ash mixtures by permitting the mixtures to be compacted to greater densities
than possible with mixtures of fly ash and clay alone.

Conclusions

The work reported herein was aimed at optimizing engineering properties of
fly ash mixtures for surface hydraulic barrier applications. For the surface
barrier mixture, the minimum hydraulic conductivity (1.5x107 cm/s) was obtained
for a compacted mixture containing 40% ash, 30% clay and 30% sand. The addition
of sand to the ash-clay mixtures resulted in a decreased hydraulic conductivity-
about an order of magnitude for ash with 10% clay and one-half order for ash with
30% clay. The addition of sand widened the grain-size distribution of the
mixtures, thereby allowing the mixtures to be compacted to greater densities,
resulting in decreased hydraulic conductivities. A surface barrier at 107 cm/s,
with adequate drainage for the repelled water, can exclude up to 80% of the
potential infiltrating water. Hydraulic conductivities of the surface barrier
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mixtures are in the range that makes it a candidate for hydraulic barriers at
acid mine drainage sites.
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MOBILIZATION OF MERCURY FROM A GOSSAN TAILINGS PILE, MURRAY BROOK PRECIOUS
METAL VAT LEACHING OPERATION, NEW BRUNSWICK: CANADA!.

D.R. Boyle? and C.N. Smith3

Abstract: A number of the massive sulfide deposits of the Bathurst mining camp in New Brunswick have well-
developed gossans that have been mined and processed by cyanide vat and heap leaching to recover Au and Ag.
The Murray Brook deposit is the largest of these gossans (1.9 million mt; 1.52 g/mt Au; 65.86 g/mt Ag). The
Hg content of the gossan ranges from 10 to 220 ppm with an average of 36 ppm. Hg in the Murray Brook gossan
is present in at least three mineral forms: (1) as an amalgam with native Au and Ag, (2) in cinnabar, and (3) in
Sb-Bi-As hydroxy-sulfates. During vat cyanide leaching of the gossan ore, approximately 12% of the Hg is
recovered by retorting; the remainder reports to the gossan tailings pile. Monitoring of the ground waters around
the tailings pile shows that Hg is the only base metal being leached; during operation, levels of this element in
ground waters reached 8,390 ppb (background <0.5 ppb). Time series analyses for monitoring wells show a
strong correlation between residual cyanide and Hg levels in the ground waters. Since cessation of vat leaching
operations, both the residual cyanide and Hg levels in ground waters have progressively decreased, with minor
perturbations occurring during spring freshets. The mobilization of Hg from the gossan tailings pile is thought to
be due to a slow kinetic reaction between residual cyanide and cinnabar.

Additional Keywords: mercury, cyanide, cinnabar, gossan, gold, ground water, vat leaching.
Introduction

During cyanide leaching operations at Au-Ag mining operations, special attention is given to the possible
concentration and mobilization of such elements as Cu, Pb, Zn, Hg, Ni, Fe, and Co within the environments of
these sites. This is because these elements form relatively stable complexes with cyanide and generally occur in
the group of cyanicide minerals (base-metal sulfides) that often plague the efficiency of cyanide leaching as well
as effluent treatment. With the exception of Co3+ and Fe3+, Hg forms stronger complexes with cyanide than
the metals mentioned above, and given the presence of numerous mineral forms in which this element can occur
and its potential bioaccumulative toxic effects in the environment it is important to understand fully the factors
that control the concentration and mobilization of Hg in cyanide leaching operations, especially heap and vat
leaching waste disposal piles where residual cyanide often remains for some time. Problems with Hg
mobilization in these environments may also be compounded by the fact that Hg does not respond to traditional
lime neutralization-precipitation processes.

The present study describes the geochemical behavior of Hg and cyanide in surface and ground waters at
the first precious metal vat-cyanide-leaching operation to be established in Canada (Murray Brook Mine, New
Brunswick).

Geology, Mineralogy, and Geochemistry

A number of the massive sulfide deposits of the Bathurst Mining Camp in New Brunswick have well
developed overlying supergene zones which formed prior to the last glaciation (fig. 1). Tonnages for these
gossan deposits range from 20,000 to just under 2 million mt (Murray Brook); three of these deposits have been
mined for Au and Ag. The Murray Brook gossan deposit is the largest mined to date and contains 1.7 mt tonnes
grading 1.52 g/mt Au and 65.86 g/mt Ag (Rennick and Burton 1992).

The gossan zone at Murray Brook is composed of goethite, quartz, secondary amorphous silica, a number
of hydrated sulfate and oxide minerals containing combinations of K-Fe-Pb-As-Sb-Ag (beudantite,
plumbojarosite, jarosite , bindheimite), scorodite [FeAsO,2H,0]), cassiterite (SnO,), and trace amounts of
cinnabar (HgS). Native Ag and Bi occur in the gossan, and Au, although not directly, is also assumed to

Ipaper presented at the International Land Reclamation and Mine Drainage Conference and the Third
International Conference on the Abatement of Acidic Drainage, Pittsburgh, PA, April 24-29, 1994.

2D.R. Boyle, Geological Survey of Canada, 601 Booth St., Ottawa, Ontario, Canada, K1A 0E8.
3C.N. Smith, NovaGold Resources Ltd, 774 Main St., Beresford, New Brunswick, EOB 1HO.
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Figure 1. Geology of Bathurst Mining Camp showing locations of massive sulfide mineral deposits with
associated supergene ore zones.

be in the native form (Boyle 1992). Pyrite in the gossan is only present in trace amounts at the gossan-supergene
sulfide zone contact.

Mercury in the gossan has an average concentration of 36 ppm and a range of 10 to 220 ppm. Most of the
Hg is present in the form of cinnabar (HgS), which occurs as submicron grains and veinlets in goethite, often
associated with void structures. Some of the Hg is associated with native silver and presumably native gold. On
average, the cyanide leaching process extracts 12% of total Hg, most of this is considered to be associated with
native Au and Ag. Trace amounts of Hg are also associated with the hydrated sulfates, particularly beudantite.

Geochemistry and Mineralogy of Mercury

In the primary environment Hg may be present as a significant component in a wide variety of sulfide
minerals (Jonasson and Boyle 1979). In the supergene oxidizing environment Hg is mainly present as cinnabar
formed as the result of oxidation of Hg-bearing sulfide minerals. This mineral is perhaps the most stable of all
sulfides in oxidizing environments, with solubilities of 5, 15, and 120 pg/L at pH values of 3.0, 7.0, and 9.0,
respectively (Schwartzenbach and Widmer 1963). In weathered materials that make up the ore for many heap and
vat cyanide leaching operations, cinnabar is the most common Hg-bearing mineral.

In the secondary environment, Hg is of great concern as a toxicant because during methylation processes,
in both aerobic and anaerobic environments, it will readily form methyl-Hg complexes which are easily
concentrated in the flesh of many forms of biota (Jonasson and Boyle 1979). In addition, Hg is a strong
bioaccumulator in the aquatic food chain and may therefore accumulate in fish to such an extent that their
consumption is hazardous to human health and the viability of fishing industries is jeopardized.

Physiography, Climate, and Hydrology

The Murray Brook deposit is located on the side of a hill with a 100 slope (fig. 2). The mill site, tailings
pile, and treatment ponds are located at the base of the deposit with the entire operation forming the headland
region of Gossan Creek valley. Overburden at the site varies in thickness from 1 to 2 m and consists mainly of
sand and gravel glacial till. Bedrock underlying the overburden is strongly weathered and fractured.

The ground water table in the area varies from 2.5 to 5 m and generally follows surface relief; most of the
overburden in the area is located in the vadose zone. Both surface and subsurface drainage in the area is
channeled into Gossan Creek, which eventually flows into the Eighteen Mile Brook-Upsalquitch River system.
Along lt(i" co2u)rse, Gossan Creek receives surface drainage from two significant streams and many ground water
springs (fig 2).
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The mean annual precipitation in the area is approximately 980 mm, of which about 240 mm falls as snow
and thus contributes to the spring freshet.

Mining and Millin

The mining and milling process at Murray Brook began in September 1989 and continued without
interruption until April 1992. Mining is carried out using opencast methods with ore being initially stored in a
primary ore stockpile (fig 2). The gossan ore is crushed to minus 0.75 cm, and the fines are agglomerated with
lime and cement before leaching. The leach material is placed in four indoor vats each with a capacity of 900 mt.
Leaching by continuous sprinkling is carried out for 24 h using a free cyanide concentration of 0.7 to 1.0 g/L.
The pregnant solution is processed for Au and Ag using the Merrill Crowe zinc dust precipitation method.
Mercury, which reports to the precipitate during this process, is recovered by retorting. Because Cu, Zn, and
sulfide concentrations are very low in this ore and Fe is not in the sulfide form, cyanide and process water
recirculation at this site are optimum.

