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ABSTRACT

There has been limited experience in the use of hydrometallurgy to process nickel sulfide

thus the hyd; llurgical process residue is generally not well characterized

in the open literature. This research will assist in ensuring the long-term stability of the

waste and i the und: ing of its degradation and reactivity on disposal. The

research pertains to the mobility of metals and sulfur compounds, their stability in minerals

and phases iated with hyd llurgical residues and the development of a risk-

based methodology for selection of mine waste disposal designs. The research focuses on
sulfur compounds and ore metals, such as nickel, cobalt and copper, which are target

metals for the p d hyd llurgical p ing facility in Long Harbour,

P g

Newfoundland. It will be particularly i to unds d the effect of high sulfur

P

waste material in Newfoundland’s wet, temperate climate and generally slightly acidic
surface water conditions. The research objectives are to characterize the mobility of
metals from hydrometallurgical residue and assess residue reactivity/stability under
different disposal conditions in order to determine the most favourable waste disposal
procedures. Specific research objectives include: 1) characterization of the waste residues

through mineralogical studies and el | analysis; 2) of acid and metal

generating potential of the waste through static and kinetic tests and geochemical
modeling; 3) assessment of decant water conditions in the residue impoundment through a
calibrated numerical model; 4) evaluation of residue subsurface disposal conditions on a
spatial and temporal basis through numerical modeling calibrated by in-situ field testing;

and 5) prediction of the fate of heavy metals in the receiving environments. Finally, a risk-



based, multi-criteria decision making approach is developed to assess various mine waste

disposal options and applied through a case study.

As there is very limited experience in the processing of nickel sulfide concentrate through
hydrometallurgy the high sulfur, process residue is generally not well characterized. The
mineralogical and sequential extraction work provided key residue mineral and
microstructure information; suggested how target metals are present in the residue minerals
and phases; and provided metal partitioning results which are important in understanding

the residues metal leaching potential. The static and kinetic testing conducted further

h ized the residues by ing their acid ing and metal leaching capacity.
Geochemical deling of process residues is not widely reported in the literature due in
part to the plexity of the mineralogical blage. This work, through calibrated

models, was successfully able to model the residue that led to a greater understanding of

factors impacting the chemistry of groundwater and surface water and enabled the

diti q

in the residue i

prediction of longer term subsurface
The design of a mine waste disposal site is waste and site specific and is complex. Using a
risk-based decision-making to assess design options for a mine waste disposal project is

novel and effective approach. This approach integrated the results from the mineralogical

h deli

ization and i fate and and included inty in

the human health and ecological risk analysis; then incorporated this risk analysis in a
multi-criteria decision making analysis to evaluate the optimal mine waste disposal

alternative.
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CHAPTER 1

INTRODUCTION AND OVERVIEW
The ore at Voisey’s Bay, NL Canada exists mainly as a nickel sulfide, pentlandite and

this nickel sulfide ore is currently being milled and concentrated at the mine site. It is

hy that the ins large quantities of sulfur (33 %), iron (42 %) as
well as minor quantities of: lead, arsenic, chromium and zinc (VBNC, 2002). In the
refining process all of these materials will be removed and will become part of the
process waste. The traditional method of refining nickel is a smelter. In a smelter the
deleterious metals are removed from the nickel in the form of a slag containing large
quantities of iron. Sulfur is removed from the nickel and released to the air in the form of
S0;. The SO; partitions in the air and will produce H,SOj (acid rain) therefore it must be
removed through diligent air stripping methodologies.
Vale Inco is testing a novel process to refine nickel, cobalt and copper from the nickel
sulfide concentrate from Voisey’s Bay. As this Pressure Oxidative Leach (POL) process
does not involve smelting prior to the refining there is expected to be cost savings of
approximately 30 % over the traditional pyrometallurgical (smelting and refining)

process (Vale Inco, 2002). After initial testing at a 1:1000 scale plant (mini-plant) at

Vale Inco's research facility, a larger scale (1:100) D ion Plant was
in Argentia, Newfoundland and operated from 2006 to 2008. As of June, 2009 a full-

T
scale hy

| plant is under
In the hydrometallurgical process a significant amount of the sulfur from the ore is

washed into the waste water and is neutralized then precipitated out largely in the form of



CaSO42H,0. With the hydrometallurgical process there is not the problem of sulfur in

the air emissions rather there may be a concern of sulfur in the waste water and residue.

The wastes from the plant are derived through precipitation p ses and p
leaching and are in the form of sludges. The two main sources of sludges/residues are: 1)
the solids remaining when the pulp from the pressure leaching (leach residue) is washed
by Counter Current Decantation (CCD) and 2) the precipitate (filter cake) formed during
the iron removal and neutralization stage. Each of these sludges has a solid and liquor
portion. The solid waste from the hydrometallurgical process is approximately 55 %
Neutralized Leach Residue (NLR) and 45% Neutralized Filter Cake (NGR) (VBNC,
2006). The Vale Inco hydrometallurgical process consists of nine main steps which are
outlined in Appendix I along with the process flow diagram.

The amount of residue predicted to be produced from a full-scale facility would be in the
order of 375,000 tonnes/yr (VINL, 2008) or 5.8 million cubic meters. At the
Demonstration Plant, the solid residue and residue liquor waste is mixed with the Process
Effluent Neutralization (PEN) solution and deposited into lined ponds that retain the
solids and the liquids are further neutralized if necessary so that effluent meets regulatory
guidelines.  The proposal for the full-scale facility, to be located in Long Harbour,
Newfoundland near the site of the demonstration plant, is to deposit the mixed residue
(Neutralized Combined Residue (NCR)) subaqueously as a slurry in an existing lake
which will be enlarged by dam construction.

As the NLR and NGR from the plant contain a large percentage of sulfur there is

potential that the sulfur could oxidize to form Acid Rock Drainage (ARD) (Chapter 8)



and cause leaching of metals from the residue or bedrock. Although, the waste will be
neutralized before it is sent for disposal, it will be important to perform both short and
longer term tests on the residues to determine its acid generating potential at the time of

disposal and with age. Preliminary Acid Base A ing (ABA) (Sobek et al., 1978)

analyses on samples provided indicate the residue may be acid generating in the long
term. There are several concens related to the residue that will be generated from the
full-scale facility.

e Metals in the liquid effluent discharge;

e Surface and groundwater contamination;

® Metals and sulfur concentration in the residue;

* Acid generating potential of the residue at the time of disposal and over time; and

* Role of thiosalts in acid generation.
The three main objectives for this thesis are listed below and are addressed in the
following chapters: 1) to characterize the residue through assessment of the mineralogy
of the residue and through static and kinetic testing; 2) to conduct geochemical reactive
modeling to predict the metal concentrations in the decant water in the residue disposal
pond and the pore water through residue depth and with time; 3) to develop a
methodology to ascertain the human health and ecological risk associated with different

residue disposal options and then use a multi-criteria decision making process to rank the

disposal options.
This thesis consists of a series of ipts either published pted or to be
submitted for publication. Chapter 2 provides an overall li review which expand.




on that provided in each paper. Chapters 3 through 7 represent each of the manuscripts.
The status of each publication and the contributions made to the publication are provided
as a preface before each chapter. Chapter 8 consists of data collected but not in

manuscript format. Chapter 9 is a discussion that links together the ideas presented in

the earlier ch and includ dati Additional information is provided

in the Appendices. References are provided at the end of each manuscript chapter and at
the end of the main body of the thesis for Chaptersl1, 2, 8 and 9.

The first publication (Chapter 3) does a mineralogical characterization of the residues. It
considers the main minerals and phases present in each residue, compares the
demonstration plant residue to that from the mini plant and presents sequential extraction
experimental data that provides information on metal availability and phases or minerals
to which they are associated. The second publication (Chapter 4) provides results of
kinetic testing on the residues and infers trends with time for specific analytes in the
leach solution. Chapters 5 and 6 present the geochemical reactive transport numerical
modeling work on the residue. Chapter 5 presents a modeled residue consisting of a

logical bl (p d in Chapter 3) which is used to predict the decant

water chemistry in the D ion Plant residue impoundment and to compare it with

site conditions. The model is calibrated using results from previously described kinetic
tests. The modeled residue is examined by way of sensitivity analysis as well as kinetics
of dissolution reactions. Chapter 6 uses the modeled residue to examine the
geochemistry of the pore water in the residue for different disposal cases. First, subaerial

disposal is examined and the model calibrated based on field results then the subaqueous



disposal case is calibrated based on Demonstration Plant data. Finally these results are
used to predict geochemistry of the pore water throughout the depth of the full-scale
disposal pond for both disposal scenarios and with time. The final publication (Chapter
7) proposes a methodology for risk-based decision making relating to disposal of mine
waste from a processing plant or mine site. Information derived from previous numerical
models is incorporated into this paper. The ecological and human health risk for

q q

different residue disposal options is i while incorporating uncertainty in risk

parameters. A multi-criteria decision making process is used to rank the disposal options.

Chapter 8 provides additional unpublished kinetic and static test results on the residues.



CHAPTER 2

LITERATURE REVIEW

2.1 VINL CONCENTRATE AND NICKEL HYDROMETALLURGICAL
PLANTS

In the ovoid of the Voisey’s Bay ore deposit, for location refer to Fig 2.1, 70 % of the
deposit is crystalline massive sulfide minerals. The massive sulfide zones are principally
pyrrhotite, pentlandite, chalcopyrite and minor magnetite (VBNC, 1997). The ore
mineralogy indicates nickel, copper and cobalt is largely found in conjunction with iron-

sulfide compounds (VBNC, 1997).

Scale by

Figure 2.1: Location of Voisey’s Bay Mine site.

In the milling process the ore is crushed and the non-sulfide minerals are removed,

leaving the The VINL typically ins 27.9-34.9 % sulfur, 16-

20 % nickel, 0.8 % cobalt and 4.6 % copper. Quantities of other metals present include



arsenic 100-150 g/tonne, lead 120-360 g/tonne, zinc 290-1490 g/tonne and chromium 5-

70 g/tonne (VBNC, 1997). The Activox process developed by Western Minerals

Technology is the hydi llurgical process used by Vale Inco at the Argentia
Demonstration Plant. This Pressure Oxidative Leach (POL) process is described in
Appendix I along with the process flow diagram (Fig. A.1). As previously indicated, due
to the high sulfur content in the waste Vale Inco has recommended that the waste be

deposited subaqueous to limit the supply of oxygen to the waste thus limiting acidic

rai bag disposal of acidic mine tailings is well documented (Robertson,

1991; Dave et al., 1997; Li et al., 1997; Li et al., 2000; Lindvall, 2003). The disposal of a

similar hydrometallurgical waste is not widely reported.

There exist several hyds gical d ion or mini-plant facilities that process
nickel around the world. The patented processes include: BioNic, Intec Nickel Process,
Activox and CESL Nickel process (Palmer and Johnson, 2005). There currently are no
full-scale hydrometallurgical plants to process nickel sulfide concentrate. ~ Palmer and

Johnson (2005) indicated that with the success of the Tati hydrometallurgical

)

ion plant (in B ) and approval for their 40 kilotonnes/yr nickel Activox
refinery, Activox is at the forefront of the nickel sulfide technology race. The Tati full-
scale hydrometallurgy refinery started construction in 2006 (Creamer’s Media Miner’s

Weekly, 2006).

22  HYDROMETALLURGICAL RESIDUE CHARACTERIZATION
Although much work has been completed on pilot-plant and demonstration plant testing

of the nickel hydrometallurgical process, there is limited data in the literature relating to




this process residue. Sammut and Welham, (2002) have provided perhaps the most
detailed published information in recent times relating to metal sulfide
hydrometallurgical residue from the Intec copper process with their work describing
environmental analysis. H.G. Engineering concluded that the Intec copper process is
suitable for commercial application (Sammut and Welham, 2002). The analysis
conducted on demonstration plant residue included stability and characterization work.

The following stability studies were conducted: TCLP (Toxicity Characteristics Leaching

Procedure), modified TCLP, Specific C i C ion test and Multipl

Extraction Procedure (MEP). Characterization work included: X-Ray Diffraction (XRD),
Thermal Gravimetric Analysis (TGA), Differential Thermal Analyser-Fourier Transform
Infrared Spectroscopy (DTA FTIR) and Raman and Mossbauer Spectroscopy plus

elemental analysis. Study highlights indicate the solids resid ined 35 % h

(crystalline), 33 % gypsum, 25 % elemental sulfur and 6 % quartz and iron oxides in the
residue were primarily crystalline (>95 %) with high stability. The residues showed low
leachability even under conditions exceeding those expected of in an unmanaged,

pped landfill. Tests indicated i levels were below threshold levels for the

majority of EPA notifiable elements for classification of “Solid” or “Inert” waste as
described by EPA (1999) and other stability tests (MEP) on mixed residue indicated after

initial dissolution of gypsum, the leaching d d off to negligible levels.

