COAL REFUSE DISPOSAL USING
ENGINEERING DESIGN AND LIME CHEMISTRY!

Douglag H. Rich? and Eenmeth R. Hutchison?

Abstract: High Power Mountain is a large surface mine located in
central West Virginia. The majority of production is by mountaintop
removal; however, contour combined with highwall mining occurs in a
lower seam. Maximum annual production is 3 million raw tonnes,

Refuse varies between 600,000 to 900,000 thousand tonnes annusally.
Combined {(coarse and fine) refuse disposal 1is planned as part of the
mining reclamation process by use of "refuse cells". These engineered
structures are designed to encapsulate and isoloate the refuse from the

environment.

In addition, lime chemistry {(lime kiln dust) is used to control
acid mine drainage and stabilize the combined refuse. The benefits of
the lime kiln dust amendment include increased pH and alkalinity,
elimination of bacterial growth, limiting the formation of acid water,
decreasing metal mobilization, increasing the workability of combined

refuse, and stabilizing the refuse.

By using engineering design concepts combined with lime chemistry,
it has been demonstrated {both from a theoretical standpeoint and
practical experience) that acid mine drainage is controllable and that
refuse can be disposed of in an environmentally sound manner. The key
is to treat the problem {refuse}, not the symptom (AMD) of the problem.

Additional Key Words: lime kiln dust, combined coal refuse, engineered
refuse cells, acid mine drainasge.

Introduction

High Power Mountain {HPM} is a large surface mine located in the
central portion of West Virginia. The mine began production in 1985
and has produced over 16 million raw tonnes of coal by the mountaintop
removal, contour and highwall mining methods. Annual maximum
production is 3.0 million raw tonnes.

The coal seams are in the upper portion of the Pottsville Series
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and lower portion of the Allegheny Series of the Pennsylvania Era. The

the Upper Kittanning, Middle Kittanning, Lower Kittanning

Seams are:
Coalburg, and Winifrede.

(Five Block), Clarion, Stockton "A", Stockton,

Each of the seams have multiple saplits, with each split having
varying coal quality. Typically, twenty to twenty five (20-25)}
different splits of coal are mined from the eight seams. As a result,
to meet customer specifications the splits must be blended.

Coal preparation occurs in a 700 tonne per hour heavy media plant.
The plant circuitry consists of three heavy media cyclones to process
the coarse size fraction (5.08cm x O0,5mm}. Hydrocyclones and
classifying cyclones are used to process the 0.5mm x Omm. material.
The minus 0.5mm material, being higher in ash and moisture, is not

recovered.

The minus 0.5mm material is combined with flocculant in the static

thickener to enhance settling. The =slurry material is pumped to belt
filter presses and is de-watered. The end product of this process is
filter cake, & high clay content material having a moisture of

approximately 28% to 30%.

The filter cake is carried by conveyor to the main refuse belt
where it is combined with the cocarse refuse,. The combined refuse,
having a moisture of 15% to 20%, is conveyed to a 500 tonne refuse bin.
Transportation from the bin te the disposal site is by 85 tonne

capacity haul trucks.

Refuse Disposal

The production of refuse varies between 600,000 to 900,000 tons
annually, thus refuse at HPM is a major part of the total material
handling system. In the initial design of the mine, refuse disposal
was planned as part of the reclamation process. To this end the

concept of the "refuse cell” was developed.

As initially conceived, the refuse cell was to be an integral part
of the mine development/reclamation process. Figure 1 illustrates the

original design of the cell.

Coarsz Shot Rock
V. oot o s Impervious Material
A A e T R A i End Dumped Refuse
Coal Pavement Dumped Rock
Dike

Figure 1. Refuse cell design.
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The first phase of construction begins after the lowest coal seam is
removed by mountaintop removal methods. The coal pavement is
thoroughly cleaned to remove any potential acid producing material.
Next, a 2.25 - 3.0 meter layver of large shot rock {(sandstone) is placed
on the pavement, forming the base. In practice, this layer acts as a
french drain and an under drain. As a benefit, the upward capillary
action of groundwater is broken by the large interstitial space between

rock fragments.

Construction continues with the ©placement of the outer dike
structure. This berm consists of compacted soil and shale material.
Water from the refuse cell is contained by this dike system and
directed to the refuse cell sediment control structure. If needed,

water can be treated at this point prier to release.

Once the outer dike is complete, approximately a 1 meter layer of
soil and shale is used to form an "impervious" barrier. The first
level of the inner dike system is now ready to be constructed. This
dike also consists of compacted s0il and shale. Once a layer of refuse
is placed, the next higher inner dike is constructed. Prior to the use
of lime kiln dust, it was necessary to. "bridge over" the combine refuse
with a layver of rock in order to facilitate the placement of the next
layer of refuse. This presented multiple operational problems and
added cost. This process of alternating lavers of refuse and rock
continues until the design height 1is obtained. At this point, the cell
is capped in a dome shape using so0il and shale and revegetated.