After vat leaching, the barren ore is washed with clean water for 4 to 6 h. The washed barren ore from
the vats is then transported by front end loader to the tailings disposal area, where it is graded.
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Figure 2. Murray Brook mining operation showing locations of surface and ground water monitoring sites for
mine area and baseline study (inset).
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Environmental Monitoring Program

Three years prior to mining, a baseline monitoring program was set up on the Gossan Creek-Eighteen
Mile Brook-Upsalquitch River system (see insert, fig. 2). Shortly before mining commenced in September 1989,
surficial and ground water monitoring networks were established on the site (fig 2). Surficial sampling was
aimed at monitoring the composition of open pit water, runoff from various units of the mine site (tailings pile,
ore stockpile, mill area), and various pond effluent waters. Twelve ground water wells were established to
monitor composition of ground waters associated with the tailings disposal area (MW-4, MW-5, MW-9), the
effluent pond environments (MW-3, MW-12), the waste rock pile (MW-6 to 8), the open pit area (MW-2), the
ore stockpile (MW-1), the mill and office area (MW-10), and a background area just to the west of the operation
(MW-11). All of the ground water monitoring wells are finished in bedrock with the overburden section sealed
off from possible surface contamination. In all cases the water levels in these wells were within bedrock.

_ Surface drainage on the site is channeled through'various drainage ditches to the collection ponds near the
tailings disposal area, where it can be used as makeup water in the mill and eventually treated if necessary.

_ Monitoring sites were sampled biweekly from the start of site preparation in September 1989 and will
continue to be sampled until the area is reclaimed and considered to be "chemically stable”. It is expected that
this will be a 'walk away operation' after reclamation.

Water samples from monitoring sites were analyzed consistently for pH, total cyanide, Cu, Pb, Zn, Fe,
and Hg, and periodically for As. The pH was measured on site. Total cyanide was measured by a distillation-
titrimetric method (method 4500-CN-C of Standard Methods for the Examination of Water and Wastewater,
SMEWW), base metals by atomic absorption techniques, As by a hydride atomic absorption method, and Hg by
cold-vapor atomic absorption spectrometry (method 3112-B of SMEWW). Ground water samples were not
filtered and thus results for cyanide and Hg represent total concentrations.

Results and Discussion

Baseline Monitoring and Regulations

Results from the premining baseline monitoring program established low and high levels in the Gossan
Creek-Eighteen Mile Creek watershed as follows: Cu, <0.01 and 0.033 ug/L; Pb, <0.01 and 7.9 pug/L; Zn,
0.025 and 0.169 ug/L; Fe, 0.027 and 0.963 mg/L, and pH, 7.17 and 8.01. At present the pH and concentrations
of these metals at the regulatory environmental receiving site (mouth of Gossan Creek) are all within the
premining baseline levels mentioned above. Although total cyanide and Hg were not included in the baseline
studies, their levels at the receiving site have remained at <0.1 mg/L and <0.5 pg/L, respectively, since
monitoring began at time of mining. The Federal and provincial regulatory levels imposed on this operation for
total cyanide and total Hg at the receiving site are 1.0 mg/L and 10 ug/L respectively.

Tailings Pile Characteristics

The tailings pile at Murray Brook covers an area of approximately 3 km2, has a maximum thickness of
about 12 m, and constitutes about 1.1 million mt of gossan. Because of coarse crushing and the original porosity
of the ore (average 21%), the pile is highly permeable to waterflow and O, diffusion.

The paste pH (using 0.01M CaCly adjusted to pH 7.0) of 21 representative samples of the unleached
gossan from the open pit averaged 5.20 with a narrow data range of 4.72 to 5.73, indicating that the gossan
material will not be significantly acid generating once the lime-cement agglomerating material is dissolved out of
the pile. The Hg concentrations of these pH paste solutions were all <1.0 ug/L.

To determine the amounts, variation with depth, and interrelationship of labile cyanide and Hg in the pile,
five profile samples of the gossan material were sampled at 1-m intervals to a depth of 6.5 m and leached in the
laboratory. The staticleaching method consisted of adding 2 kg of gossan to 1.5 L of de-ionized water that had
been purged of dissolved oxygen by bubbling N, gas through it for 24 h. The gossan was leached without
shaking for 48 h, and the leachates were then decanted, filtered (0.45 pm), and stabilized with NaOH solution to
pH 12 for total cyanide determination and with concentrated nitric acid to pH 2 for mercury analysis. The results
of this experiment (table 1) indicate that total cyanide has degraded considerably in the upper 2 m of the pile
compared with lower depths. Roughly half of the cyanide in the O to 2 m depth interval has either oxidized in
situ or been mobilized by meteoric precipitation, or a combination of both. Using an average total cyanide
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concentration for the lower depths of the pile (>2 m) of 5.0 mg/kg and a date of April 1992 for last addition of
material to the pile,

a degradation rate for cyanide of about 2.5 mg/kg/yr can be calculated. Given the fact that degradation is
probably not linear with depth, this would have to be considered a maximum rate. Using this rate, it would take
about 2 yrs for the cyanide in the pile to degrade to nondetectable levels. This compares ‘well with the
investigations of Engelhardt (1985), who found that 85% of the free cyanide in a heap leach operation in Arizona
was destroyed within 15 months of shutdown.

Table 1. Results of static leaches,

The data in table 1 show an almost one to one P
Murray Brook gossan tailings.

- correlation between labile total cyanide and labile
mercury 1n the pile.  For the highly stable

Hg(CN)42- complex, the stoichiometric ratio of Hg Sample  Total cyanide,  Mercury,
to cyamée is 2:1. About half of the cyanide present depth, m mg/kg mg/kg

in the pile can therefore be accounted for as a 0 5

cyanide-mercury complex.  The other half is 2'3 2-4 2.7
probably present as %ther metal-cyanide complexes, : 5 1 3.6
particularly Fe(CN)g>". The pH of ground waters 3.0 .0 6.4
leaving the pile ranges from 5.8 to 7.2, depending ‘61 g g -g g .g

on climatic conditions; any free cyanide in solution
will therefore be in the HCN form.

Surface Water Chemistry

Throughout the monitoring program at Murray Brook, the concentration of total cyanide in stream waters at
the head of Gossan Creek has remained consistently below 0.1 ‘mg/L. The Hg concentration at this site remained
at background levels until December 1991 and then began to rise steadily to peak at a level of 75 ug/L in March
1993, after which it has been steadily decreasing (fig. 3). At the time of peak Hg concentration in stream waters at
the head of Gossan Creek, the concentration at the environmental receiving site (mouth of Gossan Creek) remained
at baseline levels of <0.5 ug/L, well below the regulatory level of 10 ug/L. Based on the Hg results and the
response of other elements in this system, waters (surface and ground waters) entering the head of Gossan Valley
are diluted before reaching the receiving site by a factor of at least 200.

During the mining operation, the YO
concentration of Hg in the open pit water remained
below 0.5 ug/L even when the pit water went

strongly acid (pH 2.5) when the gossan-sulfide or ]
contact was reached. The low concentration of Hg

in pit water agrees well with the results for Hg in the sol ]
pH paste solutions of fresh unleached gossan

material.

Ground Water Chemistry and Flow

Hg,ug/L
]
L

For ground waters representing subsurface
flow from the ore stockpile (MW-1), the open pit
(MW-2), the mine waste rock pile (MW-6 to 7), the 3o

southern portion of Gossan Creek valley (MW-9), =3
and background lithology away from mining (MW- =
11), the Hg and total cyanide concentrations have 20r 5 T
been consistently at background levels from start of 2
mining until the present (<0.5 pg/L and <0.1 1ok ”f ]

mg/l, respectively). Ground waters in monitoring }

wells associated with the effluent and runoff pond |

environments (MW-3, MW-12) show sporadic R TR I v v R (™
|

increases in Hg and total cyanide, consistent with the 1991 1992 0es
times at which these ponds were used to store YEAR AND MONTH

efﬂugnt before rg:cycling to the mill or before liming, Figure 3. Monthly averages for Hg in stream water at
cyanide destruction, and passage into the collection the head of Gossan Creek. Total cyanide was

and siltation control ponds. In these wells, Hg and consistently below 0.1 mg/L over this period.