Peacey et al. (2002) indicated in their work comparing copper hydrometallurgy processes
that “Based on the experiences with zinc plant leach residues that are only about 20 % of

the volume of the chalcopyrite leach residues per unit of metal produced, leach residue




disposal will be a major issue and will limit hydrometallurgical processes to remoter
areas.” Residues generated during batch tests and mini plant tests on the concentrate
from Voisey's Bay were reported on by Chen et al. (2006). The authors noted the
residues generated by batch and continuous leach methods were similar however the
morphologies were different. Also the residues consisted primarily of hematite and

sulfur with minor amounts of goethite, and iron species. In the batch produced residue, in

addition to tiny spheroid; d

the hematite p d larger “hollow” shell-like particles that

contained residual pentlandite or sulfur cores.

2.2.1 Prediction of Metal Leaching and ARD
Methods used to predict metal leaching and ARD are laboratory, field and model based.

Role of pyrite and pyrrhotite in acid generation, the rate of acid generation and function

of carbonates are described in Appendix II. dard lab y methods (MEND, 2000)
can be applied using static and kinetic testing of the material. These methods have been
used on mine waste rock, mill tailings and non-mining applications. However, there is
very little in the literature relating to the prediction of metal leaching and ARD from
metal sulfide hydrometallurgical residues or specifically the long-term prediction of
metal leaching in subaqueous and subaerial non-lined, disposal sites. Static tests are
useful in predicting whether leachate will become acidic at some point in time (Parker
and Robertson, 1999). Kinetic tests are valuable in comparing the rate of metal leaching
and oxidation, however extending the results from laboratory scale to full-scale can lead

to a high degree of uncertainty and neglects oxygen availability (Salomons, 1995).




Work has been conducted on the characterization of zinc hydrometallurgical refining
process materials including the residue. The type of characterization work of interest for
hydrometallurgical residue is similar to that of other potentially acid generating material.
Price et al. (1997) outlines guidelines and procedures for prediction of ARD and metal
leaching. Price (2005) provides an updated list of potential information required for
metal leaching, ARD assessment and mitigation work. This characterization work
includes: the geology, mineralogy, static tests, kinetic tests, elemental analysis, standard

waste assessment characterization and site components.

222 The Role of Mineralogy

The i of ing the mineralogy of mine waste is unquestioned and there

exists numerous techniques to investigate the minerals present and their surfaces. Jambor

(1994) indicated that there exists no lication to a ic investigation of

q

y of a tailings imp This is also true for mine processing waste in

general. Jambor (1994) further indicated that i d hyd heriikalimin sl gt

()

studies for sulfide-rich tailings impoundments have mainly involved optical microscopy,

dard XRD, S ing Electron Microscopy (SEM) and electron-microprobe analyses.

The mineralogy of mine waste including waste rock, tailings and processing waste is well

described in the literature with examples provided in Chapter 3. The literature has

ported the mineralogy of hydi llurgical waste p ly related to zinc

extraction and the resulting iron bearing residue. One significant challenge with the

h; gy of metals iated with iron bearing minerals is the removal of iron

from the pregnant solution to a stable form. Individual iron oxide minerals have differing



properties thus it is important to identify the exact iron minerals produced. The stability
of iron minerals is generally accepted as being, from least stable to most stable: jarosite,
goethite and hematite. ~ As hematite is the most stable form of iron oxide
hydrometallurgical processes more recently try to form this mineral when precipitating
iron out of the pregnant solution. Outlined in Table 2.1 is a selection of the literature cited
on methods to control of iron during hydrometallurgy.

The challenges associated with the disposal of jarosite and goethite, iron oxide residues
common to the zinc hydrometallurgical process, are well reported in the literature.
Typical concerns can include: elevated concentrations of heavy metals such as: lead, zinc,
cadmium, copper, mercury and arsenic which is some cases are leaching from the iron
residue. Table 2.2 provides a sampling of some of the studies conducted to remediate

existing jarosite or goethite disposal sites to immobilize the metals and to treat process

residues.
Table 2.1: Selection of literature on iron control in hydrometallurgy
Author Title
Muir and Precipitation of iron oxides from iron (ID/(III) chloride media at ambient

Jamieson (2006) temperatures using caustic, lime or magnesia.
Defreyne, et al. ‘The role of iron in the CESL Process.

(2006)

Lahtinen, et al. Hematite versus jarosite precipitation in zinc production.
(2006)

Queneau and Control of iron during hyd: i ing of
Weir (1986) laterite ores.

Ritcey (1986) Tron- an overview of its control in solvent extraction of metals.

Au-Yeung and Iron control in processes developed at Sherritt Gordon Mines.

Bolton (1986)

Scott et al. (1986) Iron- the good with the bad- Kidd Creek zinc plant experience.

Agatzini et al. Removal of iron from i ickel-cobalt ions by precipitation and
(1986) solvent extraction techniques.




The residue produced from zinc ing cannot be readily compared to

that of the VINL residue, as the VINL residue is derived from a nickel sulfide concentrate
with individual processing methods and conditions and the resulting residue has different
mineralogy and morphology. Chapter 3 discusses test results related to VINL
mineralogical assemblage and how metals are associated with the minerals and phases
present. This information is important in modeling the residue and understanding its
potential for acid generation and metal leaching and has not been previously available in

the open literature.

Table 2.2: Selection of literature on disposal of iron oxide residues
Author Title
Takay etal. i aspects of the ion and disposal of iron residues at a
(2006) Votoratim Zinc refinery in Brazil
Menge et al. Closing of a goethite pond at Umicore Balen, Belgium
(2006)
Foged et al. How to substantially improve the life of a 30 ha tailings pond at a
(2006) Umicore Zinc plant
Uusipaavalniemi  Handling of iron at the zinc plant in Kokkola
and Kalman,
(1996)

Vega-Farfan and ~ Bentonites as a material for controlling contamination related to zinc
Tamargo (1996)  hydrometallurgy

Pophanken Constructing, operating and capping of the jarosite pond, Galing 1.
(1996)

Tindall and Muir  Transformation of iron oxide in nickel laterite processing
(1996)

Hage and An integrated jarosite and sludge treatment process

Schuiling (1996)

Geldart et al. Hydrothermal processing of Kidd Creek jarosites for stabilization and
(1996) metal recovery

Berg and Borve The disposal of iron residue at Norzink and its impact of the environment
(1996)

Buckle and The stability and disposal of jarosite
Lorenzen (1996)




223 Static Tests

Accurate prediction of ARD potentially offers the most cost effective means of reducing
the impact of ARD on the environment (MEND 1991). All mine waste and mine
processing waste is subjected to static tests and often kinetic tests to help predict drainage
chemistry. The type of static tests varies depending of composition and form of the
waste. In general, the static tests compare the acid generating potential of the material

(the sulfides) to its acid lizing capacity (carb ). Price (2005) recommends the

following static tests: elemental content which includes elemental concentration in the

solids and water soluble concentration, and ABA analyses. The static tests determine the

ial for acid drai and metal leaching; further kinetic testing is required when

results from the static tests indicate p ial adverse drainag diti Chapter 3

includes results from sequential extraction tests on the residues which provide valuable

information relating to metal availability.

ABA Analysis

ABA is the most well-known method to test a material for its acid generating potential. It
was developed in the 1960’s and 1970’s and now the Sobek ABA (Sobek et al., 1978) has
been in use for a few decades. Table 2.3 provides an outline of variations on the Sobek
ABA method. The majority of these tests have similar procedures as the Sobek ABA
method. A description of ABA analysis and results on NLR and NGR samples is
provided in Chapter 8.

There have been many contributions to this area of research over the years. The

international static database reported by Hutt and Morin (1999) and Morin and Hutt



(1997) provides additional insight to the general relationship between ABA parameters
with data from over 20,800 static-test analyses and 126 mine sites. Work has also been
conducted on improving the standard ABA method and correlating it with other methods
for example: Miller et al. (1997) suggested a field version of the test; Skousen et al.
(1997) introduced the SobPer method to remove the problem of incomplete hydrolysis of
Fe’* in the standard Sobek test and authors have reported cautions in using the ABA
method (Miller et al., 1991) while Lapakko (1993) compared NP values from five
different techniques. Another type of short term test that could be considered is the batch
leachability test. It has been described by Marcus (1997) and is similar to paste pH test.
These batch tests are conducted at high solid to liquid ratios and the equilibriated sample
is analyzed for metals of interest as well as pH, Total Dissolved Solids (TDS) and major
ions.

Table 2.3: Methods to determine acid generating potential of a sample (MEND,
1991)

Title/ Reference Description
Paste pH/ Using a 2:1 ratio of soil to distilled-deionized water mix
Sobek 1978, paste of waste and determine pH. Assesses readily available

BC AMD Task Force, 1989 acidity or alkalinity.

Sobek  Standard ABA Determines balance between acid consuming and acid
method/ EPA 600 ABA generating components of the waste. Standard method,
method, Sobek et al., 1978 widely used and accepted.

Modified ABA method/ Like the above but sample is treated for 24 hours before

Lawrence, 1990 titration.

Lawrence and Wang, 1996, Further modifications to the standard ABA test; including

1997 using 1.ON HCI and NaOH and the acid is added in 1-3
stages.

B.C. Research Initial Test/ If sample from ABA test is potentially acid generating this

Bruynesteyn and Hackel, test can be conducted. A biological oxidation test used to

1984 determine the degree that the sulfur content of the sample
might be oxidized.




Waste Classification Tests

Waste classification tests provide a national classification based on a set of testing
protocols and guidelines as prescribed by regulatory agencies. In the United States a
waste can be described as “toxic” or “hazardous™ in terms of subtitle C or D of the
Resource Conservation Recovery Act (RCRA). The analytical results are compared to a
set of criteria and if there are exceedances the waste is described as “toxic” or
“hazardous”. This type of test may also be used to assess metal leaching from mine
wasles.

The most common tests protocols used to conduct this classification are: EPA Method
1310, the EPA Toxicity Test, EPA Method 1311, the Toxicity Characteristic Leach
Procedure (TCLP) and EPA Method 1312. Table 2.4 lists several tests used to assess
metal leaching. These tests assess low concentration and high volume waste as is the
case with mining waste. The first two methods use an organic acid to leach the waste;
this can result in a preferred complexation of metals Marcus (1997). Smith (1997)
indicated that Method 1312 comes closest to simulating an inorganic leaching system
such as found at mine or mine process sites. As these methods do not utilize site
conditions they can only be used for regulatory compliance purposes. Regulatory
agencies often require the TCLP test.

In the case of acidic mine drainage the heavy metals are of particular concern and the

ations in the leachate are to guideli There are eight metals of

concern currently listed by U.S. EPA; arsenic, cadmium, chromium, lead, barium,

selenium, mercury and silver (U.S. EPA, 1996). Further information on leaching tests is




available in Price (1997), Lapakko et al., (1995) and Norecol (1992). The results of

TCLP tests on NLR and NGR are provided in Chapter 8.

Table 2.4: Selection of waste classification tests
Test Name Reference
Extraction Procedure Toxicity Test EP Tox, US. EPA US EPA, 1996
Method 1310
Toxicity Characteristics Leaching Procedure (TCLP), US US EPA, 1996
EPA Method 1311
Ontario Leaching Extraction Procedure (LEP) Ministry of Environment,
1985
Quebec Leaching Protocol Ministre de
L'Envi 1985
BC Special Waste Extraction Procedure (SWEP) Price, 1997, Province of
BC, 1992.
CGSB Leachate Extraction Procedure (CGSB) CGSB, 1987
Synthetic Precipitation Leaching Procedure (SPLP), US. US EPA, 1996
EPA Method 1312
Multiple Extraction Procedure (MEP), US. EPA Method US EPA, 1996
1320
Leaching Solid Waste in a Column Apparatus, ASTM D- ASTM, 2006
4874
Sequential Batch Extraction of Waste with Acidic ASTM, 2004
E ion Fluid, ASTM D-5284

224 Kinetic Tests

The purpose of kinetic testing is to assess the influence of time on the leachate
characteristics from waste materials. The test conditions vary considerably with the test
type, variations include: size of sample, test cell configuration, leach solution, leach

volume, air flow conditions, drai diti dure and length of

test. The main kinetic tests used to evaluate mine waste including waste rock and tailings
(adapted from MEND, 1991) are: humidity cell test (Chapter 8), column /lysimeter test,

B.C research confirmation test, shake flask experiment (Chapter 4) and Soxhlet



extraction test.  Examples of kinetic tests conducted on tailings from the literature are
provided in Chapter 4. The tests not described in other chapters are outlined below.