The refuse is largely isolated from the environment since
groundwater cannot enter by capillary action and the dome shape diverts
rainfall to the outside dike s¥ystem, thereby reducing infiltration.
Thus, after interstitial water is squeezed out by weight of compaction,
the long term environmental impact is minimized. If water quality does
not meet standards, the outer dike system diverts the water to a
central sediment control structure where it can be treated prior to

release.
Refuse Quality

The sulfur content of the TABLE {. Percent Sulfur by Saam

coal seams vary and therefore
the acid producing potential of Saam Raw Float Float
the refuse also varies, Table . 1.80 1.45
1 illustrates the sul fur
content of the seams at Upper Kittanning 1.32 0.98 0.92
different float/sink gravities. Middle Kittanning 0.95 0.85 0.85
towar Kittanning 0.68 0.68 0.69
Overall the sulfur content Clarfon nm 0.83 0.54 0.83
. Stockion A’ 0.71 0.71 0.78
is generally lesa than 1%. Stockton 497 353 3.13
However, the Stockton seam 1is Coalburg 1.1 0.93 0.93
the notable exception. The Winlirada 0.65 0.68 0.68

sulfur in the run of mine
Stockton coal varies from 4% to 6% and remains high (3%) even after the

coal is cleaned. The Stockton refuse also contains an elevated level

of pyritic sulfur.
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Initial laboratory testing of the HPM refuse consisted of acid
base accounting and column leaching. These tests indicated that the
refuse has a CaC0O3 equivalent deficiency of 26 to 53 tonnes for every

1,000 tons of material.

After plant start-up,
field tests were conducted on 6 &
the refuse by placing low
sulfur (0.9 %), medium sulfur 5
{1.1 %} and high sulfur (2.5 %)
refuse in three separate test .iiﬁxx
sites. These sites were
exposed to rainfall and 1Y i
weathering. Water samples were +A\\§§52ab$5§::;
collected on a regular basis. 2 ———— ?
Figure 2 delineates the change a4 w ﬂ; w @ 1 W
in pH over time. As shown, the -
water acidified very quickly.

Figure 2. Water Quality
Leachate Data {Sturm, 1987).

From laboratory and field testing, it was clear that the refuse
generates acidic waters. If this problem was not addressed these
waters would be a continuing source of environmental problems.

Neutralization

Acid generation is the result of the oxidation of pyrite. In the
presence of water this reaction generates iron hydroxide (Fe{OH)3) and
sulfuric acid {(H28C4). Studies have shown that, in the presence of
iron consuming bacteria {Ferrobacillus and Thiecbacillus)}, the oxidation
rate of pyrite and the generation of sulfuric acid is greatly enhanced.
In the absence of bacteria, the natural oxidation of pyrite and thus

Zeneration of sulfuric acid occurs at a reduced level.

It was evident from the testing that neutralization of the refuse
was required. Five neutralizing agent were applied to bulk samples of
25-30 tons. These agents were: Agricultural lime, Spent lime,
Limestone rock dust, Phosphate, and Lime kiln dust. With the exception
of the phosphate, all agents neutralized the refuse, but to varying

degrees.

The method first wused by HPM +to +treat refuse consisted of
slurrying limestone rock dust and spraying it over the top of the
refuse piles after the combined refuse was back-dumped into the cell.
The intent was to add alkalinity. It was anticipated that rainfall,
buffered by the limestone, would permeate through the back~dumped pile
and neutralize +the acidic waters. In practice however, the low
reactivity of limestone rock dust did not allow for a sufficient
increase in alkalinity and the rainfall did not permeate uniformly
throughout the piles. Thus, acidic waters continued to be generated.
These waters were treated in the refuse sediment control structure

Prior to release.
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Cancurrently, operational problems were encountered in the refuse
cell, In order to place the next laver of combined refuse into the
cell, a rock bridge was required on top of the back-dumped piles. This
rock bridge, overlying the non-stable combined refuse, needed to be
thick enough to support the fully loaded refuse trucks. This situation
required over Ffifty percent of the refuse cell being filled with rock
bridge material, thereby dramatically reducing the active life of the

cell.

Therefore, two problems needed to be addressed. A more efficient
method of neutralization was required and a way to stabilize the

combined refuse was needed.

Application of Lime Chemistry

The initial neutralization data suggested that the use of calcium
oxide provided greater neutralization potential than the use of
limestone rock dust. Also, lime has been used for soil stabilization
of clavey material in the construction industry for years. It was
decided to modify the operating procedure and use lime kiln dust as the

neutralizing agent instead of limestone rock dust.