total cyanide concentrations reached levels of 850
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pug/L and 1.8 mg/l, respectively, but generally
decreased within a few months to background levels

after introduction of effluents into the ponds was 40T A 8000
stopped. o MW-4

Of main concern to this study are the waters f reee
associated with baseflow from the tailings disposal ¥
area (MW-4, MW-5). Well MW-4 receives 6.0} {6000

baseflow from tailings material deposited in the first
two years of operation and MW-5 from material
deposited mainly over the last year of mining. The
monthly averages for total cyanide and Hg in MW-4

ground waters are plotted in figure 4. Apart from an
obvious strong correlation between cyanide and Hg,
there is a gradual decrease in the yearly averages for
these two parameters from 1990 to 1993. After the
end of milling (April 1992), there is a significant 200
decrease in cyanide and Hg compared to the mining
period, with a peak increase occurring only at the
time of the spring freshet in 1993. Present levels for
MW-4 are at background for total cyanide (<0.1

+5000

4.0 -14000

~>/<—End of milling

Hg,ug/L

13000

TOTAL CYANIDE, mg/L

-2000

<1000

. d | :
mg/L) and are approaching background for Hg (now O O NDJFMAMJ JASOND JFMAM Y JASONDJFMAMJ JASOND JFMAMSJ ©
1989 | 1990 | 1991 | 1992 | 1993
about 250 pg/L). YEAR AND MONTH

For MW-5 ground waters (figure 5) there is Figure 4. Monthly averages for total cyanide and Hg in
also a strong correlation between total cyanide and ground waters of monitoring well MW-4,
Hg, but levels of both these parameters have
remained high from late 1990 to the present. The
differences between the concentration patterns for
total cyanide and Hg in MW-4 and MW-5 ground
waters are most likely due to a longer period of time a0
for cyanide destruction for the portion of the pile
monitored by MW-4. The comparative data between
these two wells suggest that concentrations of Hg in
pore waters within the pile and dispersion of this
element out of the pile are controlled by the
destruction and mobilization rates of residual
cyanide. In figure S there is a slight offset in the
times that cyanide and Hg initially reach MW-5.
This is probably due to almost total destruction of
free and complexed cyanide during the initial stages
of baseflow from the northern portion of the tailings
pile.
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From the breakthrough time of Hg into
monitoring well MW-5 (fig. 5), the time of travel for
ground waters in bedrock downslope from the
tailings pile is estimated to be about 40 m/yr. This
would result in an initial influx of ground waters 4
from the p11e into the headwaters of Gossan Creek at O R T My ) ASOND JFMANJ JASOND JFMAMJ JASOND JFMAMY J
the end of 1992, which correlates quite well with 198910 RANDMONTH e
results for Hg monitoring of this creek (fig. 3). The
decrease of Hg in Gossan Creek after early 1993 Figure 5. Monthly averages for total cyanide and Hg in
probably represents overall increased destruction of ground waters of monitoring well MW-5.
free cyanide and cyanide-Hg complexes, with greater
partitioning of Hg into the solid phases of the overburden-bedrock environment. Figure 6 shows the correlation
between total cyanide and Hg for all analyses of ground waters at the site. Also shown on this plot is the line for
stoichiometric [Hg(CN) “1. Many of the ground waters at Murray Brook contain more Hg than can be accounted
for as a Hg-cyanide complex this is especially so for the ground waters at MW-5. With greater destruction of the
cyanide-Hg complex, by both inorganic and organic agents, more of the Hg is free to enter into solid adsorption

-{1000
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processes. Provided the supply of Hg from the pile is attenuated by cyanide destruction within the pile, solid
phases should not become saturated and the influx of Hg into the Gossan Creek streamflow system will not reach

critical proportions. Given the fact that the
environmental receiving site is at the mouth of
Gossan Creek and there is an almost 200:1 dilution
factor along this creek, the influxes of Hg should be
environmentally manageable.  However, if this
operation had been much larger, with a greater
mined tonnage or higher Hg content, the
mobilization of Hg could conceivably have been a
serious problem.

Behavior of Cinnabar in Cyanide Solutions

To determine if cinnabar, which is the
principal Hg-bearing mineral in this deposit, was the
major contributor of Hg to ground waters, a
literature search was made for information on the
behavior of cinnabar in cyanide solutions. Nothing
was found and it was then decided to run some
preliminary experiments. Results of three leaches of
cinnabar using 1, 10 and 250 mg/L free cyanide
solutions are presented, together with controls, (table
2). Considerable amounts of Hg can be leached
from cinnabar in even weak cyanide solutions.
Depending on the concentration of cyanide, the
solubility of cinnabar in cyanide solutions (tables 1
and 2) 1s 270 to 800 times greater than in neutral
noncyanide waters.,
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6. Plot of Hg versus total cyanide for all ground
water analyses at Murray Brook. Line of
stoichiometric composition of dominant
[Hg(CN),2-] complex also given.

Table 2. Cyanide leaching of cinnabar (Hgs)l.

Leaching solution

Conditions Cyanide, ppm Hg, ppb Hg leached, mg/g
Control 1 0 81 0.020
Control 2 0 94 0.024
Leach 1 1 2,150 0.538
Leach 2 10 4,350 1.090
Leach 3 250 12,200 3.050

lreaches carried out on 1 g of cinnabar (Almaden Mine, Spain) with
250 mL of NaCN solution for 48 h with gentle agitation every 12 h.
Control leaches carried out using de-ionized water. Both cyanide
and control leach solutions were adjusted to pH 10 using NaOH.

Although the kinetic rates of this reaction still need to be determined, it would appear from the mill
recovery of Hg (12% of total contained Hg), the strong correlation between cyanide and Hg in ground waters (fig.
6), and the constant uptake of Hg in pore waters of the tailings pile, that the dissolution rate of cinnabar in even
weak cyanide solutions is high enough to be of environmental concern.

Conclusions

The following conclusions can be drawn from this research:

1. At Murray Brook Mine, the concentration of Hg in pore waters of mill tailings containing significant
amounts of cinnabar (HgS) is related to the amount of residual cyanide remaining in the pile and, more
importantly, to cyanide mobilization and cyanide destruction within the pile and along ground water flowpaths.
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2. Clearly more research is required on the behavior of cinnabar in the cyanide leaching of various types of
oxidized ores, especially since cinnabar is a common mineral in these ores and Hg is a very difficult element to
remove from effluents.

3. Consideration should be given to methods of accelerating the rate of cyanide destruction in vat and heap
leaching waste materials containing high concentrations of Hg (generally greater than 10 to 20 ppm) as cinnabar,

4. In Canada, indoor vat cyanide leaching methods will be the method of choice for certain types of Au-Ag
ores owing to the severe climatic conditions of the country. For oxidized and volcanic epithermal Au-Ag ores, in
which Hg is present in significant amounts as cinnabar, future vat leaching operations should utilize lined
catchment reservoirs for mill tailings.
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GEOCHEMICAL AND GEOHYDROLOGICAL CHARACTERISTICS OF BEDROCK AND SPOIL FROM
TWO METHODS OF MINING AT A RECLAIMED SURFACE COAL MINE, CLARION COUNTY, PA, USA!

Charles A. Cravotta III2, Keith B.C. Brady?, Linda C. Gustafson-Minnich2, and Michael R. DiMatteo?

Abstract: Two methods of mining caused subtle differences in geochemical and geohydrological characteristics of
spoil at a reclaimed surface coal mine in western Pennsylvania. A dragline was used in the southern area of the mine,
and bulldozers and front-end loaders were used in the northern area. Mining methods used in the intervening, middle
area are uncertain. In general, overburden at the mine consisted of sideritic gray shale and siltstone. Calcareous zones
were laterally discontinuous. However, a 1.2-m thick stratum of pyritic shale above the mined coal was laterally con-
tinuous and had total sulfur (S) concentrations >2.5 weight percent (wt %). Regardless of mining methods, pyritic
material in backfill is inverted relative to its stratigraphic sequence in bedrock. Where bulldozers and front-end loaders
were used, the pyritic shale was selectively handled and buried in compacted layers above the water table, and only
low-S (<0.2 wt %) material was buried near the pit floor. Where the dragline was used, high-S (20.5 wt %) material
was placed near the surface, but above intermediate-S material. In the middle area, where mining methods are uncer-
tain, high-S material was randomly distributed, near the surface and on the pit floor, within the zone of water-table
fluctuation. In the northern and middle areas, mass-weighted average S in spoil was comparable to that in premining
bedrock. In contrast, average neutralization potential of spoil was about one-third of that of premining bedrock, possi-
bly because of preferential weathering of carbonates in shallow bedrock (premining) or spoil. Despite differences in
mining methods, hydraulic conductivities for spoil were similar among the northern, middle, and southern areas, rang-
ing from 1082 t0 10730 meters per second (m/s), with median hydraulic conductivities from 1038 10 1036 m/s.
Hydraulic conductivities for spoil were not always greater than those for underlying bedrock.