The column/lysimeter tests are larger scale than humidity cell weathering tests and are
designed to permit the measurement and quality of water draining through the soil
(Ritchey, 1989). The leachate volume and concentration of metals and other species in
the leachate is measured over time. The B.C. Research confirmation test is similar to the
waste classification tests described in the previous section. It is used to determine
whether sulfide oxidizing bacteria can generate more acid than the sample can consume.
This test indicates the potential for biochemical oxidation. The soxhlet extraction test
provides a confirmation of static prediction test results and models geochemical
weathering by determining leachability of the sample through extended sample
distillation. The waste rock pile leach test and rock wall test are field tests used to assess

sulfide oxidation particularly for waste rock. Both of these tests are not commonly used

gical residue material.

and are not to hyd

There is very little in the literature on kinetic testing of any hydrometallurgical process
residues, particularly residue from nickel sulfide ores. As indicated previously, the
hydrometallurgical residue from nickel laterite ore does not contain high concentrations
of sulfur or the same iron oxide minerals as that from the Vale Inco hydrometallurgical
process. Chapters 4 and 8 describe and analyze results from kinetic testing on the VINL
residues. This work is important as it provides information relevant to its acid generation
and metal leaching capacity which has not been available previously in the literature and

is relevant to modeling the residue and defining potential disposal methodologies.



23  GEOCHEMICAL REACTIVE TRANSPORT MODELING

Geochemical models simulating mine drai can include many processes including:

g flow, geochemical i port of chemicals, biological processes,

gas transport and potentially heat transport. In this section background is provided on

types of geochemical codes, then geochemical reactive transport codes and coupled codes

Hod 1

are discussed along with solution and

of soft and finally the

application of g ical reactive to the hyd gical residue

disposal pond is outlined.

Although modeling studies on hydrometallurgical waste are not available in the open
literature, numerous studies have been completed and reported on ARD from mill tailings
(Morin and Cherry, 1988; Frind and Molson, 1994Nordstrom and Alpers, 1999; Kimball
et al., 2003; Mayer et al., 2003; Glynn and Brown, 1996;; Hecht et al., 2002; Salmon,
2003). Models have become much more sophisticated over the past decade, even though
MEND (2000), Parker and Roberston (1999), Zhu and Anderson (2002) and others have
indicated the limitations in the predictive capability of these models.

Reactive transport codes incorporate relevant transport processes and geochemical
reactions as well as feedback between the processes. Steefel and VanCappellen (1998)
indicated this that type of code over the empirical models has the advantage of
conducting sensitivity analyses to test non-intuitive behavior. To effectively simulate
sulfide-mineral oxidation and pH buffering it is necessary to incorporate kinetically

controlled reactions. Mayer et al. (2003) describes inclusion of kinetic processes in the



models and calibration of models with field data. General information relating to reactive

transport modeling in acid mine drainage is provided by Frind and Molson (1994).

2.3.1 Background in Geochemical Reactive Transport Models

In order to model drainage quality in the residue disposal pond it is important to

q et

understand surface water mixing, grof

flow, cc i transport,
reactions and biological processes in the flow path. VBNC (2006) has proposed a 1 m
head of water be maintained above the residue in the full-scale disposal pond. The
overflow from the pond will be treated at an on-site waste water treatment plant prior to
release. A simple mixed flow model (batch reactor) has been used to estimate the decant

water properties in the residue disposal pond. For groundwater chemistry, a one

-

| column is employed to model flow in disposal pond while two-dimensional
flow is modeled in the underlying bedrock.

The background of every reactive transport model is a flow model. The flow model

describes potential or velocity fields due to ground flow or d flow in
order to calculate transport behavior. Equations in Table 2.5 (adapted from Merkel and

Planar-Friedrich, 2005) approximate laminar flow in the saturated and unsaturated zone.

Table 2.5: Description of homogeneous, laminar transport processes of a mass C in
the saturated and 1 zone
Saturated Zone Unsaturated Zone
Hydraulic head Matrix Head
Model Equation Darcy Richards
9C dh C ac o, | C
x ‘xa 2P & [K(P‘) % ] 2
Permeability (K) Constant Function of matrix head Pm




where:
€ - Contaminant concentration in solution

dh/dl - Hydraulic gradient

t - Time
z - Depth
Pa - Matrix pressure head
This there are no i ions between the species dissolved in the water and the

solid phase through which the water is flowing. Other important terms to include in the
mass transport equation are dispersion, diffusion and retardation. Diffusion usually has a
small effect on mass transport except where the solids permeability is very low.
Retardation is a culmination of effects that suppress the spread of species in relation to
that of groundwater. Sometimes degradation and retardation are grouped together.

Degradation is any process that removes species from aqueous solution, such as: sorption,

ion exch: as well as biological di

and lide degradation.

The simplified transport equation below describes advective-dispersive-diffusive reactive

transport in one dimension in saturated porous media.

aC, J9'C, 9°C, 9°C, <
o D thgatha _V'T+ZR @
where C; - Contaminant concentration
R; - The addition or removal of C; to or from groundwater due to reaction k

and n represents the number of reactions affecting C; (Bear 1972).

4 - Groundwater velocity
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x - Distance in direction of flow

D;, Dy, D, - Coefficients for diffusion, lateral dispersion and transverse dispersion.
The terms advection, dispersion and diffusion can only account for transport of non-
reactive species in groundwater. Almost all species in groundwater react with the each
other, water or solids. These reactions include: dissolution, precipitation, sorption, de-
sorption, ion exchange, reactions between aqueous and gas phase, complexation, redox

reactions and formation of colloids.

2.3.2 Types of Geochemical Codes

Zhu and Anderson (2002) indicated that geochemical codes can be divided according to
their level of complexity. Speciation- solubility codes do not contain spatial or temporal
information and model a closed system. These codes provide information on:
concentration and activities of analytes in solution; saturation information of minerals
present and direction towards equilibrium; and stable species distribution at equilibrium
conditions. Reaction path codes calculate a sequence of equilibrium states subject to
step-wise changes in mass transfer between phases of a system or changes in a reactant in
a system. Mass balance and thermodynamic equilibrium are the basis of reaction path
models. Processes that are modeled in this way include: titration (mixing), buffering,
flush (mixed-flow reactor) and kinetic reaction path model. Inverse mass balance models
use the mass balance principle with thermodynamics, and equilibrium is not considered.
These mass transfer reactions consider reactions that result in mass transfer between
phases. Coupled reactive mass transport codes assume contaminant fate and transport is

affected both by the partitioning of contaminants between phases and the movement of




the contaminant. Coupled models solve these sets of equations together and can include
heat transport. Reactive transport codes are considered most appropriate for this research

and described in more detail.

Local Equilibrium Assumption

When selecting a geochemical code one must examine whether local equilibrium
assumption is a valid approximation of the system. This is discussed in detail by Knapp
(1989).  Knapp indicates that local equilibrium assumption is a good approximation if
the time to reach equilibrium from disequilibrium (teq) is less than the time step and the
distance the fluid has moved during this period (leg) is less than the grid spacing of the
model. The Damkohler number (Da) is used to represent the rate of the reaction relative
to advective transport. The Peclet number (Pe) expresses the relative importance of
advective flow versus dispersion. Large Da values express that reaction rate is fast
relative to transport and large Pe values indicate that advective transport dominates.
Using values of Da and Pe approximations of feq and leg can be calculated. In general, it
has been found (Knapp, 1989) for environmental problems the times and distances to
attain equilibrium are quite large which is a significant factor in employing

thermodynamically based models.

Isoth. based Reactive Transport Models
Most “reactive transport models™ are based on empirical isotherms (Zhu and Anderson,
2002). In these models, chemical reactions are described by an isotherm relating

concentration in a solid to that in groundwater as shown below.
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a,_ ac ac
RZi=pZ i & 3
A o z4)

Where R, =1+§(as‘ /3C,) (Fetter, 1999)

and S; - Concentration of  in solid matrix

p/o - Bulk density/effective porosity

Note: diffusion has been neglected in this case.
Geochemical reactions are also described with the basic sorption or desorption concept.
In this case only one species is considered and its change in concentration is determined
using Ks or Kd (sorption or desorption factor). This simplification does not adequately
describe natural systems where there is extensive interaction between species. Due to the

simplification the isotherm or sorption-based model it will not be used for this work.

Coupled Reactive Transport Codes

In coupled models, the reaction term is often solved separately by using a chemical
module such as PHREEQC or MINTEQ. In the chemical module the partitioning of
chemical components between solid phases and aqueous solutions is calculated based on
aqueous speciation, solubility and surface complexation reactions. The chemical
reactions are solved by mass-balance and mass action equations.  In coupled reactive
transport models two set of equations are solved together. The transport equation for
coupled models can be solved by either finite difference or finite element methods. Finite
difference has the potential problem of numeric dispersion which can mostly be handled

by high resolution discretization.

I
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2.3.3 Solution of Coupled Multi-Component Reactive Transport

As Merkel and Planer-Friedrich (2005) indicated two methods are used to couple
physical transport and geochemical reactions:

1. the one-step approach or global implicit formulation; and

2. the operator-splitting formulation also referred to as the two-step or sequential

approach.

Using the global-implicit method the physical transport and geochemical reactions
equations are solved simultaneously so that there’s an equation for each species. The
two-step approach employs a sequential method to solve equations in two steps with or
without iterations. With the global-implicit method the equilibrium expression or kinetic
rate equations are substituted directly into the transport equations. This was referred to as
the direct substitution approach.
An alternate approach is based on the sequential iteration approach (SIA) or the
sequential non-iterative approach (SNIA). With this method the reactive-transport
phenomena is divided into two steps, the physical step and the chemical step as described
by Frind and Molson (1994). SNIA solves the transport equation and in a separate step
obtains concentrations at the new time. SIA uses the same technique as SNIA in addition

includes iteration between the two steps.  Steefel and MacQuarrie (1996) provide a

P P

detailed discussion of this topic. For a multi-step app h may be

used. MINTOX code (Wunderly et al., 1996) employs a three-step approach to solve

acid mine drainage problems; they are: sulfide mineral oxidation and contaminant

release, transport of dissolved species and g | equilibrium



%

The advantages and disadvantages of the solution for reacti port

modeling have been discussed extensively (Steefel and MacQuarrie, 1996; Saaltink et al.,
2001). For saturated systems the computational effort is reduced with the two-step
method (Yeh and Tripathi, 1989), except for the case of strongly attenuated chemical
species with moderate transport velocity (Saaltink et al., 2001). Slow attenuation rates is
common in mine waste favoring the two-step method however rapid influx of oxygen to
mine waste deposits can lead to quasi steady-state conditions which favors one-step
methods (Mayer et al., 1999). In addition, the sequential method is usually easier to
program and more flexible with complex systems. The advantage of one-step method is

the simul of all p and as convergence properties may be better

it is possible to take larger time steps than for the two-step method. This method leads to

the development and manipulation of very large matrices.

2.3.4 Examples of Geochemical Codes

In this section a short list of geochemical codes is p 1 and a few details are

provided of one of the codes used for this work. Merkel and Planer-Friedrich (2005) give
an overview of the evolution of various hydro-geochemical models. From a literature
review, the tools used most commonly in evaluation of mine drainage quality include:
PHREEQC, TOUGHREACT, STEADYQL, MIGRATE and HYDROGEOCHEM with
MINTRAN (and related MIN3P) used commonly in the research setting. These codes are
described in more detail in Table A.1, Appendix III. Other frequently employed codes
include: CHEMSAGE, MINTEQA2, WATEQ, EQ3 and SEVIEW. CHEMSAGE being

employed most frequently in the analysis processes within industrial plants. MINTEQ is



h

2 1 equilibrium speciation software for dilute solutions which can be used with
multiple solid and gas phases and has a widely used comprehensive database. WATEQ
and EQ3 have been widely applied to investigate surface water chemistry. SEVIEW with
transport modeling provided by AT123D is widely used to assess subsurface transport of
organics and inorganics. This reaction path code does not consider interaction of
chemical species or reactions with solids and is based on partitioning species to solids.
These and other well reported codes used for the most part for non-mining related

assessments are outlined in Table A.2, Appendix III.

To | residue drai hemistry a tool, developed by United States

Geological Survey (USGS), PHREEQC (Parkhurst and Appelo, 1999) was considered.
Program options for PHREEQC are given below and examples of how speciation and
geochemical reactions are incorporated into the code are briefly outlined in Appendix IV.

* Mixing of waters;

¢ Equilibrium with aquatic phase through dissolution-precipitation reactions;

*  Model effects of temperature;

Tad, %

e Inputdatai

ion of different species;

e Model advective transport with 1-D transport, dispersion and diffusion into
stagnant zones;

* Define redox potential either by Eh value or redox couple;

e Model surface-controlled reactions such as surface complexation and ion

exchange;
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e Variation in the number of exchange sites in proportion to the mineral or kinetic

reactant;

e Model ions with multi-comp gas phases as closed or open systems;
* Fixed —volume or pressure gas —phase equilibria;

e Solid solution equilibria;

e Use of PITZER equations for ionic strengths greater than 1 mol/L; and

e Kinetic reactions with user-defined conversion rate.