Lime kiln dust is a by-product of the 1lime industry, being
generated during the calcining process. Crushed limestone is heated in
a rotary kiln, driving off the carbon dioxide and producing calcium
oxide. In the process of calcining, the heated air stream picks up
dust consisting of calcium oxide and uncalcined calcium carbonate. In
addition, the coal fly ash is also carried in the stream. The air is
passed through a baghouse to remove particulate matter prior to being
released to the atmosphere. The baghouse dust purchased by HPM
contains approximately 15% calcium oxide, 75% calcium carbonate, and
the remaining 10% is fly ash which is high in silica and alumina.

Lime kiln dust is alkaline, producing a pH of 12.4 in a saturated
solution. In addition to its obvious neutralization potential, it also
acts as a drying agent forming calcium hydroxide when the calcium oxide

comes in contact with water.

The mechanism for the soil stabilization process is facilitated in
a high pH environment and occurs during the ionic substitution of
calcium into the clay mineral lattice crystal structure. The soil-lime
reactions are complex and not completely understood. According to Chou
{1987), an oversimplified qualitative view of some typical soil-lime

reactions are:

o Ca(QH)z > Ca*t + 2(0H)-
o Ca*t* + 2(OH)* + 8i0z > Calcium Silicate Hydrate (CSH)

o Ca+t* + 2(0OH)- + Al203 > Calcium Alumina Hydrate (CAH}

J.L. Eades {(1962) suggested that the high pH causes silica from
the clay minerals to dissolve and, in combination with Ca**: form
calcium silicate. Diamond, et al. (1964) theorized that lime molecules
are absorbed by clay surfaces and react with other clay surfaces to
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precipitate reaction products. These studies suggest that the clay
lattice components are dissolved from +the c¢lay structure and are
precipitated as CSH and CAH, Stocker (1972) proposed the diffuse

cementation theory, in which lime reacts directly with clay crystal
edges, generating accumulations of cementatious material.

Discussion

Regardless of the theoretical reactions, application of lime kiln
dust at HPM appeared to offer the solution to the operational problens
of combined refuse disposal in the refuse cells.

In 1989, a bin was erected directly over the preparation plant
refuse belt and the lime kiln dust application process begun, This
Placement increased the contact of the kiln dust with the refuse,
thereby providing greater mixing potential. The refuse moisture,
combining with the calcium oxide component to form calcium hydroxide,
reacts to generate an alkaline environment while at the same time
decreasing free moisture. This is immediately noticeable in that the
refuse is able to maintain & sharp angle of repose.

The generation of calcium hydroxide is the key chemical reaction
to the trestment of the refuse. The high pH environment facilitates
the elimination of iron oxidizing bacteria and provides the ©pH
environment required for soil stabilization.

By eliminating the bacteria the rate of pyrite oxidation is
substantially lowered. Without the availability of the sulfate
radical, the formation of sulfuriec acid is curtailed. The acid
generation is now dependant on the slow, abiotic oxidation of pyrite.
The long term control of acid generation is controlled by the calcium
carbonate component of the lime Kkiln dust. With its lower reactivity
rate, the dissociation of calcium carbonate neutralizes the slow

ahiotic oxidation products of pyrite.

Ziemkiewicz, et al.,(1992) .
tested HPM refuse using the ten q o a
week soxhlet leach process. 3
Figure 3 represents the non- A / \$\\V/// A L2
treated control sample of X % ~lag
Coalburg refuse. Note the 7
decrease in pH and the increase g /AN _ & e
in sulfate. Figure 4 shows the / &\iﬁ* ‘ 26
effect of the 1lime kiln dust 1 / ~a 25
additive on the Coalbureg 1 \\\ Lo 4
refuse. Again note the pH and RN — lss
sulfate levels. Based on this — Fo————a
work and observations in the 1 2 3 4 5 22
field, an alkaline environment CYCLE
is maintained 1in the refuse [== ALRARITY = AGIBTY  —=- S04 m—

cell and acid generation 1is

controlled.
Figure 3. Untreated refuse

{control).
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Another benefit to the
process is the control of metal 800, 15
mobilization. The solubility 7001
and thus mobilization potential ’ \ /’\ Bl
of metals is, anong other 105
parameters, dependant on PpH. ; \ / \ |
Metals such as iron and
manganese become mobilized in
environments which are less
than pH 7. However, the
solubility of iron and
manganese is greatly decreased
in alkaline environments.
Based on this concept, if
refuse is kept alkaline, not
only is acid generation [ ~=- ALRALINTTY —— ACIDITY =04 —o—pH ‘
eliminated but also iron and
manganese levels are maintained Figure 4. Refuse treated with
within acceptable limits. 2% lime kiln dust.

Man

The high pH environment, afain derived from the formation of
calcium hydroxide, drives the complex soil=lime stabilization
reactions. These reactions, noticeable in the refuse cell three to
five days after refuse placement, stabilizes the refuse. By allowing
the refuse to stabilize, the rock bridge construction technique is not
required., Fully loaded refuse trucks (85 tonne back-dump trucks) are
able to drive directly on top of the stabilized combined refuse for

lift placement.