Introduction
Geochemical and geohydrological characteristics of spoil at surface coal mines can vary because of differences
in mining methods and equipment. This paper describes the geochemical and geohydrological characteristics of

bedrock and spoil at a reclaimed surface coal mine in the bituminous field of western Pennsylvania and evaluates
effects of two different mining methods on these characteristics.

The study area is a reclaimed surface coal mine in southern Clarion County, Pa. (fig. 1) that consists of 44.5
hectares covering two adjoining hilltops. The middle and lower Kittanning coals were mined during 1980-86 (Glover
'1987). In the southern area of the mine, where calcareous materials were widespread, a dragline with a 34.4-m3 bucket
was used to remove overburden and to backfill the mine. In contrast, in the northern area, where calcareous strata were
present only locally, bulldozers and front-end loaders were used for mining and backfilling, and in particular to s;lcc-
tively handle a 1.2-m thick stratum of pyritic, carbonaceous shale overlying the lower Kittanning coal. The selectwely
handled pyritic material was compacted with the mining equipment in layers, or pods, on lif.ts composed of low-S .SPOII
at least 3 m thick on the pit floor, so that the pods would be above the anticipated post-mining water table. In addition,
in the northern area, a total of 56 megagrams (tonnes) of limestone per hectare was added to the bac!cﬁll near the
surface and to the pit floor. The boundary between areas where the different mmmg mcthod§ were psed is not known
precisely. Hence, a middle area, between the southern and northern areas, was 1t}cluded in t?le investigation. The
middle and northern areas are separated by an unmined hilltop. This unmined area is a 60-m-wide right-of-way for a
natural-gas pipeline, which runs north-south through the mine (fig. 1).

Methods

Initially, records were reviewed from Pennsylvania I?epartment of Er}vironmcntal R.esourc.es (PaD;ZR)' z.md
C&K Coal Company files, which included premining geologic logs, geochemical data fox: dnll cyttmgs,han n;lm;gg
activities. Later, subsurface drilling, sampling, and testing were cond}lcted to evaluatg? Yanatxons in geoc er:ﬁil Lo
geohydrological characteristics of bedrock and spoil across the reclaimed area. Premining boreholes were y

Ipaper presented at the International Land Reclamation and Mine Draipage Conference and the Third International
Conference on the Abatement of Acidic Drainage, Pittsburgh, PA, April 24-29, 1994.

2Hydrologist, U.S. Geological Survey, 840 Market .Street, Lemoyne, PA 17043: A 17105

3Hydrogeologist, Pennsylvania Department of Environmental Resources, Harrisburg, P. .
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diamond-coring methods, and postmining boreholes by air- ;... 12y 79%26"
rotary methods, to collect rock samples and install ground- NC~~Monroe o= 7
water monitoring equipment. Six boreholes (18-1, 23-6, *

23-7, N1, CK3, and CK4 in fig. 1) were drilled in bedrock
in or near the northern area through zones of maximum
overburden thickness along a hilltop. Holes at locations
CK1 and CK2 (fig. 1) were drilled in 1985, after mining.
Clusters of boreholes identified with prefixes N, M, and S
(fig. 1) were drilled in 1991, mostly through spoil, in the
northern, middle, and southern areas, respectively. Rock
samples from boreholes through spoil and bedrock were
collected as composites over 1.5-m depth intervals.

]
o
o

-

LEGEND

= = Road

- - - Township boundary

o« ~ Natural gas pipeline
Preminins outcrop of:

----- Middle Kittanning

Lithology of rock samples was determined, and
most rock samples were analyzed for concentrations of
total S and neutralization potential (NP) by methods of
Sobek et al. (1978) for acid-base accounting. Mass-
weighted averages for NP, maximum potential acidity
(MPA), and net neutralization potential (NNP=NP-MPA)

foa . K

‘‘‘‘‘ ower Kittanning
coal

- Dwelling

52 Borehole, solid only

for each borehole and each of the three areas of the mine | coffeciod T
were calculated by methods of Smith and Brady (1990). 0 9:2 MILE
Data for rock samples collected at the same depth at a bore- = 0 i ShamerE
hole cluster were averaged for areal estimates. Major Digital base from U.S. Geological Chirion

minerals in samples from borehole N1 (fig. 1) were identi- gl g 7:3-mia hextion ot

fied by X-ray diffractometry (XRD; Whittig and Allardice Pennsylvania

1986), which has a detection limit of about 1 to 5 percent. ~ Figure 1. Location of boreholes at surface coal mine in
Lithostratigraphic correlation diagrams were constructed southern Clarion County, PA.

with premining and postmining data for lithology and rock
chemical concentrations by use of the computer program StratiFact (Rosenlund et al. 1993). To facilitate correlation of
horizons, the borehole data were adjusted to a common datum, the base of the lower Kittanning coal.

Monitoring wells were installed in most boreholes. Wells were constructed of 5.1-cm diameter polyvinyl chlo-
ride pipe with a minimum of 3-m length slotted screen (Cravotta et al. 1994). Static water levels in wells were
measured monthly by use of an electrical tape. Hydraulic conductivities were estimated for saturated intervals of the
screened zones by use of slug-test methods of Bouwer and Rice (Bouwer 1989). A solid cylinder (slug) was
submerged below the static water level in each well, and changes in hydraulic head during slug injection and with-
drawal were measured with a submerged pressure transducer and recorded with a data logger. Methods of hydraulic
testing and data reduction were reported by Hawkins and Aljoe (1991).

eochemical CI -

Lithostratigraphic correlations, before mining (fig. 2), show vertical and lateral differences in overburden
chemistry. Locally, the middle and lower Kittanning coalbeds dipped gently west-northwest and were separated by
about 18 to 20 m of medium- to dark-gray shale that graded upward to siltstone and claystone. The middle Kittanning
coal had a thickness of 0.6 to 0.8 m, and the lower Kittanning coal had a thickness of 0.45 to 0.6 m. A 1.2-m-thick
stratum of high-S, pyritic, carbonaceous shale was immediately above the lower Kittanning coal (fig. 2, table 1). The
shale and lower Kittanning coal had concentrations of total S >2.5 wt % and NP <10 grams as calcium carbonate per
kilogram (g/kg CaCO3). Most overburden horizons had concentrations of total S <1 wt % and NP <25 g/kg Ca¢03;
however, some shale and siltstone were calcareous. High values of NP, up to about 125 g/kg CaCO;, were associated
with fossiliferous (brachiopods), gray shale between the lower and middle Kittanning coalbeds.

Bedrock samples from borehole N1 were further analyzed for major minerals and cpncentratioq of to?al carbon
to indicate possible mineralogic forms of S and NP (table 1). Pyrite (FeSy) was the prcdommant‘ S-bearing mmeral.and
siderite (FeCO3) was the predominant carbonate mineral. Some siderite-bearing shale and siltstone also contained
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Figure 2. Lithostratigraphic correlations and rock-chemical variations for premining conditions. Datum is base of
lower Kittanning coal. Values for column-weighted net neutralization potential computed using a factor of
31.25 (NNP.1) and of 62.5 (NNP.2) are shown below borehole number (see footnote 3 in table 2). Borehole
locations shown in figure 1. For explanation of symbols, see “KEY” in figure 3.

manganosiderite [(Fe,Mn)CQz3], calcite (CaCOs), and dolomite [CaMg(COj3);]. Overburden and coal in the upper
12 m penetrated by borehole N1 lacked detectible sulfide and carbonate minerals and had lower concentrations of total
S and NP than deeper strata, probably as a result of near-surface weathering. High concentrations of total S in the
middle Kittanning coal at 11-m depth were probably from organic-S forms, because S-bearing minerals were not
detected by XRD.

Regardless of the mining method used, backfilled spoil at the mine tends to be inverted relative to the strati-
graphic sequence in bedrock, and unweathered material containing substantial concentrations of total S and NP
commonly was placed near the land surface (fig. 3). Substantial lateral variations in total S concentrations also were
produced, as indicated by cuttings from adjacent boreholes N2-0 and N2-2, N3-0 and N3-2, M1-0 and M1-2, and M2-0
and M2-2 (fig. 3), which were drilled about 1.5 m apart for installation of nested lysimeters and wells (Cravotta et al.
1994). In the northern area, where bulldozers and loaders were used, high-S (20.5 wt %) materials were placed near
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Figure 3. Lithostratigraphic correlations and rock-chemical variations for postmining conditions. Datum is base of
lower Kittanning coal. Values for column-weighted net neutralization potential computed using a factor of
31.25 (NNP.1) and of 62.5 (NNP.2) are shown below borehole number (see footnote 3 in table 2). Borehole
locations shown in figure 1. Boreholes identified with suffix “-0” or “-1” drilled through lower Kittanning coal
horizon and “-2” drilled to less than 11 m depth.

the land surface to 13.7 m depth (fig. 3) and were generally underlain by a minimum of 6 m of low-S (<0.2 wt %)
material. High-S materials in the northern area, including a pyritic pod that was penetrated by boreholes N2-0 and
N2-2 (fig. 3), were placed more than 6 m above the pit floor. In the southern area, where a dragline was used, high-S
materials also were placed near the surface, but underlying materials had intermediate S (0.2 to 0.5 wt %) concentra-
tions. In the middle area, pyritic, high-S materials were randomly distributed from the surface to the pit floor.