2.3.5 Future in Geochemical Reactive Transport Modeling
Zhu and Anderson (2002) outlined several processes in geochemistry that are not well

developed in codes. For example: most models do not include time and spatial

information; there is a lack of kinetic data for critical envi | and hemical

processes (equilibrium is often assumed); the application of laboratory data to field
situations is not well developed; importance of surface adsorption is not well understood
and there is no provision for modeling uncertainties. In this research the model includes
time and spatial information, utilizes laboratory and field data, includes surface
adsorption and considers aspects of modeling uncertainities.

In Chapters 5 and 6 a model of the VINL residue is developed and employed and the
codes PHREEQC and MIN3P are used to predict decant water chemistry and
groundwater geochemistry over depth and time in the residue disposal ponds. Although

these codes have been used previously for mine tailings and waste rock they have not to

the authors knowledge been employed for for hyd llurgical residues

27



which consist of mineralogical assemblages that include amorphous phases, altered
minerals and metals attached surfaces. This novel application of the codes provides a

basis from which to assess other h

gical residue dep

2.4  RISK-BASED DECISION MAKING

In this section, a review is provided of 1) p and techni iated with risk-
based decision making; 2) the Canadian Council of Ministers of the Environment
(CCME) ecological risk assessment (ERA) process (CCME 1996, 1997); 3) risk
management in the ERA framework; and 4) summarized examples on risk assessment

applied to site remediation.

24.1 Background

Risk analysis is the quantitative estimate of damage using engineering evaluation and

d

mathematical techniques. It involves both the d ination of the of damage

along with its probability (fi y) of ¢ for risk

include: WHO (World Health Organization), International Study Group on Risk Analysis
(ISGRA) and quantitative risk assessment. The WHO method encompasses:
identification of hazards, assessment of hazards and accident consequence analysis. The

ISGRA methodology for risk is: hazard identification, consequence analysis

and quantification of risk. Quantitative risk analysis includes frequency estimation in
addition to the procedures outlined by ISGRA.

Through a probabilistic risk assessment (PRA) point of view, risk is defined in terms of

y and itude of or the failure probability (Equation 2.5). The
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objective of the risk analysis is to determine a probability of possible failure
consequences. Estimation of appropriate probability values are achieved by the use of
reliability theory, expert judgment, stochastic simulations, and/or historical information

(Asante-Duah, 1993).

Total Failure Probability=Y. {Frequency (e ime) x Magnitude (c q e/event)] (2.5)

Various techniques and methodologies have been presented to assess risk, they include:
Fault Tree Analysis (FTA), failure mode effect analysis (FMEA), hazard indices, check
list and “what if” analysis. Each technique is described briefly. Decision/logic trees use
deductive (event tree) or inductive (fault tree) reasoning to determine the occurrence of
an undesirable event. Frequency of an event can be deduced knowledge of human
reliability and component failure data. The FMEA identifies failure modes for
components of concern and traces the effects on other components. Another useful tool is
hazard indices, for example the DOW Chemical Exposure Index, which is used to
identify and rank hazards. The “check list” and “what if”* analysis are the most common
methods used to assess risks (albeit qualitatively). A comprehensive “check list” of
process components ensures proper operating conditions of a system and through “what
if”" analysis deviations from normal procedures are explored and effects considered. A
final important concept is that of Pathway Probability (PWP). The consequence
probability is defined as the product of an initiating probability and the consequence

probabilities.



24.2 Envir I Risk A t Process

The CCME (1997) has set forth guidelines for a three-tiered system for an Ecological
Risk Assessment (ERA) that can be used to derive environmental quality criteria or serve
as a basis for making remediation decisions. The main study components (Fig. 2.2), as
outlined by CCME (1997), include receptor characterization, exposure assessment,

hazard assessment and risk characterization.

Figure 2.2:  Relationship between the main study components of the CCME ERA

Suter (1993) provided an outline of the components of the human health and chemical
risk assessment process adapted from U.S. EPA (1989a). The CCME ERA uses receptor
characterization while U.S. EPA human health risk assessment employs toxicity
assessment. The receptor assessment is a detailed part of the ERA as there are several
areas of concern: loss of habitat, reduction in population size, changes in community
structure and changes in ecosystem structure and function. A brief description of the
main study components of the CCME ERA follows (CCME, 1997).

Receptor characterization in the ERA, using the CCME procedure, includes:

characterization of habitat and characterization of receptors (including species,
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population, community and ecosystems). For human health risk assessment usually there
are four categories of receptors: children under 5 years, children 5-12 years, adult and site
worker; and exposure is based on Chronic Daily Intake (CDI).

The exposure assessment in the ERA comprises: selection of target chemicals,

release,

port and fate, exp pathway analysis (aquatic, terrestrial
exposure) and uncertainty analysis.  Identification of target chemicals includes the

Potential Contaminants of Concern (PCOC’s) properties (such as toxicity, persistence,

=

ion) and ion. C i release, transport modeling and fate

are assessed through: identification of source and important release mechanisms; outline
likely transport pathways and fates; and finally quantitative estimates of release
(preferably through direct measurement), distribution and concentration of contaminants
in each environmental media (CCME, 1997).

The fate and transport modeling, validated through field measurements will provide
information for input into an exposure model. For every Valued Ecosystem Component
(VEC) identified in through ecological risk assessment there are various plausible
exposure pathways. The pathways can include direct contact, water ingestion, soil or
sediment ingestion or via food web, in addition indirect contact and applicable
Bioconcentration Factors (BCF) and Bioaccumulation Factors (BAF) should be
considered (CCME, 1997).

Human health iated with i d sites involves a number

of issues. Primary pathways include: inhalation and/or dermal exposure; soil, water

and/or crops i ion while dary path include: i ion of mother’s milk,
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fish, poultry, egg, meat, dairy and/or crops. The receptor exposures are well documented
(U.S. EPA, 1989a, 1989b).

In the hazard assessment for human health risk assessment chemicals are categorized as

ic or non-carci ic. The appropriate values of threshold limits and cancer
slope factors are determined through the hazard assessment as described in Chapter 7.
Mathematical models (such as tolerance distribution models, mechanistic models and
time to occurrence models) are used to extrapolate doses to the sub-experiments dose
range (Asante- Duah, 1993).
In the ecological risk assessment it is important to assess endpoints that can accomplish

goals and are relevant to the hazard, can be operationally defined and can be assessed

(Suter, 1993). CCME (1997) indi that dpoi for an ERA are

generally at the community level, for example “no more than a 10 % reduction in game

fish population”. The methodology of using ERA endpoints for an
on the VINL disposal pond could include: conduct laboratory toxicity measurements of
COC’s on a number of species, complete field toxicity assessments on some species and
fish populations; predict the effect of contaminant exposure on population through
population-level models and determine standardized limits based on findings. Details of

risk estimation calculations are provided through a case study in Chapter 7.

2.4.3 Risk M: and Risk A Framework

Waste involves balancing competing objectives of minimizing hazards and

minimizing waste management costs within the constraints of the project. Generally, the
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risk the higher the costs involved and vice versa. There is an optimum combination of
hazard level and cost for a set risk level.

Part of the risk management program is to compare risks, benefits and costs for various
strategies. A few methods used are: 1) apply weighting factors to each factor related each
alternative decision. Typical factors could include: level of risk, cost and level of
experience with technology for each alternative, 2) compare the costs of alternative
methods to achieve a set goal of risk reduction, 3) optimize the risk-cost-benefit analysis.
In this case, risks, costs and benefits are measured and uncertainties and potential
tradeoffs are identified, and 4) utilize risk-time or cost-time curves in the selection

between remediation alternatives. Lui (2004) is an example where risk time curves were

employed. The benefit of these curves is the i of periods of el

societal risk.
In the ERA framework, risk information is developed to assist in making decisions

a

relative to ion of inated sites and minimization of risks to humans and the

environment. The estimated risk is evaluated against acceptance criteria and used to
design a risk mitigation strategy. During the development of a remedial action plan the
level of cleanup is determined. It is usually a site specific level that remediation will
have to satisfy. Conversely, the action level is the level that when exceeded presents
significant risk of adverse impact to the receptors. Clean-up decisions can be developed

by deriving through deli ble soil ions based on the chemical

ke/dose that an P level of risk. A site-specific clean-up level
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considers: the degree and type of risk, intended use of site, exposure pathway, site
characteristics, and variability in exposure scenarios.
U.S. EPA (1987) and others proposed methods to compute cleanup levels that account for

attenuation or dilution. Specific used to eval the risks iated with

remedial options include: ranking priorities by Hazard Index (HI) and Carcinogenic Risk

(Q) values; categorizing site or options for disposal based on levels of Q; developing

doli hl

g p soil ions based on

remediation objectives by back-

I Tichi q

existing site resp g iation criteria using benchmark concentrations

values adjusted by safety factor; applying a safety factor to all Q values to get estimates

of acceptable concentrations for exposed species.

2.4.4 Incorporating Uncertainty

To eval inty iated with the risk in this t hods are

derived to deal with the uncertainty and the most critical components of the risk
assessment are prioritized. Probabilistic analysis presents a systematic method to
consider uncertainty and their effects on a given decision. Chapter 7 outlines specifics on
evaluating uncertainty for this research. Tools that can be used to assess uncertainty
include: Monte Carlo simulation, sensitivity analysis and model calibration with
monitoring data. Suter (1993) indicates that the steps involved in a Monte Carlo
simulation include: define the statistical distributions of input variables, randomly

sample from these distributions, perform d model simulations using y

P

selected set of input variables and analyse the results. The result is a probability

distribution of risk or an exposure, and the curve describes the uncertainty around the
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calculated risk. Burnmaster and Anderson (1994) have highlighted principles of good

practice for Monte Carlo techniques in ERA.

2.4.5 Risk Assessment Applied to Site R i and Residue Di |

P

There has been considerable use of risk assessment as a decision making tool for

remediation options. In order to illustrate how risk assessment has been used in the site

a5

process four ples mentioned in Chapter 7 are described here in more
detail.

On the topic of disposal of materials Proctor et al. (2002) considered the human health
and ecological risk posed by steel slag in the environment. The study examined the
potential human health risks associated with environmental applications (such as fill,
roadbase and landscaping) of iron and steel making slag. Characterization data was

d to ing” benchmarks to d ine constituents of interest. A stochastic

P g

analysis was conducted to assess variability and uncertainty in the inhalation and risk
estimates. The work found no significant hazards to human health from slag applications
however; ecological risk may be significant in and around small water bodies due to
predicted pH and aluminum levels.

Maxwell et al. (2003) used a risk-based approach to account for the differences in risk to

individuals arising from variability in individual physiology and water use and the

haraical

uncertainty associated with estimating and inties and

variability in i ion in d This methodology was applied

-

to a superfund site with a hypothetical contamination scenario. Initially, the human

exposure and health risk was calculated when inated ground was pumped
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from the site. In the second scenario, a pump-and-treat system was installed to remediate

the site. This paper ill d the imp in und ding the link b
hyd logic regime, c i source, pal receptors and remediation wells.

Two different pumping rates were studied and their change in exposure and risk to

different individuals was p

and rep d through cost-benefit curves which
included uncertainty.
Liu et al. (2004) used a risk assessment approach to assist in the management of

petroleum contaminated sites in western Canada. The project framework included a

multi-phase, multi-component transport model and an ELCR (Excess Lifetime Cancer

Risk) - based human health risk Six dial ives were p

and divided into hybrid exsitu and insitu app and i d insitu

PP

Site monitoring reported high TPH (total petroleum hydrocarbons) and BTEX

concentrations in the soil and free phase hydrocarbons (20-450 mm thick) in the

ground . The i d h included: i) devel of an effective modeling

system for simulating fate of i in soil and g , ii) use of a model to

predict BTEX concentrations at different temporal and spatial units under remediation
scenarios, iii) assessment of environmental risks given different land use, remediation
scenarios and evaluation criteria and iv) identification of desired remediation alternatives
through: analysis of site conditions; technology suitability; experimental remediation

studies; and i ion of simulation and risk results. The authors used a

multiphase flow, multi-component transport model based on finite element method. The

model was calibrated and verified using monitoring data. The model output included
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three scenarios and various modeled times. The scenarios were: no remediation,
remediation with 60 % efficiency and remediation with 90 % efficiency. For the study

" i

site i ion of gr was d the principal exposure pathway for the

human health risk assessment. The ELCR was determined through the general equation
for determining the CDI and the slope factor for the particular compound (in this case
benzene). A criterion level of 1x10” for excess lifetime cancer risk due to benzene was
used to trigger remedial action. A decision for remedial action was based on
considerations and tradeoff analysis of: contaminant volatility, soil permeability, cost,
remediation efficiency and clean-up time. The results were useful in assessing human
health effects when on-site water is used for drinking water supply.