Proprietary studies have 38
shown strength is gained over  f T
time. Samples of refuse mixed _ i
with varying percentages of gzs'_ ................. T JOU” U
kiln dust were tested. Figure § E % Kiin Dust {by waL.)
5 Shows the unconfined Ez-‘ E ..................................... +1 P“cam.
compressive strength obtained 132 T -
over time using 1%, 2%, and 3% E | 2 Percont
¥iln dust (by weight) additive. E“‘ 1 -3 Pearcont
These data are site specific Bh e e {
and are presented only as an
example of the effect of the u ; é 7

soil-lime stabilization

reactions. DAY

Figure 5. Unconfined compressive
strength of treated
combined coal refuse.

Conclusions
The refuse cell concept is a leading edge technology for the

handling of coal refuse in an environmentally safe manner. Since 1989
HPM has been using lime kiln dust as an additive to its combined
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refuse, From the experience which has been gained, a successful long
term method of treating acid mine drainage has been developed.
Treatment of water associated with the refuse disposal system has not
been required since the application of lime kiln dust began. Water
quality, both pH and metals, has remained within NDPES limits for the
last four years and indications are that the refuse will not become an
environmental problem in the future. By use of the refuse cell

concept, including treatment with lime kiln dust, the long term
environmental liability appears to be minimized.
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OXIDATION RATES AND POLLUTION LOADS IN DRAINAGE;
CORRELATION OF MEASUREMENTS IN A PYRITIC WASTE ROCK' DUMP1

JW. Bennctt,2 D.K. Gibson,2 AIM. Ritchic,2 Y. 'I‘::m,2 PG. Broman,3 and H. Jonsson®

Abstract: There are several methods by which the oxidation rate in a pyritic waste rock dump may be inferred. Pore
gas oxygen concentration profiles, temperature profiles, and drainage-monitoring data have been analysed to quantify
the oxidation processes occurring in a waste rock durnp at the Aitik Mine in northern Sweden. Analysis of oxygen
concentration profiles showed that matcnal in some regions of the portion of the dump investigated had an intrinsic
oxidation rate (IOR) of about 108 kgm -3 571 which was some 60 times greater than that of material in other regions. A
companson w1th Folluuon loads from measurements in the cutoff drain indicates that if 14% of the dump has an IOR
of 108 xg m™3 5! then 86% has an IOR that contributes little to the total pollution load from the dump. The higher
JOR found for the Aitik waste rock dump material is about eight times lower than the highest value found for waste
rock at Rum Jungle in northern Australia. It is stressed, however, that the comparatively low IOR of the Aitik waste
rock dump material still generates significant pollution loads in drainage. The case study presented emphasizes the
utility of using temperature and oxygen profile measurements together with flow and concentration measurements to
characterize pollution generation and drainage from a dump.

Additional Key Words: acid mine drainage, oxygen concentration, ternperature, gas diffusion, sulfate.
Introduction

The primary process that leads to pollution generation in a pyritic waste rock dump is the oxidation of the
pyrite. For this reason it is important to have data on the rate at which this reaction proceeds in a dump. The overall
dump oxidation rate, which is the space integral of the oxidation rate over the dump at any one time, is a direct
measure of the primary pollution generation rate in the waste rock dump and a major determinant of pollution loads in
drainage from the dump. The intrinsic oxidation rate (IOR), for any one particular type of waste rock, is a function that
relates the oxidation rate to any parameters that might be considered relevant, such as the oxygen and pyrite
concentrations, the dump temperature, local pH, and so forth. An approximation to this function is required in most
modeling of dump behavior.

There are several methods by which the oxidation rate in a pyritic waste rock dump may be inferred. One is the
analysis of oxygen concentration profiles within the dump. Analysis is straightforward if diffusion is the dominant
oxygen transport process. The IOR, in units of kilograms of oxygen consumed per cubic meter of rock per second, is
readily inferred from the pore gas oxygen concentration profiles and the diffusion coefficient for oxygen in the waste
rock.

Another approach is to measure the temperature rise brought about by the exothermic oxidation process.
Interpretation of temperature measurements may be made difficult by the effects of seasonal variations in solar
radiation and uncertainties about the boundary conditions at the base of the dump. Despite this, reasonable estimates
of oxidation rates have been derived by this means (Harries and Ritchie 1981).
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The third approach is to measure the rate of output of chemical species in drainage water and infer the
oxidation rate in the dump (for example, Galbraith 1991). Sulfate makes a good tracer for the oxidation of pyrite
because it is a direct product of the reaction and is abundant, reaching concentrations of a few grams per liter. Care
must be taken however to ensure that it is conservative through the system. The average sulfate load, in units of tonnes
per year can be measured relatvely easily if good measurements of sulfate concentration and flow rate of drainage
from the dump are available.

The application of these techniques to a waste rock dump at the Aitik copper mine in northern Sweden is
discussed in this paper.