Summaries of the acid-base account (ABA) for premining bedrock and postmining spoil data are reported as
mass-weighted averages for each area (table 2). Two values of MPA were computed by multiplying total S concentra-
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tion, in weight percent, by factors of 31.25
(MPA.1; Sobek et al. 1978) and 62.5 (MPA.2;
Cravotta et al. 1990). On the basis of bedrock
data for the northern and middle areas, average
MPA computed by a factor of 31.25 was less
than average NP and resulted in positive values
of average NNP. Premining bedrock data were
not available for the southern area. On the basis
of spoil data, MPA computed by either factor
resulted in negative values for average NNP for
all areas, which could indicate a relative defi-
ciency of alkaline-producing materials
(Cravotta et al. 1990). Average NNP for spoil
generally decreased northward across the mine
(fig. 2, table 2).

Differences between average NNP for
premining bedrock and postmining spoil (table
2) in the northern and middle areas are a result
of lower average NP for spoil, roughly one-
third of that for bedrock in each area. In
contrast, average MPA for spoil is similar to
that of bedrock. Differences in chemical
compositions and minerals in bedrock and spoil
probably are an artifact of sampling, reflecting
effects of topographic positions of boreholes
and premining weathering profiles. Boreholes
in bedrock generally were at locations about 10
m higher elevation than comparable boreholes
downslope in spoil. A stratum would be
expected to be less weathered at greater depths,
and calcareous strata generally were situated
above high-S strata. Differences between
bedrock and spoil also could result from accel-
erated weathering of carbonates relative to
sulfides during the postmining period.
However, elevated concentrations of sulfate and
alkalinity in ground water from the spoil were
observed, which indicates that oxidation of
pyrite was active and probably promoted
carbonate dissolution (Cravotta et al. 1994).

(table 3). For saturated spoil, hydraulic conductivities were from 108

Table 1. Mineral and chemical content of bedrock samples from

borehole N1.

[+ major; ? possible trace; - not detected; < less than;
wt %, weight percent; g/kg, grams CaCOj per kilogram]

Sample N&; - Q 8 '% Total Total lj::&%’
depth < B 2 2 E 8 F g sulfur carbon rential
interval!  § S 28 8§82 F LE wB wR

3 858535855 (e/kg)
0.0-15 SS+SH + + + - - ? - - <005 0.11 3
1530 SH + + + - ? - - <05 .16 6
3046 SH + + + - - - - - <05 .14 6
4661 SH + + + - - - - - <05 .39 6
6.1-76 SS+SH + + + - - + - - <05 22 4
7691 SH + + + - - 7?7 - - <05 35 5
9.1-104 ST+SH + + + - ? ? - - A7 0 1.04 2
104-110 CO + - + - - - - - 163 6809 -3
110-122 UC + + + - - + - - 09 1 5
122-137 UC + + + 7 ?2 + + - <05 76 11
137-152 UC + + + ? + + + - <05 54 7
152-16.8 SH+ST + + + ? + + + - <05 207 17
16.8-183 SH+ST + + + - ? + + ? <05 176 11
183-198 SH+ST + + + + + + + - 05 1.02 18
198213 SH + + + + + + + - <05 .68 25
213229 SH + + + - - + + ?7 <05 42 12
229244 SH + + + + + + + - .14 187 13
244259 SH + + + - - + - + 171 228 3
259274 SH + - + 7 4+ + + + 180 238 11
274290 SH + + + ? + + + + 63 217 15
29.0-302SH+CO + + + - + ? - + 364 415 -5
302-306 CO + + - - - - - + 302 6908 -2
306-320 UC + + + - - 7 - + 104 .61 3
320335 UC + + - - 7 + + ? .06 96 22
335351 UC + + + 7?7 ? - - - <08 32 6

1 Composite sample of drill cuttings from depth interval, in meters from surface,

at location of borehole N1 (figs. 1-2).

2 Lithology determined by hand-specimen analysis: SS = sandstone; ST = silt-
stone SH = shale; CO = coal; UC = underclay.

3 Minerals identified in all samples were combined under the heading, “Quartz.”
These include quartz, microcline, albite, muscovite, and kaolinite.

Geolvdrological Ct e

Spoil at the mine does not always have greater hydraulic conductivity than premining or underlying bedrock
(table 3). Hydraulic conductivities of spoil were more than an order of magnitude greater than those of bedrock at nests
N4, M1, M4, and S2; however, conductivities of spoil were slightly less than those of bedrock at nests N2, N3, and
M3. Backfill produced by bulldozers and loaders would be expected to have a more uniform particle-size distribution,
similar or greater compaction, and lesser hydraulic conductivity than that produced by the dragline (Phelps and Saper-
stein 1982; Phelps 1983). Air circulation commonly was lost in shallow spoil during drilling in the southern area;
however, no air losses occurred in the northern area, indicating greater compaction from bulldozers and loaders than
from a dragline. Nevertheless, hydraulic conductivities for saturated mmc spoil were similar among the three areas
m/s, with medians of 10
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1039 m/s in each area. The similarity in
median hydraulic conductivities of spoil could
result from similar lithologies and piping and
settling processes (Pionke and Rogowski 1982),
by which fines are transported downward and
large voids fill or collapse. Mine spoil in the
southern area is several years older than that in
the northern area, so a longer time has elapsed
for these processes to occur.

To avoid contact between acid-forming
materials and ground water, the mining plan for
the northern area required placement of pyritic
materials at least 3 m above the pit floor, so that
they would be above the postmining water
table. During January-December 1992, satu-
rated thickness of spoil in the northern area
ranged from 0.2 to 3.0 m, and across the mine
ranged from 0.2 to 6.9 m (table 3). Borehole
data for the northern area indicated that pyritic
materials were always above the water table
(fig. 3). In the southern area, borehole data
generally indicated that high-S material was
buried above the water table. In the middle area,
high-S materials were buried both in the unsat-
urated zone and on the pit floor (fig. 3). High-S
material on the pit floor in the middle area
generally is more than 1.5-m thick and lies
within the zone of water-table fluctuation.

Table 2. Acid-base-account summaries of area-weighted
overburden chemical data.
[Values in g/kg as CaCOgs; --, no data; values in parentheses
include 56 Mg/ha limestone as alkaline addition.]

Neutral- Maximum  Net  Maximum Net
Sample  ization ~ PO€ntial neutral- - potential  neutral-
type potential ac1d1t¥ ization 3 acxdlgl ization
31.25¢ potential 62.5 potential
(MPA.1) (NNP.1) (MPA.2) (NNP.2)
Northem area
Bedrock 21.43 (21.59) 18.67 2.76 (292) 37.34 -15.91 (-15.75)
Spoil 7.83 15.06 -7.23 30.12 -22.29
Middle area
Bedrock  26.95 14.28 1267 2856 -1.61
Spoil 8.55 17.05 -8.50 34.10 -25.55
Southem area
Bedrock - - - -- --
Spoil 10.58 12.99 241 25.97 -15.39

1Bedrock samples from boreholes 18-1, 23-6, 23-7, and N-1 (fig. 1). Spoil
samples from boreholes N2, N3, N4, M1, M2, M3, S1, S2, and S$4 (fig. 1).
Northern area: 23-6, 23-7, N1, N2, N3, and N4. Middle area: 18-1, 23-6, M1,

M2, and M3. Southern area: S1, S2, and S4.

2Maximum potential acidity computed by multiplying mass-Weighted total sulfur
concentration by a factor of 31.25 (MPA.1) or 62.5 (MPA.2) according to

methods of Cravotta et al. (1990).

3Net neutralization potential computed by subtracting maximum potential acidity
from mass-weighted neutralization potential, ie., NNP1 = NP - MPA.1 and

NNP.2 = NP - MPA 2, according to methods of Smith and Brady (1990).