A final example of the use risk assessment in decision analysis is described by Ibrahim et
al. (2003). This paper discusses some of the limitations of cost-benefit analysis

particularly in the definition of risk and cost of risk through the presentation of an

d approach for of inated ground using health
risk assessment and economic analysis. The proposed multi-criteria d analysis
framework integrates probabilistic health risk in a comprehensive, cost-based

multi-criteria decision analysis framework. The focus of the methodology is to develop

decision criteria to provide the decision maker with insight on remedial alternatives.

Three methods are explored for al ive ranking: a d explicit d
analysis, a heuristic approach based on order of importance of decision criteria and a

fuzzy logic approach. The authors indicate this structured decision analysis could be

1 i
P

applied consistently across many di and

settings.
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The focus of this work is the methodology of employing a risk-based approach to select a

mine waste disposal pond design for a particular site as described in Chapter 7 through a
case study. The procedure will incorporate aspects of a detailed environmental risk

which includ logical and human health risk assessment and could be

applied to the VINL hydrometallurgical residue and its disposal or another mine waste

and other locations. The is loping the thodology which

includes managing uncertainty in the model and providing the risk assessment framework

and applying a multi-criteria decision making approach. Previous authors often have not

addressed uncertainty risk and envi | risk related to waste

di 1 1 q ot s
P is y once ion is

d not during the design

process. Using a risk-based decision making methodology which incorporates uncertainty
at the design stage of mine waste management project is novel application in risk

assessment.
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CHAPTER 3

ASSESSMENT OF MINERALS AND IRON-BEARING PHASES

PRESENT IN HYDROMETALLURGICAL RESIDUES FROM A

NICKEL SULFIDE CONCENTRATE AND AVAILABILITY OF
RESIDUE ASSOCIATED METALS

A. Steel, K. Hawbold(’, F. Khan"
“ Faculty of Engineering and Applied Science, Memorial University of Newfoundland, St.
John’s, Newfoundland, Canada.

ABSTRACT: Hydrometallurgical facilities refining nickel sulfide ores produce waste
residues in the form of sludges which contain concentrations of metals as well as iron
and sulfur- bearing minerals and phases. The geochemical and mineralogical character
of hydrometallurgical residues is important for the management of this type of industrial
waste.  Scanning Electron Microscope (SEM) and X-Ray Diffraction (XRD) analysis
indicate that the minerals produced in the process are principally gypsum and the iron
oxides, | ite and ite, iron hydroxides and residual sulfur and sulfides in the
form of FeS, chalcopyrite, pyrrhotite and pentlandite. The iron oxide particles in the
leach residue exhibit an atypical framboidal structure that is relevant to its metal
leaching properties. The mineralogy and microstructure of mini plant residue is
compared to that of the demonstration plant residue through the SEM and XRD.
Sequential extractions are used to determine the association between different
phases/minerals and select metals in each residue.

A version of this paper has been published in the international journal Hydrometallurgy.
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31 INTRODUCTION

Vale Inco Newfoundland and Labrador Limited (VINL) has tested a novel
hydrometallurgical process to refine its nickel, cobalt and copper from the nickel sulfide
concentrate derived from Voisey’s Bay mine site, in Labrador, Canada. A demonstration
plant operated from 2005 through 2008 with construction of a full-scale plant starting in
2009.

The nickel hyd llurgical process elimi SO; emissi and the sulfur

and minor concentrations of metals, such as nickel, copper and cobalt, into wastewater
and process residue. There has been limited experience in the use of hydrometallurgy to
process nickel sulfide concentrate, thus characterization information on the process
residue has not been widely reported. The ore from the ovoid at Voisey's Bay consists
70 % pyrrhotite, 15 % pentlandite, 10 % chalcopyrite and 5 % ilmenite (VBNC, 1997).
In the disseminated to semi-massive zone 40 % plagioclase or olivine are present along
with other accessory minerals. Typical VINL feed concentrate analysis is provided in
Table 3.1. In the VINL hydrometallurgical process, the concentrate is subjected to a
chlorine pre-leach followed by pressure oxidative leach with hydrochloric acid at 150°C
(D. Stevens, pers. comm. Sept. 23, 2009).

As the residue contains a high percentage of sulfur and sulfur-bearing compounds as well

as a small p of d sulfide minerals there is potential that the sulfur

oxidizes to produce acid and cause leaching of residue metals. This work outlines

mineralogical characterization and ial leted on the

experiments

hyd; lurgical residues from the d ion plant and mini-plant which are 1:100

Y
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and 1:1000, respectively of the full-scale plant under construction. Understanding how
metals and sulfur are partitioned with iron-bearing phases and minerals present in the
residue and the relative availability of the metals will aid in predicting the operation of
the full-scale plant residue disposal system and the residue stabilization requirements in

the long-term.

Table 3.1: Composition of Typical Feed Concentrate (VBNC, 1997)

Element  Nickel Concentrate Element Nickel Concentrate
Sulfur 27.9-349 % Magnesium  220-20,000 g/t
Aluminum 30- 10,100 g/t Manganese  40-250 g/t

Arsenic 100-150 g/t Sodium 100-2262 g/t
Calcium  5330-15,600 g/t Nickel 120,000-152,000 g/t
Cadmium  Less than 5 g/t Phosphorus  Less than 20 g/t
Cobalt 5530-6770 git Lead 120-360 g/t
Chromium  5-70 g/t Selenium Less than 100 g/t
Copper 15,800-28,000 g/t Zinc 290-770 g/t

Iron 350,000-460,000 g/t

Hydrometallurgical residue samples were taken from test campaigns conducted at the

demonstration plant in Argentia, Newfoundland. The d ation plant operated under
continuous concentrate feed and variable operation conditions while the mini-plant
operated under both batch and continuous feed operation. The residues from the plant are

ek

derived through either precipitation p orp ing and are in the form of

sludges. There are two main sources of sludg id The solids ining when the
pulp from the concentrate pressure leaching is washed by Counter Current Decantation

(CCD) and neutralized with a lime slurry (Neutralized Leach Residue; NLR) and the

i

(N lized Gypsum R NGR) formed from the pregnant solution
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during the iron removal and neutralization stage through addition of lime or limestone
and air. The Neutralized Combined Residue (NCR) sent for disposal at the full-scale
plant will consist of a mixture of approximately 55 % NLR and 45 % NGR: with a pulp

density of approximately 40 % adj d through addition of (VINL, 2006).

3.1.1  Acid Generation from Iron Sulfide Minerals
The oxidation of the iron sulfide mineral, pyrite, by oxygen or ferric iron on exposure to
dissolved oxygen follows a chain of chemical reactions (Evangelou, 1998) that has been

well d d in the li and is well in comparison to that of

pyrrhotite which is the predominant iron sulfide mineral present in the VINL concentrate
(Nicholson and Sharer, 1990; Belzile et al., 2004). The oxidation of pyrrhotite by
oxygen, as described by Nicholson and Sharer (1990), produces ferrous iron and
hydrogen ions (Equation 3.1) and the ferrous iron can be further oxidized to produce
Fe(OH)3() (Equation 3.2). Under anaerobic conditions oxidation of pyrrhotite by ferric

iron is favored.

Fe_,S,

gl

+(2—%)02 +xH,0 — (1-x)Fe’* + SO +2xH* (3.1)

Fe* +%oz +§HZO — Fe(OH),, +2H" (3.2)

Marcasite or pyrite, another potential mineral present in the VINL NLR, has been formed

during pyrrhotite oxidation as described by Burns and Fisher (1990) using reaction (3.3).

2Fe|_‘S+(%—x]02 +(2-4x)H" — FeS,+(1-2x)Fe” +(1-2x)H,0  (3.3)
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3.1.2  The Role of Mineralogy

Characterization work for potentially acid generating material includes: the geology,

mineralogy, static tests, kinetic tests, el analysis, waste
h ization and site comp (Price et al., 1997; Price, 2005). In this paper,
information pertaining to the mineralogy and mi of the residues is provided

and then, details on the stability of minerals and associated trace metals in the residues is
described.

The mineralogy of iron-bearing residue derived from copper and zinc hydrometallurgical
extraction processes has been widely reported (Chen and Cabri, 1986; Romero and

Rincon, 1997; Mohapatra et al., 2002). One chall with hyd llurgical extraction

of metals associated with iron bearing minerals is the removal of iron from the pregnant
solution to a stable form (Scott et al, 1986; Lahtinen and Lehtinen, 2006).
Environmental concerns related to the disposal of jarosite and goethite, iron oxide
residues common to the zinc hydrometallurgical process, are well reported in the
literature (Vega-Farfan and Tamargo, 1996; Berg and Borve, 1996; Takugama et al.,
2006). They can include: elevated concentrations of heavy metals such as: lead, zinc,
cadmium, copper, mercury and arsenic which is some cases are leaching from the iron
residue.

There exist numerous techniques to investigate the minerals present and their surfaces.

Jambor (1994) indicated that i d hyds hemical-mineralogical studies for

sulfide-rich tailings impoundments have mainly involved optical microscopy, standard X-

ray diffraction (XRD) hod i lect: i py (SEM) and electron-




microprobe analyses. The mineralogy of the hyd: ical residues is unlike that of

tailings as the minerals have been formed under different conditions (temperature,
pressure and time periods). This means they may have slightly different structure as well
as properties than naturally formed minerals (Claassen et al., 2002). Mineralogical
characterization work on mine waste, tailings or laboratory formed samples has been
described by Bruckard and Woodstock (2004), Jambor and Blowes (1991), Alpers et al.
(1994), Jambor (1994) and Janzen and Nicholson (1997) and others.

Sammut and Welham, (2002) provides detailed published information relating to
hydrometallurgical residue from the Intec copper process. Their mineralogical
characterization was conducted through XRD, Thermal Gravimetric Analysis (TGA),

Differential Thermal Analyser-Fourier Transform Infrared Spectroscopy (DTA FTIR)

W 1

and Raman and M P py plus 1 analysis.

Chen et al. (2006) reports on the residues generated during batch tests and mini plant tests
on concentrate from Voisey's Bay. The authors note the residues consist primarily of
hematite and sulfur with minor amounts of goethite, and the iron species generated by
batch and continuous leach methods were similar however the morphologies different.

In this study, the minerals present are determined through elemental analysis, SEM and
XRD analysis. XRD was used to determine the primary minerals because the analysis of
the bulk sample did not readily permit the identification of low levels of constituents in
the sample mass. The SEM was used to assist in the identification and quantification of

the both the minerals and elements present and their microstructure. Both methods are
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used to compare residues generated during the VINL mini-plant stage and the

demonstration plant operation.

32  MATERIALS AND METHODS

3.2.1 Mineralogy of Vale Inco Hydrometallurgical Residues

The FEI Quanta 400 SEM with JKMRC Mineral Liberation Analyzer (MLA) and Rigaku
Ru-200 12kW automated XRD were used to indicate elemental content and form of iron-
bearing phases and potential minerals in the residues. The SEM was used to give spot
analysis of elemental content of individual particles through the spectrums generated. In
this case many of the similar type of particles were analyzed prior to selecting a
representative spectrum. Area spectrums were also produced to provide estimates of the
average elemental content of the mounted samples. In each case several area spectrums
were conducted in order ensure reproducibility.

The NCR and NLR samples were analyzed with the MLA software of the SEM to
determine the percent distribution of mineral groups/phases in the sample. First, the main
mineral groups/phases for each type of particle are identified by spot assessment of
sample particles with variations in elemental composition. After many such assessments
a select number of spectrums are chosen to represent particles present in the mounted

sample. These spectrums are put into the MLA datab and the MLA soft is run to

determine the quantity and distribution of each mineral group or phase in the sample.
In this paper, the terms “phases™ or “iron-bearing phases™ are used to refer amorphous or

poorly crystalline minerals present in the residues. The principal residue minerals,



present in crystalline or amorphous form, are gypsum, iron hydroxide, and iron oxide
with residual sulfur and sulfides in the forms of FeS, chalcopyrite, pyrrhotite and

pentlandite. All but the metal sulfides (chalcopyrite, pentlandite and pyrrhotite) are

dary minerals produced by the leaching and/or precipitation p FeS is an

iron sulfide phase identified by the SEM consisting largely of iron and sulfur with little
oxygen. This amorphous pyrite or mackinawite may be similar to the FeS precipitate
described by Berner (1967) and framboidal pyrite whose possible formation is provided

in Wilkin and Barnes (1998).

3.2.2 Trace Metal Partitioning in Residue Minerals

Sequential extractions were conducted on the NGR, NLR and NCR in order to assess to
which mineral/phases metals are associated. The method selected was a five-step
extraction used for the speciation of particulate trace metals (Tessier et al., 1979).
Filgueiras et al. (2002) provides a comprehensive review of sequential extraction
schemes for metal fractionation of environmental samples. Elemental analysis of the
residues is provided in Table 3.2.

In each step of the extraction there is dissolution of different minerals/phases freeing any
attached metals at the same time. It is assumed that reagents are able to selectively extract
a specific mineral/phase without affecting other minerals/phases. The extraction

1</nh:

solutions and target mi p which are di:

d for each step are provided in the
Table 3.3. Refer to Tessier et al. (1979) for details of the sequential process steps

including time, temperature and rinsin; dure. The dissolution of minerals for each
2 pe: g P
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step is more explicitly described by the method of release rather than exact minerals.