\itik Waste D

The Aitik Mine is located near the town of Géllivare in the north of Sweden, about 100 km north of the Arctic
Circle. Aitik is operated by Boliden Mineral AB and is Europe’s largest copper mine. The opencut operation which
was begun around 1960 now produces approximately 14 million tonnes of waste rock per year and about the same
quantity of mill tailings. The waste rock from the pit has been disposed of by end-dumping from trucks in dumps
which currently average about 25 m in height and cover an area of about 400 ha.

The ore deposit at Aitik consists principally of biotite gneiss, and the waste rock also contains muscovite schist
and skam-banded gneiss. Chalcopyrite and pyrite are the dominant sulfides, with the pyrite content in the waste rock
varying from O to 5 wt%, and averaging about 1%. The oxidation of pyrite can be taken then as the sole
oxygen-consuming reaction in the Aitik dumps.

The average annual temperature at the site is just above 0°C, ranging from an average of 13.2°C in July to
-13.5°C in January. The average precipitation is 680 mm/yr and the net infiltration rate into the waste rock dumps is
about 500 mm/yr (Axelsson et al. 1992). From the middle of October to the middle of April the precipitation falls as
snow, which then melts over a period of about 6 weeks to the end of May.

Site Selecti

The waste rock dump at the southwestern corner of the opencut pit was known to be a source of pollution and
was chosen for detailed study. This dump was started around 1975 and had been left undisturbed since about 1989.
The area met the criteria that the site be accessible to machinery, contain relatively old waste rock material, have had
no rehabilitation works, and would be left undisturbed for the 2-yr timescale of the project. A further advantage of the
site was that there was a cutoff drain that collected the drainage from the dump and provided an effective means of
monitoring pollutant loads and waterflows. The site tailings dam was upstream of this dump.

Probe holes were drilled in the dump in April and August 1991 using rotary percussion airblast, with steel
casing and a 140-mm eccentric bit. Once the casing was removed, the holes were lined with PYC plumbing pipe,
50 mm in external diameter, and capped at the bottom to exclude moisture and so prevent any possible perturbation of
the temperature profile in the liner by vapor transport.

Nylon pressure tubing, 3/16-in internal diameter, was attached with adhesive glass filament tape to the outside
of the PVC pipe. A tube ran the full length of the liner, from the bottom cap to the top of the pipe, and then one tube
ran from each successive meter up to the top. These nylon tubes were to enable pore gas samples to be removed from
the dump for determination of the oxygen concentration. The top of the tubes were attached to schrader valves and
mounted on a brass plate.
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The gap between the drilled hole and the inserted liner was backfilled using builders’ sand, with the aim of
limiting gas transmission between the ports since the gas diffusion coefficient of sand is not less than that of the dump
material. A plug of concrete was put in the top 30 cm of the hole to prevent preferential flow of rainwater along the
liner. The suitability of this liner design for temperature profile measurements has been established by Harries and
Riichie (1981).

Figure 1 shows the section of the 130 hectare dump under study and indicates the locations of the 11 probe
holes. Itcan be seen that six holes penetrate the base of the dump.

Pore gas oxygen concentrations were determined by passing gas samples across a commercially available
oxygen fuel cell. This enabled oxygen concentrations to be measured from 0% to 20.95%, with an accuracy of better
than 0.05%. Temperatures were measured at meter intervals with a precision of £0.02°C using a calibrated thermistor
which was lowered down the PVC pipe. Temperature and oxygen profiles were measured at roughly monthly intervals
throughout the project.

A8
+22.0m

Ad
+23.4:m

+m

referance level 345 m
50 ™

Figure 1. The relative location of the probe holes on the dump used for temperature and 0Xygen measurements.

To deduce the overall oxidation rate in any given waste rock dump from drainage measurements, it is necessary
to know the total load of a relevant pollutant from the dump. This can be obtained by measuring the total water flow
through the dump and the concentration of pollutant in the drainage water. Care must be taken that losses of
infiltrating water, e.g., to deep ground water, are small. One must also know that the drainage does not contain
pollutants from another source. In practice, if either of these complications arise, it may be accounted for if the extent
of the loss or gain of pollutant can be estimated. As the flows, concentrations, and loads may vary greatly owing to
seasonal factors, regular measurements must be taken at least over a 12-month period.

The glacial till below the Aitik dumps has such a Yow hydraulic conductivity (Axelsson et al. 1992) that
essentially all the water infiltrating them appears at the toe of the dumps and may be collected in cutoff drains. All the
flow from the 130 ha dump under study was collected in one drain which had been installed with several flow weirs.
Flow rates were measured at various times, the frequency of measurement depending on the season; when flow rates
changed quickly during the spring snowmelt measurements were made every few days. Water samples were taken at
the time of flow determination and sent to a laboratory for chemical analysis.

Sulfate concentrations were measured to determine the dump oxidation rate for the reasons given above. This
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approach requires the sulphate to be conserved in the system. The most common reason for the removal of sulphate
from solution fiow in dumps is the precipitation of gypsum when the calcium concentration is above the gypsum
solubility limit. Ion analysis of the Aitik drainage waters showed the calcium concentrations to be well below this
limit.