Table 3. Well construction and hydraulic-conductivity data
[Values in meters except where noted; --, no data]

Ground-water

: 4
W . : Lithology ~ Depthof Ground Baseof  headelevation Values during June 1992

ell Latitude, Longitude, .

name north west of screensd screened  surface LK-cpa13 Ground- ¢ Hydraulic
interval interval elevation elevation® Minimum Maximum water Saturated conductivity
thickness
head (m/s)
Wells screened in spoil
CK1-1 41°04'23" 79°26'39" SH+CO? 7.6-14.1 44975 435.65 - -~ -- -

CK2-1 41°04'31" 79°26'41" SH+CO? 7.6-13.5 446.53 433.06 434.10 43449 43410 098 9.27E-04
N2-1 41°0423" 79°26'40" SH+UC 15.8-192 453.78 436.10 43628 43647 43628 .18 6.55E-09
N3-1 41°0421" 79°26'42" SH+UC 18.3-21.6 455.15 43503 43587 43620 43587 .84 297E-(4
N4-1 41°04'31" 79°26'41" SH+UC 10.7-143 446.83 433.11 43400 436.15 43400 .88 1.61E-05
Mi1-1 41°04'12" 79°26'S0" CO+UC  16.5-19.7 450.32 43234 433.00 43445 43364 130 2.79E-05
M2-1 41°04'13" 79°26'51" CO+UC 17.1-204 451.07 431.87 433.19 43445 43362 1.75 6.37E-4
M3-1 41°04'12" 79°26'48" SH+UC 12.5-158 44693 43229 43303 43431 43347 1.17 1.84E-06
M4-1 41°04'14" 79°26'50" SH+UC  23.5-26.5 457.60 43230 43321 43507 43353 123 4.27E-4
S1-1 41°04'07" 79°27'03" SH+UC? 29.3-32.6 460.39 42838 430.71 43201 43093 255 3.11E-04
52-1 41°04'06" 79°26'57" SH+UC? 18.9-22.3 45140 430.06 433.11 43452 43370 3.64 8.17E-4
S$3-1 41°04'00" 79°27'01" CO+SH  26.5-30.2 461.60 432.65 43329 43458 43441 176 1.17E-08
S4-1 41°04'04" 79°26'59" SH+UC  22.6-26.8 455.69 430.09 43486 43696 43502 493 1.00E-05
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Table 3. Well construction and hydraulic-conductivity data--Continued.
[Values in meters except where noted; --, no data]

Ground-water . 4
, . Values during June 1992
Well Latitude. Longimde, Litology — Depthof Ground Baseof head elevation g
: BUNCL,  of screen, screened  surface LK-coal Ground- Hydrauli
name north west . . : Py round- ¢ oo HY. c
interval interval  elevation elevation” Minimum Maximum water conductivity

head thickness (/s)

Wells screened in bedrock
CK1-0 41°04'23" 79°26'39" ST+CO 18.0-21.3 44944 43527 43281 435.18 43359 549 4.30E-08
CK2-0 41°04'31" 79°26'41" SH+CO 174-21.3 446.53 433.06 43234 43260 43234 7.15 8.32E-06
CK3-0 41°04'27" 79°26'43" SH+CO 335-39.6 463.57 43404 43257 43391 43275 8.81 -
CK3-1 41°0427" 79°26'43" SH+CO 15.2-29.6 463.60 434.04 -- - -- - -
CK4-0 41°04"23" 79°26'43" SH+CO 274-33.7 46140 43482 43264 434.13 43382 6.10 --
CK4-1 41°0423" 79°26'43" SH+CO 14.0-26.6 461.34 43482 44590 44693 44590 11.14 --
N1-0 41°0426" 79°26'43" ucC 32.0-354 46375 433.12 43245 43348 43264 424  6.86E-06
N1-1 41°0426" 79°26'43" SH+UC 28.7-32.0 463.76 433.13 433.04 43336 433.04 128 3.84E-08
N2-0 41°0423" 79°26'40" ucC 20.1-23.3 453.88 43620 43347 43463 43363 3.06 1.90E-07
N3-0 41°0421" 79°26'42" ucC 22.6-26.2 455.09 43497 43246 43366 43265 378 7.74E-04
N4-0 41°04'31" 79°26'41" ucC 14.6-19.8 446.77 433.05 43239 43347 43241 546 9.39E-07
M1-0 41°04'12" 79°26'50" ucC 21.3-24.5 450.29 43231 43299 43697 43339 7.64 4.24E-09
M2-0 41°04'13" 79°26'51" UcC 22.6-259 45110 43190 43345 43442 43345 8.26 -
M3-0 41°04'12" 79°26'48" ucC 18.3-21.3 44690 432.27 432.89 43457 433.64 8.07 1.09E-05
M4-0 41°04'14" 79°26'50" ucC 28.7-32.0 45747 432.17 432,60 434.12 43284 738 2.58E-06
S1-0 41°04'07" 79°27'03" uc? 33.5-384 460.40 428.39 - - -- - --
S2-0 41°04'06" 79°26'57" uc? 241274 45148 430.15 42483 42778 42617 212 2.36E-07
S3-0 41°04'00" 79°27'01" UCHST 32.0-354 461.88 43293 42744 433.01 43236 5.83 --
Well number indicates location (fig. 1): Prefix “CK” or “N,” northern area; “M,” middle area; “S,” southern area. Suffix “-1,” screened
within horizon of mined coal; “-0,” screened below horizon of mined coal.
2L jthology: CO = coal, UC = underclay, SH = shale, ST = siltstone. Queried where lithology uncertain because of incomplete return of
drill cuttings or incomplete drill log.
3Base of lower Kittanning (LK) coal; in north area, base of the upper split. This elevation corresponds with the elevation of surface-mine
floor where mine spoil is present.

4Saturated thickness corresponds with zone from ground-water surface down to the base of spoil or screen, if bedrock. Hydraulic conduc-
tivity reported using exponential notation, where 9.27E-04 = 0.000927 m/s.

Conclusions
Different methods of mining caused subtle differences in geochemical and geohydrological characteristics of
spoil at a reclaimed surface coal mine in western Pennsylvania.

(1) In premining bedrock, a 1.2-m-thick stratum of pyritic shale above the lower Kittanning coal was laterally
continuous across the mine. Overlying calcareous strata thinned or were absent in the northern area. Pyrite was the
predominant S-bearing mineral; siderite, manganosiderite, and calcareous minerals including calcite and dolomite
were the predominant carbonate minerals.

(2) Where bulldozer and loader (northern area) or dragline (southern area) methods were used to emplace back-
fill, pyritic, high-S materials generally were inverted relative to their stratigraphic sequence in bedrock and were
placed above the post-mining water table. However, where mining methods are uncertain (middle area), high-S mate-
rials were randomly distributed from the surface to the pit floor, in the zone of water-table fluctuation.

(3) Placement of pyritic materials below a permanent water table would not have been practical at the mine
because the saturated zone in spoil was locally <1 m thick. Also, because the saturated thickness of spoil exceeded 6 m
in some areas, placement of pyritic materials on 3-m thick benches on the pit floor, as required by the mining plan,
would not have been adequate to maintain unsaturated conditions within pyritic pods in some areas.
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(4) Mass-weighted average concentration of maximum potential acidity (total S) in spoil was comparable to
that in premining bedrock; however, average neutralization potential was about one-third that of bedrock. Differences
in the composition of bedrock and spoil probably were an artifact of sampling and also could have resulted from accel-
erated weathering of carbonates relative to pyrite in spoil. Averages of net-neutralization potential for spoil in each
area of the mine were negative and generally decreased northward, indicating a relative deficiency of calcareous
minerals and potential for development of acidic ground-water quality, particularly in the northern area.

(5) Hydraulic conductivities of saturated spoil were not alwa g/s greater than those of underlying bedrock
Hydrauhc conductivities of spoil throughout the mine ranged from 1032 t0 1030 m/s; median values were 1038 1o

1036 m/s in each of the three areas. Similarity probably results from similar spoil lithologies, aging of the spoil, and
effects of piping and settling in each area.
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TREATMENT OF ACID MINE DRAINAGE BY PASSIVE TREATMENT SYSTEMS!
Ben B. Faulkner and Jeff G. Skousen®

Abstract: Passive acid mine drainage treatment systems constructed on sites in West Virginia treat flows ranging
from 4 to 98 L/min (1 to 26 gpm) and acidity concentrations from 170 to 2,400 mg/L. Five wetland systems reduce
acidity by 3% to 76%, and iron concentrations by 62% to 80%. These wetlands are generally much smaller in area
than that recommended by earlier formulas based on iron loads, but they still show good amelioration of acid and
iron loads. In two of the five wetlands, limestone was not incorporated in the substrate. Iron and acid reductions
were similar between wetlands with and without limestone revealing that limestone may not be important for metal
removal in wetlands. Anoxic limestone drains (ALDs) reduce acidity by 11% to 100%. Based on our successes and
failures in building and monitoring ALDs, the following conclusions have been reached: (1) organic matter should
not be placed in drains owing to microorganism growth on the limestone thereby reducing limestone dissolution,
(2) amount of limestone (metric tons of limestone per metric tons of acid load per year) shows little correlation to
effectiveness and acidity reductions, (3) larger limestone particle size (8 to 25 cm) should be included to maintain
water flow through the drain especially when some aluminum, iron, and grit accumulate in the drain, (4) oxygen
intrusion into the drain must be prevented, and (S) pipes installed in drains must be large in diameter with large
perforations to reduce the chance for plugging.