Step 1 metals are released by a solution of excess cations. Step 2 metals are precipitated

or co-precipitated and are released by a mild acid. Step 3 metals are absorbed or co-

precipitated and are released by reduction. Step 4 metals are complexed or absorbed and

are released through oxidation. Step 5 metals are only available through strong acid

digestion. The dry weight of the sample used for sequential extraction was 5.0000 g. The

use of sequential extractions on hydrometallurgical residue has not been widely reported

but the author believes it aids in understanding the release of residue associated metals

and their partitioning amongst phases and minerals.

Table 3.2: C of Main El /Compounds of Interest
Element/Compound Filter Cake Solids (%) Leach Residue Solids (%)
n=1-4 n=1-4
SO 54-57 5-6
Stol 18-20 27-32
Ca 19-22 0.15-20
Fe 35 45-49
Ni 0.2-0.40 0.3-1.1
Cu 0.05-0.22 0.3-0.6
Co 0.001-0.005 <0.001-0.02
Na 0.02-0.04 <0.05-0.09
Mg 0.005 0.01-0.04
Si 0.05-0.2 0.08-0.19
Pb <0.006-0.01 0.008-0.011
Mn 0.004-0.02 0.002-0.008
Ccd <0.0001 0.0001-0.005
Cr 0.0005-0.005 <0.001-0.017
Se <0.01 0.007-0.01
Al 0.1-0.2 0.04

Notes: n: number of samples analyzed
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Table 3.3: S ial Extraction Solutions and A iated Mineral Categories

Extraction Extraction Solition Dissolve(? Mineral Categories
Step (residue examples)
1 Magnesium Chloride Exchangeable
2 1M NAOAC adjusted to pH 5 with HOAC Carauates
(calcite and gypsum)
” Fe-Mn Oxides
3 0.04M NH,OH-HCI with 25% (v/v) HOAC (goethite and ferrihydrite)

2 i v
0.02M HNOs with 30% (v/V) H:0; Organic Matter and Sulfur

4 (at pH 2) heat i
3.2M NH(OAC with 20% (v/v) HNOs (FeS, S, iron sulfides)
5 HF with 8N HNO; twice, then 8N HNO; Residual
twice, then 12N HCI (t ite)

33  EXPERIMENTAL RESULTS AND DISCUSSION

3.3.1 Neutralized Gypsum Residue (NGR)

The wet mount SEM image (Fig. 3.1a) shows dispersed needle-shaped (maximum size
~300 pm) gypsum particles and smaller, sub-rounded iron hydroxide particles of the
demonstration plant NGR. The SEM dry-mount image (Fig. 3.1b) is of the mini-plant
NGR. The largest mini-plant gypsum particles are at least three times larger than those
from the demonstration plant, probably due to longer mixing times. In addition, a
significant percent of smaller gypsum particles are present in both micrographs as well as
a small quantity of iron hydroxides (~5% by mass Fe). The XRD spectrums (Fig. 3.2)
show good agreement between the mini and demonstration plant filter cake samples
suggesting the residues have similar mineral composition. It is noteworthy that the mini-

plant sample appears to have more intenser gypsum (Gyp) peaks as evident at

approximately 11.6 and 23.4 2-Theta, ponding to a higher p ge of gypsum.
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Several iron hydroxides are potential matches for the non-gypsum peaks including
ferrihydrite (Fer) and goethite (Goe). XRD analysis also indicates presence of minor

quantities of nickel and copper compounds.

a)
Figure 3.1: SEM wet-mount image of demonstration plant filter cake (25X) (a), SEM
dry-mount image of mini-plant filter cake (100X) (b)

During the iron removal step in hydr gy, there are ad ges and disadvantages
to iron precipitation as jarosite, goethite, hematite or magnetite (Dutrizac, 1980). Due to
the small percentage of iron hydroxides and the small particle size it was difficult to
determine the specific iron hydroxide present through XRD analysis as was the findings
by Sammut and Welham (2002). It has been recognized that most hydrometallurgical
residues contain ferrihydrite as well as goethite (Jambor and Dutrizac, 1998; Loan et al.
2002a, 2002b). Ferrihydrite can readily absorb a wide range of dissolved species (Zinck
and Dutrizac, 1998). The adsorption or co-precipitation of metals on iron hydroxides is

also well documented (Webster et al., 1994; McGregor et al., 1998; Corwin et al. 1999)

and could account for a portion of the metals found in the NGR. Thus the NGR probably



contains iron hydroxides in the form of goethite as well as ferrihydrite and metals are
adsorbed on the ferrihydrite and possibly the goethite. Chen et al. (2006) confirmed the
presence of goethite in residue derived from the VINL concentrate during continuous

leaching tests.

Figure 3.2: XRD results on filter cake samples from mini and demonstration plant
(note: Mini. Plant spectrum is displaced by a factor of 10 for readability.)

3.3.2 Neutralized Leach Residue (NLR)

SEM ination of a polished d ion plant sample, Fig. 3.3a, identified the

presence of un-reacted, highly reflective sulfide ore mineral particles such as: pyrite,
pyrrhotite and pentlandite along with the iron oxide particles. Other larger particles
evident through SEM analysis in the mini-plant leach residue are plagioclase, albite or
amphibole. The un-processed sulfide ore particles and gangue minerals in the some of the
SEM images are similar to that studied by Chen et al. (2006). The Chen et al. (2006)

results were obtained by varying periods of continuous leaching of the VINL concentrate.
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After iron oxides, sulfur is the prevalent compound present in the NLR. Fig. 3.3b shows

the epoxy-mounted NLR with elemental sulfur particle.

Figure 3.3: SEM image of epoxy-mounted demonstration plant leach residue sample
showing pentlandite (250X) (a), SEM image of epoxy-mounted demonstration plant
leach residue sample showing sulfur (250X) (b)

a) b)
Figure 3.4: SEM image of wet-mounted demonstration plant leach residue sample
showing iron-oxide spheres (2300X) (a), SEM image of epoxy-mounted demonstration
plant leach residue sample showing hollow iron-oxide spheres (3600X)(b)

w
¢}




One of the interesting aspects of NLR is the spherical amorphous iron oxide particles,
shown in Fig. 3.4a, of the wet-mounted demonstration plant residue. This image
illustrates the framboidal nature of the particles which are 1-10 microns in diameter.
Similar to that described in the Intec Copper Process (Sammut and Welham, 2002:
Claassen et al., 2002). The epoxy-mounted sample, Fig. 3.4b, reveals the apparently
hollow larger sectioned particle also identified by Dutrizac and Chen (2001). Chen et al.
(2006) suggested that sulfur or residual pentlandite was present inside the larger “hollow™
shell-like iron oxide particles produced by their batch method experiments. Evidence of
this phenomenon in the NLR was not confirmed through the work conducted in this
study. The larger grains are comprised of iron and oxygen with varying amounts of

sulfur, calcium and trace of silicon and aluminum.

Figure 3.5: SEM spectrum iron oxide spheres in NLR



Examination of the SEM spectrums (Fig. 3.5) of a number of individual iron oxide
spheres indicates the percentage of sulfur varies significantly from particle to particle (5
% - 25 %) as does the percentage of calcium. Some particles are largely comprised of
iron and sulfur (FeS) or iron and oxygen (potentially Fe;O3) while others have a lower
sulfur content and higher calcium content. There is also a variation between particles in

the percentage of oxygen. Berner (1967) described FeS formed in the laboratory and

suggested that the originally precip d FeS may be oxidized first to greigite before
being further oxidized to pyrite.

An area, or whole sample. SEM spectrum (Fig. 3.6) of a NLR sample shows a sample
composition which includes iron, sulfur, calcium, oxygen, magnesium. aluminum,
silicon. nickel and copper. The chloride and carbon also shown in the spectrum are likely

from the carbon coating and epoxy material. The magnesium, aluminum and silicone

1004
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Figure 3.6: SEM area spectrum of demonstration plant in NLR
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could be iated with plagi albite or amphibole type minerals that are present in

minor quantities in the concentrate. The copper and nickel are either associated with the
unreacted concentrate or adhered to the iron oxide particles.

A processed MLA image on the NLR sample (Fig. 3.7) reveals the percentages of 17
different mineral/phase groups previously identified by spot analysis and forming the
sample MLA database. The iron oxides (FeO_S_high and FeO_S_high_Ca) with high
sulfur content make up approximately 67 % of the material, while the ore primary
sulfides (probably un-processed concentrate) are 8 %. Sample composition of pure sulfur

is about 2 % and the FeS (labeled as altered FeS,) approximately 12 %.
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Figure 3.7: SEM MLA image of NLR with mineral compositions (325X)

The iron oxides were separated into.those with high (FeO_S_high) and low (FeO_S_low)
sulfur content; then further divided into those with appreciable amounts of calcium

(FeO_S_high_Ca and FeO_S_low_Ca). When a mass balance was conducted between



the p ges of minerals and thus el determined from Fig. 3.7 and that of

ICPMS analysis on the NGR and NLR (Table 3.3) there was a large amount of sulfur and
a smaller amount of calcium unaccounted for by estimated quantities and minerals for the
NLR and a smaller amount of sulfur for the NGR. It is likely that a portion of the sulfur
is adhered to the iron oxides and present as metal sulfides while the calcium is derived
from residue neutralization. Table 3.4 summarizes the revised estimated percentages of

the minerals/phases present in the residues after taking into account SEM/MLA results.

Table 3.4: Esti d P of Residue Minerals Based on SEM/MLA Work
Filter Cake (NGR) Leach Residue (NLR)
Compounds/ Chemical Percent* Compounds/  Chemical  Percent® e
£ b 5 b Percent
minerals’ Formula (%) minerals’ Formula (%) (%)
Gypsum CaSO42H,0 93 Hematite Fe,05 67 55
b - Fe(OH); or .
Ferrihydrite 5Fe,0,9H,0 35 Magnetite Fe;04 10 13
Goethite FeO(OH) 35 FeS FeS 12 10
Nickel s
& other metal Mooy Sulfur S 2 2
= amounts
hydroxides
Ni, Cu, Co s
adhered to iron Minor b orite Feq.nS 2 2
< amounts
hydroxides
Pentlandite _ (Fe,Ni), Sy 2 15
Chalcopyrite __ Cu,FeS, 2 1
. Not
Calcite o 6
Sulfur
associated - 10
with Fe, Oy
Plagiocliss ie. CaAl, Minor Minor
2 Siy Og amounts _amounts
Ni, Cu, Co S 8
adiaied tolon Minor Minor
oxides amounts  amounts

Notes: * Amounts are estimated from SEM/MLA work
" Some minerals may be present in crystalline or amorphous



The XRD spectrum (Fig. 3.8) shows a close comparison between the mini-plant NLR to
that of the demonstration plant suggesting the same minerals are present in similar
percentages, that applies to both the main minerals and the metal sulfates and hydroxides.
The significant difference in the two spectrums is the presence of gypsum (Gyp) in the
mini-plant residue. The other minerals/phases present include: hematite (Hem), magnetite
(Mag), sulfur (S) and FeS (Mar). Mineral stabilities indicate that the formation of

hematite (Fe;03) is favored over other iron oxide mi Is, at higher peratures and

lower pH values (Chen and Cabri, 1986; Cornell and Schwertmann, 2003) such as the
Vale Inco process.  The value of interpreting the XRD spectrum for the NLR may be
limited as it does not readily identify amorphous forms of minerals such as FeS; athough

marcasite and pyrite (FeS;) were identified. A detailed ination of the

of the FeS particles was challenging due to their small size and their nature could vary

with ling from different

The presence of very minor quantities of metal sulfates (such as pointvinite) detected by
XRD analysis in either the NLR or NGR was also reported by Romero and Rincon
(1997) while considering goethite residue mineralogy from the zinc hydrometallurgy

process. In addition, evidence of precipitated metal hydroxides, as detected by XRD in

al

both residues, has previously been identified in hyd gy waste. D: and
Morel (1990) indicated metal hydroxides precipitate at concentrations less than 10
mol/L with the sequence (Fe™, Pb, Cu, Zn, Fe™*, Cd) increasing with pH; furthermore the

same pH dependent sequence exists for metal adsorption on hydrated ferric oxide

surfaces.
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Figure 3.8: XRD spectrum of mini and demonstration plant NLR
(note: Demo. Plant spectrum is displaced by a factor of 10 for readability.)

3.3.3 Trace Metal Partitioning in Residue Phases

Results from sequential extractions are provided as concentrations of specified metals for
each Step of the extraction (details of Steps are shown in Table 3.3). Concentrations for
the following elements were compiled for each residue: calcium, iron, manganese, cobalt,
nickel, copper, selenium, zinc, chromium and lead. The results for nickel, zinc, selenium
and iron are summarized in Fig. 3.9a) through 3.9d) to illustrate the trends described
below.