The rate of pollutant production from the oxidation of pyrite in a waste rock dump can be deduced from
estimates of the rate of oxygen consumption in the dump, which in turn is derived from an analysis of measured pore
gas oxygen concentration profiles.

Where oxygen diffusion is the sole supply mechanism, oxygen is transported from regions of higher pore gas
oxygen concentration to regions of lower concentration. A section of measured profile with constant gradient indicates
that oxygen is being transmitted without consurnption, whereas a curved profile denotes a region where oxygen is
being consumed.

Oxygen profiles can be interpreted qualitatively to infer the dominant gas transport mechanism in a dump and
the relative magnitude of pyritic oxidation rates in different regions. Vertical profiles in which the oxygen
concentration decreases monotonically with depth are consistent with oxygen being supplied from the top surface by
diffusion, higher gradients implying higher oxygen consumption rates in the dump. This is discussed more completely
below. Zones of relatively higher oxygen concentrations at depth suggest that either advective transport processes are
dominant or there is significant diffusion from the sides. Advection will be accompanied by elevated temperatures
resulting from the heat generated by higher oxidation rates.

If it can be assumed that the gas diffusion coefficient does not vary greatly with location, as is most usually the
case in waste rock dumps, then it follows that different gradients in the oxygen concentration profiles are due to
different oxidation rates.

In the absence of advection (including convection), one-dimensional oxygen transport into the dump by
diffusion from the surface can be described as

ac 3’c
ng = Da—xz-'—S(x, t), (1)

where C is the pore gas oxygen concentration, t is time, x is distance, D is the oxygen diffusion coefficient, gy is the
gas-filled pore space, and S is the volume oxygen absorption rate.

The analytical approach requires a knowledge of the diffusion coefficient of the dump material but this does not
present such a big problem as it might seem. The primary requirement in characterizing an oxidising dump is to
establish oxidation rates to within an order of magnitude so a variation in D by some factors is of little consequence. In
practice, the values of D fall within a narrow range because the diffusion coefficient is largely governed by a fixed
parameter, the coefficient for diffusion of oxygen in air (under the narrow range of temperature and pressure
encountered), and one that has a narrow range of variation, the gas-filled porosity of the dump. The gas diffusion
coefficient is not expected to show much spatial variation in any given dump either because of the relative uniformity
of porosity and moisture content found in typical waste rock dumps.

In most waste rock dumps the timescale for oxidation of pyrite is much longer than the timescales for gas
transport. The oxygen profiles are then pseudo steady state and equation 1 can be simplified to

9%C

D_z‘ -85x) =0. 2)
ox
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So, if an analytic function can be found to represent a particular oxygen concentration profile well, and the
assumptions on which equation 2 is based are satisfied, then the volume oxygen absorption rates or oxidation rates (S)
can be easily found by calculating the second derivative or curvature of the function at a given depth,

Results
Oxygen Results

Typical results from the pore gas oxygen concentration measurernent program are presented in figures 2 and 3.
In general, the oxygen concentration fell monotonically from the surface of the dump, indicating that the oxygen
supply mechanism to the sites of pyritic oxidation was dominated by diffusion.

The measured profiles fell into two groups. There was a region near the edge of the dump (probe holes A1, A2,
A5, A10, and All; see figure 2 for example) where there were high gradients in the oxygen concentration profiles and
in the central part of the dump the gradients were low (A3, A4, A6, A7, A8, and Al2; see figure 3 for example). In the
absence of any significant heating in the dump (see below) and making the assumption that the diffusion coefficient of
the waste rock does not vary greatly with location, then it is reasonable to conclude that pyritic oxidation rates are
relatively high in the region where the gradients are high, and are relatively low where the gradients are low.

The oxygen profiles in the material oxidizing at the higher rate indicate that oxygen was supplied by diffusion
and that the rate was not limited by the oxygen supply rate. This means then that the rate is not dependent on the
geomeiry of the dump or the location of the material in the dump, but is a property of the material itself. Clearly, such
material may occur anywhere in the dump.

The oxygen profiles in the region with low oxidation rate settled down in a few weeks after installation of the
holes. In the regions of high oxidation rate, however, the profiles were variable with time, as shown in figure 2. Whilst
the changes were significant with respect to the accuracy with which the oxygen concentrations were measured, ihey
were still relatively small. As a consequence, it was possible to use the region with the greatest gradient to establish a
reasonable upper bound on the oxidation rate within the dump.
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Figure 2. Pore gas oxygen concentrations measured in Figure 3. Oxygen concentrations measured in probe
probe hole Al. hole A7 between April 1991 and January 1992,
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Following the method described above, functions of a suitable form were constructed and fitted using a
least-squares method to the data points of the oxygen profiles measured in hole A1 over a 2-yr period, from April 1991
to April 1993. Since the oxygen concentration (mole fraction) at the surface of the dump is fixed at 20.95%
(atmospheric), the fitted curves were constrained to pass through this point.