Additional Key Words: acidity, alkalinity, aluminum, anoxic limestone drains, iron, manganese, wetlands

Introduction

Wetlands and anoxic limestone drains (ALDs) are passive treatment systems for acid mine drainage (AMD),
and do not require continual addition of chemicals as active treatment systems do. Wetlands have been used for
decades in the treatment of municipal wastewater (Water Pollution Control Federation 1990), but only within the last
10 yrs have they received serious attention in the treatment of AMD. Researchers at Wright State University and
West Virginia University independently noted that AMD from abandoned mined lands was improved after passing
through natural Sphagnum wetlands in Ohio and West Virginia (Huntsman et al. 1978, Wieder and Lang 1982).
Since then, investigators have documented many other sites where the same phenomenon was observed (Brooks et
al. 1985, Burris 1984, Samuel et al. 1988). Artificial wetlands have since been constructed by operators and
researchers, and results have generally been positive.

The criteria for constructing AMD wetlands is variable since the mechanisms of alkalinity generation and metal
removal are not entirely understood (Hedin and Nairn 1992). Generally, sizing is dependent on acidity and flows
(acid load), with considerations for iron, manganese, and aluminum removal, and pH. Oxidation, hydrolysis, and
precipitation reactions produce additional acidity which must be counteracted by alkalinity. Increasing buffering
capacity (alkalinity) in wetlands is accomplished by installing an ALD and/or by encouraging sulfate reduction within
the wetland. Sulfate reduction can generate up to 200 mg/L of sulfides, which are available for metal complexation
(Rabenhorst et al. 1992). A low redox potential is required for this process. Factors such as climate, season, organic
matter inputs, and nutrient availability can dramatically affect the amount of sulfide generation and subsequent metal
decrease.

'Paper presented at the International Land Reclamation and Mine Drainage Conference and the Third International
Conference on the Abatement of Acidic Drainage, Pittsburgh, PA, April 24-29, 1994.

2Ben B. Faulkner, President, Bratton Farms, Princeton, WV, USA; Jeff Skousen, Associate Professor and Extension
Reclamation Specialist, West Virginia University, Morgantown, WV, USA.
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ALDs have received much attention since their discovery recently (Brodie et al. 1990, Turner and McCoy
1990) because they have the potential to add alkalinity to mine water without biological or seasonal limitations. An
ALD consists of limestone buried in a trench, underdrain, or cell that is protected from the influence of atmospheric
or dissolved oxygen. Acid water is intercepted underground and directed through the drain, causing limestone
dissolution and the generation of alkalinity without armoring the limestone. The conditioned water is then brought
to the surface and, when exposed to oxygen, the metals in the water then precipitate more rapidly than when untreated
by the ALD. ALDs require AMD that is free of dissolved oxygen and are more likely to produce long-term
effectiveness when iron is largely in the ferrous state and aluminum concentrations are less than 50 mg/L. (Nairn et
al. 1990, Skousen 1991). The objective of this paper is to evaluate the use of several wetlands and ALDs in West
Virginia for treating AMD. The evaluation will be based on acidity and metal removal of the treated versus the
untreated water.

Materials and Methods

The passive systems reported in this paper were constructed during 1990 to 1992 by the West Virginia
Division of Environmental Protection (WVDEP) Bond Forfeiture Program (table 1). The wetlands, Keister, S.Kelly,
Pierce, and Z & F, were constructed in 1990. All ALDs were constructed in 1991 or 1992.

Each wetland system was designed specifically for the site resulting in variable total metal inputs per unit area
of wetland. Average flows into each wetland vary from 98 L/m (26 gpm) at Pierce to 17 L/m (4 gpm) at Keister
1. Specific construction criteria for each wetland are discussed in the Results section. In general, 0.6 to 1 m (2 to
3 ft) of organic material composed of peat and hay overlie about 15 to 30 cm (6 in to 1 ft) of limestone in each of
the wetlands. Hay bales were usually used as barriers to slow and direct the water through the wetland.

The majority of the ALDs were constructed with 10- to 20-mil plastic on the bottom, filter fabric placed inside
the plastic surrounding #57 (gravel-sized) limestone, and hay bales placed on top of the limestone separated by the
filter fabric. The plastic was then wrapped around the limestone and hay (specific drawings and construction criteria
are available from the authors). A few ALDs were constructed differently. These different designs are detailed in
the Results section. )

Resu_lts

Inflow and outflow water quality are presented in table 2 and represent averages over approximately 3 yrs for
the wetlands and 2 yrs for the ALDs. Acidity, alkalinity, iron, manganese, aluminum, and sulfate were the parameters
chosen to indicate the effectiveness of the system in treating AMD.

Wetlands

Keister The Keister 1 wetland has a relatively low metal-load-to-area ratio (14.7 g per day per m*> (gdm?)) (table
3). It reduced the acidity of an average 17-L/m (4-gpm) flow from 252 to 59 mg/L (76% reduction) and increased
pH from 3.1 to 5.4 (table 2). Iron was reduced from 23 to 9 mg/L (62%) (tables 2 and 4), while manganese was
minimally reduced from 23 to 20 mg/L (11%). Aluminum was decreased on the average from 27 to 13 mg/L (52%).

The Keister 3/2 wetland has the smallest metal-load-to-area ratio (3.1 gdm?). It reduced the acidity of a 19-
L/m (5-gpm) flow from 106 to 56 mg/L (48%) and iron from 11 to 3 mg/L (73%), but did little to reduce manganese
and aluminum concentrations (table 2). This site exhibits a low acid load into the wetland compared with the other
wetland sites (table 3) but doesn’t show any improved capacity of decreasing acid or iron concentrations due to the
larger wetland area. The large capital cost ($225,000) of installing the Keister wetlands suggests that chemical
treatment might have been cheaper (caustic soda cost of $8,500 per year or ammonia cost of $9,700 per year). The
site is very remote, however, with poor access, and the intermittent flows make chemical treatment inefficient.
Further, the receiving stream has not had to bear the wide fluctuations in pH that are common to chemical treatment
systems with intermittent flows.
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S.Kelly The S.Kelly wetland site differs from the earlier design by attempting to encourage subsurface flow under
and through the organic strata. The flow was directed downward into the substrate by the use of a geotextile fabric
placed under and on the upstream side of the hay bale barriers. The attempt to direct the flow was unsuccessful.
Most of the flow appears to pass through and over the hay bale dikes, rather than under them.

This wetland system provided limited surface area for the amount of acid load (133.5 gdm?) and iron load
(10.1 gdm®) (tables 3 and 4). Significant reductions in iron were found throughout the sampling period, with a 31-
month average of 68% reduction (from 105 to 33 mg/L). Acidity generally increased through the system for the first
fall and winter after construction, but has since continued to show improvements. Apparently, AMD seeps into the
wetland from the bottom, as flows increase an average of 43% from influent to effluent. Due to this condition, it
is more meaningful to compare preconstruction acid loads to postconstruction loads. In the 24-month period prior
to construction of the system, an average of 56 L/m (14.8 gpm) with acidity of 2,432 mg/L left the site (196,116 g
acid per day or 71 mt/yr). 'Since the system has been constructed, the average effluent flow has been 95 L/m (25.1
gpm) with acidity of 1366 mg/L (186,867 g acid per day or 68 mt/yr). The total acid load of this site has been
reduced by only 5%, but the iron load has been reduced by over 69% (14,364 to 4,514 g per day). These reductions
were accomplished without any vegetation in the wetland.

Pierce This wetland employs the "classic" approach to wetland construction. . It uses surface flow over a limestone-
enriched, organic substrate. It also provides a moderate acid-load-to-area ratio (20 gdm?). The system has averaged
about 52% removal of the acidity and about 80% of the iron with substantial seasonal variation. It has consistently
removed a small percentage of aluminum (25%) and manganese (11%) except during large flow events.

Z & F Construction of this wetland employed organic substrates similar to those previously described, but
encouraged subsurface flow by means of 6-in plastic pipes under earthen barriers. This wetland provided the highest
iron-load-per-area ratio (19.2 gdm?) but has reduced metals consistently since its construction over 36 months ago.
Only a mild pH enhancement has been seen despite removal of 67% of the acidity. Much of the acidity reduction
is associated with the removal of iron (77%) and perhaps aluminum (63%), while manganese has sometimes been
decreased and sometimes increased through the system.