In general, metals associated with the NGR are more available than those attached to the

NLR where the majority of metals are bound to the extraction residual suggesting they

are less available for leaching. Also the metals usually d highest
in the NLR, lower in the NCR and lowest in the NGR. After the last step of the

extraction the NGR dissolved completely while NLR and NCR did not. Iron remained in
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the residual in the NCR and NLR indicating it is very stable and in a different form from
that in the NGR where it was removed at Step 3. XRD analysis suggests hematite is the
stable predominant iron bearing mineral in the NLR and its associated metals are resistant
to dissolution by strong acids as found by Domenech et al. (2002).

Several of the metals followed similar extraction patterns; although their overall
concentrations differed. NLR had the highest total concentration for cobalt and nickel
(Fig. 3.9a) and the largest percentage (~70 %) of these metals left in the residual or
associated with Fe;O3 with the remainder associated with other phases/minerals. For the
NGR, the cobalt and nickel were mostly associated with the phases in extraction Step 3 in
the case of the NGR likely iron hydroxides. Copper, in both the NLR and NCR, shows
the same trend; approximately half the copper is associated with the hematite (in the
residual) and half in the sulfurs (Step 4). The zinc and lead in the residue is slightly more
available than the copper (Fig. 3.9b). About half of the zinc and more than half of the
lead is associated with phases removed by Steps 1 through 4 of the extraction with Step 3

phases containing 20-40 % of these metals. About 10 % of zinc will partition with the

I ble (Step 1) ph /minerals and 20 % with sulfur phases. The selenium is
more available than other trace metals studied, with the majority of the selenium being
associated with carbonate (Step 2) phases for the NCR and NLR and exchangeable (Step
1) phases/minerals for the NGR (Fig. 3.9¢). Iron and chromium (53) in the NLR do not
dissociate readily during extraction leaving the majority of these metals in the extraction

residual (Fig. 3.9d).
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34  CONCLUSIONS
The SEM and XRD analyses were able to reveal mineralogical characteristics of the

di Taahl d q

h llurgical residue in ing how it will weather on disposal.

NLR exists mainly as very small framboidal, spherical particles comprised largely of iron
with varying and significant quantities of oxygen, calcium and sulfur. A total of 16
different phases were identified in the NLR by SEM analysis. They include: Fe-S phases,
pure sulfur and several Fe-O phases. XRD analysis, which does not reflect the
amorphous nature of some NLR minerals, indicated that the main minerals present were
hematite, sulfur and pyrite. The SEM work on the NGR clearly showed two types of
particles, gypsum and a small percentage of an iron-bearing mineral. The XRD analysis
confirmed the strong presence of gypsum, potential iron hydroxides minerals as well as
nickel bearing hydroxides. The SEM and XRD work indicated that both the mini-plant

and demonstration plant residues were similar in micro-structure and composition with

variations in gypsum generally indicating that the mini-plant residue is

representative of the larger scale plant residue and could potentially be used in residue
weathering and treatment/management studies.

The results of the five-step sequential extraction on the residues suggested that the metals
were more available in the NGR than the NLR. The iron (hematite) in the NLR is very
stable while that in the NGR is less stable (iron hydroxides). The trace metals, nickel,
copper, cobalt and zinc are associated not only with the hematite in the NLR but also

with other minerals or phases resulting in a significant portion of these metals being more

susceptible to weathering. During treatment and disposal of the residues it will be
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important to consider the metals associated with all the phases present in particular those
that are more susceptible to weathering. This study provides information on the micro-
structure, mineralogy and stability of trace metals in these residues, further work is
required to confirm these results and to determine the weathering properties of the sulfur-

bearing phases present particularly in the NLR.
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ABSTRACT: Hydrometallurgical facilities processing sulfide based ores, produce waste
residues in the form of sludges that contain concentrations of metals as well as metal-
sulfides. As part of the waste characterization and risk assessment process, a statistical
design of experiment was used to assess the significant factors and interactions in the
residue leaching process. Two shake flask experiments, a 2 factorial design and 2

Central Composite Design (CCD), were employed to evaluate the effect of mixing time,
test pH, solid/liquid ratio and residue type on acidity, alkalinity, sulfate and metal
concentration and pH of the resulting filtered leachate. The results indicate that of the
variables tested mixing time and solid/liquid ratio most strongly affect metal
concentration in the filtrate from waste residue samples tested over a moderate test pH
range. When tests were conducted over a longer test period and at lower test pH values,
test pH and residue type were dominant factors contributing to residue filtrate metal
concentration.
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4.1  INTRODUCTION

The ore at the Voisey’s Bay mine site in Newfoundland and Labrador exists mainly as a
nickel sulfide (pentlandite). Traditionally, when a smelter is employed to refine nickel
sulfides the deleterious minerals are removed from the matte in the form of a slag
containing large quantities of iron and the sulfur is partitioned from the matte to the air in
the form of SO,, which is a major source of acid deposition. Vale Inco and Voisey’s
Bay Nickel Company (VBNC) is testing a novel hydrometallurgical process to refine its
nickel, cobalt and copper from the nickel sulfide concentrate. In this work, solid residue
from this process is tested through shake flask experiments in order to provide relevant
information related to the prediction of metal release to the environment. Initial testing of
the Vale Inco Pressure Oxidative Leach (POL) process was conducted at a 1:1000 scale
plant (mini-plant) at Vale Inco’s Sheridan Park facility in Mississauga, Ontario. A larger
scale (1:100) Demonstration Plant was constructed in Argentia, Newfoundland and
operated between October 2005 and June 2008 and the full-scale facility is expected to be
under construction by 2009 and operational by 2011. In the hydrometallurgical process a
significant amount of the sulfur from the ore is dissolved and is neutralized then
precipitated out largely in the form of CaSO,2H,0 (VBNC, 2006a). The process
climinates SO, emissions, and transfers the sulfur into wastewater and residue. Residue
and liquid wastes are easier to handle from a pollution control perspective, but this does
not eliminate the sulfur. In addition, as there has been limited experience in the use of
hydrometallurgy to process nickel sulfide concentrate the characterization information on

process residue is limited.



Although, the process residue will be neutralized before it is sent for disposal, it is
important to perform both short and longer term tests on the residue as it contains a
significant percentage of sulfur and its compounds. The tests will assist in determining
its acid generating potential and metal leaching capacity with time and provide
information to determine optimal treatment/mitigation/disposal options and the associated
risks. These shake flask experiments are one of the established, kinetic tests used to
predict release of metals from mine waste to the environment (MEND, 1991).

The methodology to conduct both static and kinetic testing on mine waste is well
documented (Price and Errington, 1998; MEND, 2000; Morin and Hutt, 2001) and assists
in predicting drainage chemistry. The Kkinetic tests assess the influence of time on the
leachate characteristics of the mine materials and can include: shake flask, humidity cell,
column and lysimeter tests and large test cells. A comparison of different types of kinetic
tests has been conducted by Bradham and Caruccio (1991) and different humidity cell
methodologies were investigated by Frostad et al. (2000). Humidity cell experiments are
often used to simulate weathering conditions experienced by subaerial disposal of waste
rock and mine tailings and resulting acid rock drainage (Lappako, 2003; Morin and Hutt,
2000; Verburg et al., 2000 and Li and Bernier, 1999). Column tests are also widely used
to assess mine leachate either through submerged tailings or after simulated “rain events™
as reported by Li and St. Arnaud (1997), Doepker (1991) and Chapman et al. (2000).
Lysimeter tests provide additional control of water flow through and across subaqueously
deposited mine waste material and have been described by Dave and Paktunc (2003) and

Tabouda et al. (1997).
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The shake flask experiment is simple and inexpensive to set up and typically a shorter
duration test than the humidity cell, column or lysimeter. Variations in experimental
methodologies have been used with examples described by Gleisner and Herbert (2002)
and Filipek et al. (1991). The shake flask experiment has been conducted to assess the
leaching conditions of specific minerals, waste rock or tailings (Marchand and
Silverstein, 2000 and 2002; Renman et al., 2006 and Harahuc et al., 2000). Frostad
(2003) used shake flask experiments to aid in the interpretation of kinetic test results.
Darkwah et al. (2000), Bilgin et al. (2004) and Johnson and Bridge (2002) considered the
effect of strains of bacteria on sulfide mineral oxidation while Widerland et al. (2005)
used shake flask experiments to examine the effect of adding fresh water to an existing
tailings impoundment. Results from this type of test on hydrometallurgical residues have
not, to the author’s knowledge, been widely reported in the literature. The shake flask
experiments were conducted on the campus of Memorial University, St. John's,
Newfoundland, Canada during July through August, 2006 and November, 2006 through

January, 2007.
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Figure 4.1: Location of Argentia Demonstration Site and Voisey's Bay Mine site.

Sampling Site Description

The hyd: llurgical plant ate feed is shipped from the mine site at Voisey’s

Bay, located on Labrador’s North coast to the hyd gical d ion plant

situated approximately 150 km west of St. John's, Newfoundland in Argentia (Fig. 4.1)
in close proximity to the proposed location of the full-scale facility.

Hydrometallurgical residue samples were taken from test campaigns conducted during
the period of March through October 2006. The residues from the plant are derived

through either precipitation p orp leaching and are in the form of sludges.

The three main sources of sludges/residues are:
1) The solids remaining, Neutralized Leach Residue (NLR), when the pulp from the

pressure leaching is washed by Counter Current Decantation (CCD);

7



2) The precipitate, Neutralized Gypsum Residue (NGR), formed during the iron removal
and neutralization stage;

3) A final source of sludge is the precipitated metals impurities stripped from solution
after the cobalt, copper and nickel have been removed. Under current strategy this stream
will not be combined with the residues.

Each of these sludges has a solid and liquor portion. The solid waste from the
hydrometallurgical process is approximately 60 % NLR, 40 % NGR and minor amounts
of solids from water treatment processes. The current plan for the full-scale facility is to
combine the NLR and NGR as a Neutralized Combined Residue (NCR) prior to disposal.
The NCR will be mixed with wastewater (Process Effluent Neutralization, PEN) to
approximately 40 % solids and the slurry pumped to the residue disposal pond where the

waste will remain under a water cover (Vale Inco, 2008).

The amount of residue predicted to be produced from the d ion plant is 3500
tonnes/yr while the full-scale facility is approximately 375,000 tonnes/yr (VBNC, 2002;
VBNC, 2006b). For the full-scale plant, Vale Inco has proposed the NCR PEN slurry be
neutralized then pumped into an existing natural pond for disposal (Vale Inco, 2008).
Any discharge from the pond will be treated to meet regulatory guidelines. The waste
residue from the plant will contain a high percentage of sulfur and sulfur compounds as

well as a small p of d sulfide minerals. There is potential that the

sulfur and sulfur compounds present could oxidize to form acid and subsequently cause
leaching of metals from the residue or bedrock and acidification of disposal pond surface

water. The oxidation of the iron sulfide mineral, pyrite, on exposure to dissolved oxygen
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and by ferric iron has been described by Evangelou (1998). Pyrite oxidation has been

well d d in the li and is well d

in comparison to that of
pyrrhotite which is the main iron sulfide mineral present in the concentrate (Belzile et al.,
2004; Nicholson and Sharer, 1990). Nicholson and Sharer (1990) have reported on the

oxidation pyrrhotite.

4.2 MATERIALS AND METHODS

Two shake flask experiments have been conducted on the D ion Plant
hydrometallurgical residues. The objective of these shake flask experiments is to assess
how the chemical properties of water changes when exposed to differing concentrations

of NGR and NLR over relatively short term.

Residue Composition

Scanning Electron Microscope (SEM), X-Ray Diffraction (XRD) and elemental analysis
(Steel et al., 2006) indicates that the NGR contains a high percentage of gypsum particles
and small percentage of iron hydroxide particles with minor quantities of nickel
hydroxides and other metal hydroxide compounds as well as metals adhered to the iron
hydroxides. The NLR appears to consist primarily of Fe,0, and amorphous iron sulfide,
and small quantities of unprocessed concentrate and sulfur.

The residues contain relatively high concentrations of nickel (0.2 - 1.1 %), copper (0.05 -
0.6 %) and lead (0.008 - 0.011 %) and the sulfur content of the NGR and NLR are in the

order of 20 to 27 % respectively with sulfate concentration 54 % and 6 %, respectively.



The metals appear to be, for the most part, associated with the iron hydroxides in the

NGR and iron oxides in the NLR.

Experimental Design

A factorial design of experiment was used in all shake flask experiments to optimize the
required number of runs. The objective of the first experiment (experiment #1), a 2
factorial, was to explore the effect of various factors on the basic chemistry and metals
concentration of the residue filtered leachate (filtrate) solution. The objective of the
second experiment (experiment #2), a 23 Centre Composite Design (CCD), was to
explore the effect of longer mixing times and a broader pH range and to verify and to
improve relationships between the factors tested and the responses of the filtrate solution.
The factors involved in the two experiments are outlined in Table 4.1; they were pH of
test solution, mixing time, solids ratio (i.e. the mass of solids/mass of liquids) and residue
type. Twenty separate test runs were conducted for experiment #1 and twenty-four for

experiment #2 with the factor levels as in Table 4.1.