Figure 4 presents an example of the graphical results of the best fit of the predetermined function to data
measured in the top 6.2 m of hole Al in May 1992, (The measured profile indicates no oxygen consumption in the
waste rock below this depth.) In the figure the axes have been normalized so that the atmospheric oxygen
concentration (20.95%) = 1 and the depth of 11.22 m = 1, The normalized data and error estimates are also shown.
The function clearly describes the measured pore gas oxygen concentration profiles very well. ‘The second derivative
or curvature of the fitted curve at a chosen depth was determined and converted to the volume absorption rate or
oxidation rate. The oxygen diffusion coefficient in the dump, D, was taken as 4.1 x 106 m? sl taking the gas-filled
porosity as 0.28 and using the curve of Papendick and Runkles (1965). This procedure produced a set of oxidation
rates at a series of depths and time. '

The oxidation rates thus determined from the hole Al profiles ranged from (3.1 £0.2) x 10° kg m3s? 1o
43% 0.3& x 108 kg m™ s, with an average volume absorption rate for the high oxidation region of the dump of close
tolx 10%kg m3 gL, ‘

Another method for quantifying oxidation rates in the dump from the measured pore gas oxygen concentration
profiles involved obtaining the oxygen fluxes into the top surface of the dump. The gradient of the pore gas oxygen
concentration at the surface for each measured profile was determined graphically, and the surface oxygen fluxes were
estimated using the oxygen diffusion coefficient given above. The surface oxygen fluxes varied with location, with
two distinct classes of surface oxygen fluxes being seen in the test area. In keeping with the earlier analysis, higher
fluxes were found at the edge of the dump, with lower fluxes in the central region. The average values of surface
oxygen flux into the dump were found to be (15%9)x 108 kgm2s ! at Al, A2, A5, A10, and All and
(0.25+0.25) x 108 kg m? 5"l at A3, A4, A6, A7, A8, and A12. The standard deviation on the averages represents
flux variations with location and time, although a clear seasonal pattern was not seen.
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Figure 4. Function fitted to the pore gas oxygen concentration data measured in probe hole Al in May 1992,
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The shape of the oxygen profiles at thc bottom of Al implies a flux through the base of the dump. The average
value of this flux was estimated to be 2 x 1078 kgm 251 Thenet oxygen flux (oxygen consumed in the dum 2p) is then
simply the difference between the surface and bottom oxygen fluxes, which was found to be 13 x 10°8 kgm™ s, The
flux through the base of the dump in the central region of the dump was taken to be negligibly smali, becausc the
gradients at the bottom of the profiles show no indication of such a flux, and because neglecting any flux through the
base leads to an overestimate rather than an underestimate of pollution generation in the dump.

The total amount of oxygen consumed in the whole dump can be estimated by using either the surface flux
values or the volume oxygen absorption rates. Assuming that all the oxygen diffusing into the dump surface was
consumed by pyritic oxidation, then oxygen consumption can be converted into sulfate production using the overall
stoichiometry of the reaction of oxygen with pyrite (1 kg oxygen — 1.714 kg sulfate).

Three estimates of the pollution generation rate from the 130 ha dump which drains into the cutoff drain have
been made, which effectively put upper and lower bounds on the rate:

1, The average volume absorption rate of 1x 108 kg m™3 571 obtained from hole Al was applied to the whole
dump. At this rate of absorption, diffusion will limit oxidation to the top 15 m of the dumnp, so the effective thickness
of the 130-ha dump is taken to be 15 m. This gives an annual sulfate production rate of 10,500 t/fyr.

2. An esnmate of 10, 000 t/yr of sulfate was obtained by applying the average surface flux at Al, A2, AS, A10,
and A11 (15 x 108 kg m 251y 1o the whole durmp.

R A lower bound was estimated by usin § the average of the six lowest oxygen fluxes (A3, A4, A6, A7, A8, and
A12). The average of these fluxes, 0.25 x 107 kg m™ 2571 was applied to the whole dump and yielded a rate of 180 t/yr
of sulfate.

The results are summarized in table 1, expressed in units of tonnes per hectare per year.

Table 1. Annual Sulfate Production from the 130-ha Dump (t ha'l yrh).

Description of Method Used for the Estimate Sulfate
production

Oxygen volume absorption rate at Al applied to whole  80.9
dump.

Rate = 1x 108 kg m3 5!

Average surface flux at A1, A2, A5, A10, and All 76.9
applied to whole dump.

Flux =15x 108 kgm2 ¢!

Average flux at A3, A4,A6,A7,A8, and A12 appliedto 1.4
whole dumnp.