Removal of an average of 67% of the acid load could be viewed as removing a total of over 25.5 mt (28 st)
of acid per year. To have accomplished this chemically, about $22,000 per year in caustic soda would have been
necessary. Attendant labor and sludge handling costs associated with a caustic treatment system would have likely
doubled this cost. The $110,000 construction cost appears to have been well worth the investment.

All the wetland systems exhibited seasonal variability with respect to acidity and metal removal efficiency.
Generally, removal efficiencies increased during summer/fall and decreased during winter/spring. All but the Keister
wetlands had about 23 cm of limestone at the base of the wetland. In all cases, the limestone was coated and covered
by metal precipitates, and it appeared that acid water was not flowing through the limestone because of the metal
covering. Therefore when the Keister wetlands were constructed, no limestone was incorporated in the substrate.
Results show that the Keister wetlands without limestone are similar in acid and iron removal as wetlands with
limestone. In future wetland designs in the WVDEP AMD treatment program, a layer of limestone will not be
incorporated underneath the organic material.

Anoxic Limestone Drains

Greendale Most ALDs under this project were constructed at the Greendale site in 1991 (table 1). All ALDs
generated substantial alkalinity for a few months, but some were overcome as acidity returned and alkalinity
diminished. Fifteen of the 19 ALDs shown in table 1 reduced the total acid load by 50% or more. Generally,
aluminum was retained in the drains. Iron and manganese left the drains in various amounts, but most postdrain
concentrations were slightly lower than predrain concentrations (table 2). For example, the Greendale 11 postALD
water showed a pH increase from 3.1 to 6.0, an increase of alkalinity, and slight iron, manganese, and aluminum
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reductions (table 2). This drain appears to be functioning with limestone dissolution and low metal retention in the
drain. On the other hand, the 51 ALD raised pH from 2.8 to 3.4, reduced acidity by 41% (due to some metal
retention in the drain), and slightly reduced iron, manganese, and aluminum. The drain does not generate much
alkalinity and it may already be coated by metals from the water.

Kodiak An ALD and wetland were installed at this site, and acidity is reduced by 99%. However, iron, manganese,
and aluminum are also retained in the drain which will cause the limestone drain to plug eventually. The use of an
ALD at this site will be evaluated when water begins leaking out of the top of the drain.

Lillybrook A relatively high-pH (net alkaline), high-iron seep is being treated on this site. The water from the site
joins other seepage and enters the existing sediment pond, which is completely full of sediment and supports a lush
volunteer cattail population. A concrete septic tank was filled with limestone and installed at the site in November
1992. Alkalinity in the water has been increased substantially (23 to 259 mg/L) which should improve the metal
removal efficiency of the existing wetland.

Preston An ALD and wetland treat a small flow of 13 L/m (3.5 gpm) with acidity of 775 mg/L and iron of 570
mg/L. Effluent water from the limestone cell has a pH of 6.0, acidity of 413 mg/L (47% reduction) and iron of 350
mg/L (40% reduction). Some iron and all aluminum are retained in the drain. The ALD-treated water then enters
an aerobic wetland. At the exit of the wetland, the pH drops to 3.3, and acidity is reduced to 190 mg/L (76%
reduction), and iron is further decreased to 20 mg/L (96% reduction).

Lobo Capital Two ALDs and small wetlands were installed at this site, but the landowner’s activities have disrupted
the function of the ALDs. The ALDs and wetlands caused a change from 470 mg/L acidity to 223 mg/L alkalinity,
resulting in remarkable improvement in the quality of Glade Run, the receiving stream, for a few months (table 1).
However, the drain was likely undersized hydraulically for the large flows. This problem was compounded by the
presence of bacterial growth on the limestone in proximity to the hay.

Benham WVDEP has installed modified septic tanks at four locations at this site in an attempt to study ALD
conditions without the difficulty of reexcavating earthen drains. In these systems, the limestone can be viewed by
taking off the lid of the tank. Problems have arisen with differential settling and limestone plugging by ferric iron
and grit. No data are presented in table 2 for this site.

Discussion

The most surprising finding in analyzing wetland water quality data is that limestone in wetland substrates did
not appear to improve the wetlands metal removal efficiency. As more systems are constructed with and without
limestone in the substrate, this finding may be substantiated and reasons may be clarified. In the wetland systems
with limestone, the limestone became encrusted with metal precipitates. In fact, the metal crust was so hard that
crowbars were needed to break the crust. This crust restricted the flow of water through the limestone, and eliminated
the possibility of adding alkalinity to the water.

"Autopsies" of failed or poorly functioning ALDs in 1992 have been accomplished as additional trenches and
wetlands were installed. It can now be said with certainty that hay should not be buried in proximity to the limestone
in an ALD because it encourages the growth of organisms on the limestone, thereby reducing pore space and
dissolution of the limestone. Where hay was not placed in the ALD, the limestone was clean. New ALDs were
constructed without hay (originally hay was thought to serve as an oxygen sink and to promote CO, production
through organic matter decomposition, and thereby to increase limestone dissolution), and also included larger stone
(8 to 25 cm) placed at the bottom of the drain and collection zones. Substantial "grit" and metal precipitates were
generated upon excavation, so measures must be taken to allow these to settle before contact with the finer limestone.
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Monitoring of passive systems has led to the following general observations on ALD construction.
Organic Matter. Addition of hay (even separated from limestone by geotextile fabric) leads to problems of limestone
dissolution because of growth of microorganisms. Some builders have enjoyed undocumented success using chicken
litter, however, ALDs constructed under the WVDEP program are not including organic matter in the drain.

Amounts and Grade of Limestone. High limestone-to-acid-load ratios are not an important factor in ALD success.
While many of the WVDEP ALDs have been inhibited by metal and microorganism coatings of the limestone, large
drains (those with greater than 20 mt of limestone per metric ton of acid load per year) have not shown improved
success over those with a lower ratio (table 1). The reduction in acid load per metric ton of limestone is quite
variable and does not correlate with this ratio. The grade of limestone (which varied between 70 to 90% calcium
carbonate equivalent in our ALDs) did not appear to be critical to limestone dissolution rates and alkalinity generation,
supporting the work of Watzlaf and Hedin (1993). More acidic water seems to increase limestone dissolution.

Stone Size and Configuration. Larger limestone particle size (8 to 25 cm) increases hydraulic conductivity and may
reduce the potential of plugging with iron or aluminum hydroxides. Larger stone also provides settling space for grit
and other settleable matter generated during construction. However, large limestone particle size has less surface area
for water contact and alkalinity generation. Contact between limestone and water can also be regulated by residence
time. From our experience, about 15 to 20 hrs residence time is required for maximum alkalinity generation under
a specific AMD and limestone condition. There is increasing evidence that cells or beds of limestone totally
inundated with water provide better water contact and alkalinity generation.

Protection from Oxygen. Where inadequate measures were taken to prevent oxygen intrusion, iron precipitation and
limestone armoring were observed. Drains must be lined and secured so that oxygen is restricted and water entering
the drain is low in oxygen content. If surface water is allowed to "leak" into the drain, the system will fail.

Pipes. Observations of precipitate deposition on pipe walls and at perforations suggest that larger pipes (15 to 25

cm) with larger perforations (2.5 cm or greater) promote longevity. The use of pipes in ALDs is being reduced
because of the problems of plugging.
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Table 1. Flows and acid concentrations of passive treatment systems for treating AMD. System
specifications include mt of limestone, mt of limestone per mt of acid, and materials used.
Site Limestone Flow Pre-Acid Post-Acid % mt Limestone Materials
mt L/m mg/L mg/L Reduction mt Acid Load
Wetlands
Keister 1 0 17 252 59 76 - compost
Keister 3/2 0 19 106 56 47 -——- compost
S.Kelly 780 95 1,383 1,366 3 ---- LS, compost,no plts
Pierce 450 98 118 57 52 -———- LS, compost
Z & F 476 30 2,388 801 67 ——— LS, compost
ALDs
Greendale
11 51 45 195 S0 54 2.0 hay, #57
21 66 6 700 0 100 10.6 hay, #57
41 18 6 280 140 50 6.6 #57
42 21 19 290 100 66 6.4 hay, #57
43 43 68 600 70 88 1.8 hay, #57
44 36 19 280 220 11 10.0 #57
51 8 4 1,020 600 41 3.7 hay, #57
52 14 7 700 350 50 5.8 hay, #57
61 22 19 2,000 1,000 50 1