Flux = 0.25 x 10°8 kg mZ g1

Whilst oxidation rates can in principle be obtained from measured temperature profiles, where heat is generated
by the pyritic oxidation reaction, this has bezn found to be too difficult with the Aitik data owing to a number of factors
as outlined below.
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The ambient average monthly temperatures at the Aitik site range from -13.5°C in January to 13.2°C in July.
The near-surface temperatures in the dump follow the ambient ones closely when they are positive, but once the
surface freezes the dump temperatures do not drop below -5°C. During the months when the dump surface is warming
up, the temperature in the dump is highest at the surface, but as the surface cools down, the temperature peak travels
deeper into the dump. The attenuation and phase shift of the Fourier components of the temperature signal at the
surface depend on the thermal properties of the dump.

Figure 5 shows the temperature profiles measured in hole A1 over a 10-month period and illustrates how the
large seasonal swing in surface temperatures affects the temperature of the dump to a depth of at least 10 m. Because
the average ambient temperature at the site is close to 0°C, the temperature of about 2.5°C which is seen in the lower
part of the dump can be attributed to heating due to pyritic oxidation. This is a relatively small signal, especially when
compared with the temperature fluctuations duve to insolation in the top half of hole Al, where the oxidation has been
found to be occurring,

A further difficulty with any analysis of the temperature data is that the boundary condition at the base of the
dump is unknown. Water is flowing close to the interface between the dump and the original ground surface and will
have affect measured temperature distributions, but not enough is known about the system to be able to quantify this
reliably.
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Figure 5. Temperature profiles measured in probe hole Al

Flows, Concentrations and Loads

Figure 6 shows a typical result for the monitoring in the cutoff drain of drainage flow rates and sulfate
concentrations. The instantaneous load is the product of the flow and concentration. The average annual load was
obtained by integrating the load over the period. A careful analysis of the water balance and drainage data showed that
a constant sulfate load was coming from the tailings dam, underflowing the waste rock dump and entering the cutoff
drain. This load was subtracted from the total load in the drain to give a value of 12.1t ha'! yr 1 for the annual sulfate
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production of the waste rock dump. As presented in table 1, the annual sulphate production rate from the high and low
IOR material in the dump has been estimated to be 80.9 t ha' yr‘l and 1.4 t ha'! yr"l, respectively. The drain data
implies, then, that 14% of the dump is composed of the high IOR material and the rest has the low IOR.
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Figure 6. Typical data from drainage monitoring.
iscussion an nelusi

In a large dump where gas transport is dominated by diffusion, any appreciable pyrite oxidation rate leads to a
reduction in the oxygen concentration in the pore gas. The present case study has provided a quantitative estimate of
oxidation rates of the bulk waste rock material from an analysis of the measured oxygen profiles. These oxidation
rates were used to estimate the overall sulfate production rate in the dump. If sulfate is conserved in the system then
the sulfaie load in the drain will be a direct measure of the overall oxidation rate in the dump, shifted in time by some
function which depends on the transit time of the solution through the dump. This transit time is short, of the order of
a few years in typical dumps, compared with the time to oxidize the whole dump.

Analysis of oxygen concentration profiles showed that material in some regions of the dumnp investigated had
an IOR of about 10°8 kg m3 571 which was some 60 times greater than that of material in other regions. A comparison
with pollution loads from measurements in the cutoff drain indicates that if 14% of the dump has an IOR of
108 kg m™ 51 then 86% has an IOR that contributes little to the total pollution load from the durnp.

The temperature rise in the dump from heat produced in the pyritic oxidation reaction was too small to extract
the oxidation rate from the temperature profiles, particularly in the top 6 m of the dump, where the changes caused by
seasonal temperature changes were large. Hence, although in principle the oxidation rate can be extracted from both
the temperature and oxygen concentration profiles in the dump, in practice it was possible to use only one of these
methods.
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It is important to note that the “high” IOR found for the Aitik waste rock dump material is about eight times
lower than the highest value found for waste rock at Rum Jungle in northern Australia (Harries and Ritchie 1981). It
should be stressed, however, that a comparatively low IOR such as that found for the Aitik waste rock dump material
still generates significant pollution loads in drainage. The main reason is that in the early history of the dump, which
may last for many years, a low IOR means that a large region of dump is involved in oxidation,

The case study presented here has emphasized the utility of using pore gas oxygen profile measurements
together with flow and concentration measurements to characterize pollution generation and drainage from a dump. In
general, oxygen and temperature measurements provide information on rate processes within the dump, while the flow
and concentration measurements provide data on pollution generation rates integrated over the whole dump, The set
of measurements is complementary, Concentration measurements without flow rates and an overall water balance for
the dump lead, at best, to a qualitative assessment of the environmental impact of the waste rock dump or of the
effectiveness of rehabilitation measures. Oxygen measurements without temperature measurements can lead to wrong
conclusions on gas transport mechanisms. Even with data on both oxygen concentrations and temperature
distributions it may be in practice that quantitative estimates of the oxidation rate can be extracted from only one set of
data.
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