Experimental Procedure

The glass and plastic labware used for the shake flask experiments was soaked in 2N
HNO3 for at least 24 hours, after soaking in acid all equipment was triple rinsed in nano
pure distilled, de-ionized water. In this paper the filtrate refers to liquid from the
experiment that has been filtered using sterile disposable Millipore® 0.45 um syringe-
type filters. One blank was run for every 10 samples for periodic checks on test

procedures.
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The test procedure was as follows: the samples of NLR and NGR were air dried, 10 g, 38
g or 50 g of solids were weighed into separate 250 ml erlmeyer flasks to which 200 g,
200 g and 150 g, respectively, of nano pure water was added to provide solids ratios of
0.05, 0.19 and 0.33. The pH of the nano pure water was adjusted to the test pH by

ddition of hydrochloric acid as d by the pH meter (Oakton, pH2100 series

meter). Next, the flasks were secured on a shaker table (VWR OS-500 shaker table) set
at speed 4.5 (relative 4.5/10) for the predetermined mixing period (2, 8, 14 or 26 days).
The residue and water was fully mixed for the duration of the test period. At the end of
the mixing time, the samples were allowed to settle and the supernatant was filtered
through 0.45 pm filters into plastic containers. The types of responses measured on the
filtrate are outlined in Table 4.2 along with the parameter normal range and the method of

analysis. The measured metal concentrations included: iron, nickel, copper, cobalt, zinc

and lead concentration. Sulfate and ferrous iron were d by sp photometric
methods with Hach DR/2000 spectrophotometer. Acidified samples were stored at
approximately 4 °C until the individual metals analysis was conducted in duplicate by
Varian Inc. atomic absorption graphite furnace. Approximately 20 % of the metals results
were verified through ICMPS (Inductively Coupled Mass Spectrometer) and duplicate

runs were made of 25 % of the samples. Also indicated in Table 4.2 is the measurement

resolution for each response.
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Table 4.1: Summary of shake flask experimental conditions

Summary of Experimental Conditions for 2’ Experiment #1
Factor Name Units Low Level Mid Level High Level
Test pH 3 4 5
Mixing Time days 2 8 14
Solids/Liquid Ratio 0.05 0.19 0.33
Residue Type NLR NGR
S y of Experimental Conditions for 2° Experiment #2
Factor Name Units Low Level Mid Level High Level
Test pH 2 35 8
Mixing Time days 2 14 26
Residue Type NLR NGR
Table 4.2: Experimental responses on filtrate solution
Response Name  Units  Normal Instrument Method/Equipment
Range (Resolution)
Oakton pH1100/2100
pH 1-14(0.00) combination pH electrode
Electrical > 200-1999 pS/em® (5% s
Conductivity mS/cm full scale: 300 pS/cm? ) Hach CO150 conductivity meter
q ExTech orp Electrode with
-2
Redox Potential mV 2000 to +2000 (ImV) Oxkton pH1100/2100 meter
Acidit mg/L 0-500 typical (S mg/L. Titration with NaOH to 8.3
CIcIy CaCO;  CaCOy) endpoint
5 mg/L 0-500 typical (5 mg/L I 2 <
Alkalinity CaCO;  CaCOy Titration with HCI to 4.3 endpoint
Sulfate 0-70 (3 mg/L without Spectrophotometric: barium
Concentration mg/L dilution) sulfate method
Ferrous Iron Spectrophotometric: 1,10
Concentration mg/L 0-3.00(0.03 mg/L) phenanthroline method
Other Metals ppb Variable 10-500 ppb Varian graphite furnace AA,

(15%)

ICPMS
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43  RESULTS AND DISCUSSION
The data points from experiment #1 were initially entered in Stat-Ease Design Expert®
for assessment of main effects, interactions, analysis of variance, determination of

regression equations, evaluation of diagnostic plots and model graphs. As a first

pproach, the resp lationships for experiment #1 were assumed to be linear. Using
this analysis, the main trends and interactions from experiment #1 were determined.
Example plots of the results are shown in Figs. 4.2, 4.3 and 4.4. The data scatter evident
in the plots can be attributed to: the heterogeneity of the samples, the difficulty in
controlling the test water pH especially at lower test pH values, the error associated with

diluting (sulfate ), and p ial interference from other dissociated
species (ferrous iron measurement).

The second experiment was conducted to assess the filtered leachate response over a
wider test pH range (pH 2 to pH 8) and longer test times (2 to 26 days); while the solid to
liquid ratio was held constant. In this experiment intermediate data points were also
added. Sample graphs of the results are provided in Figs. 4.5 and 4.6. The duplicate
sample results are not included in these plots due to the number of points but the data
showed the same trends. In general, the main factor affecting the responses was the test
pH.

In experiments #1 and #2 the effect of various factors on the chemistry of the filtered

leachate solution from the hyd: llurgical plant residue was explored. Each of the
experimental factors is now idered sep ly and di d, then to assist in
understanding the experimental resp the geochemical deling code PHREEQC

n



(Parkhurst and Appelo, 1999) is used to consider the response of individual minerals in
solution as well as the response of the minerals mixed in proportions similar to that found

in each residue.
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Figure 4.2: Plots of mix time versus filtrate pH, acidity and sulfate concentration at
varying solids ratios from Experiment #1.

78



el o
o AR |

¥
»

¥

P w

- é) . L

s Concentraton(pb)
¥ ¥
»

w o pen
s O—

0

x0

o wmn %%

Qur MY

e
® oo

R P X

” 4

Co Concentration(ppb)
8 &
*

. O
) 2 B

a
Mix Time (days)
*NGR 52033 ancRS008 e oMRS03 OMRS019 amrs00s

0 ) u e

Figure 4.3: Plots of mix time versus metal concentrations from Experiment #1
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Figure 4.4: Plot of solids ratio versus filtrate conductivity from Experiment #1

Experimental Results

The solids ratio varied from 0.05 to 0.38 and had a strong effect on most parameters
measured in experiment #1 while being held constant in experiment #2. It was the most
significant factor in terms of pH and conductivity for NLR and sulfate concentration of
the filtrate for both residues. The interaction of the residue type and solids ratio was the
most significant factor for filtrate acidity, alkalinity and cobalt concentration for both
residues and nickel concentration for the NGR. Mix time and solids ratio was the main

interaction factor affecting iron concentration. Increasing the solids ratio causes an

increase in the ductivity and sulfate ion for both residues through increased
ions in solution. NGR alkalinity decreases slightly with increasing solids ratio and the
reverse is true for acidity. It was found that NGR acidity increases and NLR acidity
decreases with increasing solids ratio. As the NLR is highly neutralized with lime, a

higher solids ratio translates to a higher lime content which in turn rapidly goes into
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Figure 4.5: Plots of mix time versus filtrate pH, conductivity and alkalinity at varying test
pH values from Experiment #2.
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solution to reduce acidity in the short term. For the NLR, cobalt and ferrous iron

concentration increases with increasing solids ratio and to a lesser extent nickel follows
the same trend. For the NGR residue this trend is not as dramatic although the metal
concentration is generally elevated with higher solids ratio. Dissolution of calcite in the

s

NLR follows ion (4.1), theref an i in calcite ion p an

increase in solution alkalinity and pH.

CaC03 + H20 — Ca?* + HCO3 + OH- (4.1)

The mix time varied from 2 to 14 days for experiment #1 and from 2 to 26 days for
experiment #2. Mix time was not the primary factor for any of the responses, however it
did impact the pH response, ferrous iron concentration, acidity and sulfate concentration
(NLR only) for experiment #1. Increasing mix time caused a slight increase in pH
response. This is initially due to the pH of the filtrate being driven by the test pH then
with longer test times the test solution was neutralized by the gypsum in the NGR and the
lime in the NLR. Mix time permitted more ferrous iron to go into solution. As the NLR
mix time increased, the pH of the initially highly neutralized solution could drop due to
the oxidation of sulfide minerals. With the wider experimental pH range (pH 2 to pH 8)
of experiment #2, mix time was significant only for filtrate sulfate concentration

(decreasing slightly after the 14 day mix time). The effect of mix time has to be

idered with the lizing capacity of the residues and the role of the sulfide
minerals. The slight decrease in the residue filtrate sulfate concentration after 14 days
could be in part due to sulfate being adsorbed on to the walls of the glass container or

sulfate combining with other available ions in solution. Further experimental work on
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mixed residue results from humidity cells tests will confirm the effect of extended mix
times.

In experiment #2, when the test pH drops below pH 2.5 it is the most significant model
term for filtrate pH, conductivity, sulfate, acidity and metals concentration. Extending the
test pH to pH 8 from pH 5 had limited effect on measured responses with the most
noticeable being on sulfate concentration. Generally the sulfate concentration was
higher, the redox lower, the acidity lower and metals concentration lower with higher test
pH. These results indicate that an elevated pH, as encountered when residue is disposed
initially in a disposal pond, may initially prevent metals from going into solution. As
indicated previously, residue type is involved in the significant interaction effect for
response pH, conductivity, acidity, alkalinity and metal concentration for experiment #1
and #2. The NLR metals may be less available than in the NGR for two reasons. The
NLR is strongly neutralized with lime slurry prior to disposal, at short mixing times this
will have a strong impact on responses. In addition, the metals in the NLR may be more
strongly bound by the micro-structure of the iron oxide particles (Chen et al., 2006; Steel
et al., 2006) than in the metal hydroxide particles of the NGR. The NGR, on the other
hand, is disposed without further treatment therefore is more strongly impacted by

changes in the leach pH, the mix time and solids ratio.

Modeling Results
The geochemical modeling code PHREEQC has been used to assess the impact that

changes in the pH of water added to the main residue minerals has on the

of dissolved species and final solution pH. Initially individual minerals were studied, then



minerals were combined in similar ratios as those estimated to be present in the actual

residue and this d residue was evaluated. The minerals included were: goethite,
gypsum, calcite, hematite, magnetite, pyrite, pyrrhotite, pentlandite, chalcopyrite, sulfur
and FeS(ppt) (a freshly precipitated, less stable and more crystalline mackinawite).

FeS(ppt) is used to represent the amorphous iron sulfide in the NLR. As both Fe 0,

modeled as hematite, and iron sulfide, modeled as FeS(ppt), appear to be present in the

NLR in an amorphous form, the database equilibrium formulati may not y

the ds present. In additi the PHREEQC batch simulations are

¥ P

equilibrium based which may not be achieved in the relatively short duration of the
experimental shake flask experiments. However, this work reveals the long-term trends
of the minerals present.

PHREEQC results indicate when one mole of the individual minerals was added to one
litre of pure water the minerals least affected by changes in test pH were hematite and
goethite while gypsum, ferrihydrite, magnetite and FeS(ppt) gave final pH values slightly
higher than that of the test pH. Pyrite, sulfur, pyrrhotite, pentlandite and chalcopyrite
were not greatly affected by changes in test pH and resulted in final pH values between
pH 2 and pH 5. Calcite was somewhat affected by test pH and final solution pH values
ranged from pH 8 to pH 10.

Next the NGR minerals gypsum and goethite were equilibrated with water at pH 2
through pH 8 at molar ratios similar to that found in the actual NGR. The final pH values

were slightly higher than the test pH and ferrous iron concentration decreased with
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increasing test pH, sulfate concentration was fairly stable, hematite saturation index was
above zero.

A non-neutralized NLR mineral composition was approximated with the minerals
hematite, magnetite, sulfur, FeS(ppt) and a very minor amount of pyrrhotite, pentlandite
and chalcopyrite to represent the portion of unprocessed concentrate. Again mineral
molar ratios were similar to that found in the actual NLR. The high oxidizing strength of

the sulfur and sulfide minerals domi d the ition of the | solution at all

test pH values resulting in a final solution exhibiting a pH below 5. In general, the test

pH only affected the concentration of ions in solution at lower test pH values. When 10

% calcite mineral was added to the NLR position, the final solution pH was el d
above a pH of 5 at all test pH conditions. Gypsum, CO, and pyrite were supersaturated
when calcite was added to the NLR. Only pyrite was supersaturated without the calcite
mineral. The value in the PHREEQC simulations was to gain an understanding of the
minerals having the greatest impact on final solution pH over a range of initial pH values
and to identify compounds that precipitate out of solution.

The trace metals associated with the residues could exist in several different forms
including: sorbed to surfaces of the minerals, part of the unprocessed concentrate,
precipitated hydroxides or oxides, or within the crystal structure of the minerals. It is
expected solution activity of trace metals will follow that of the minerals with which they
are associated: gypsum, iron hydroxides, iron oxyhydroxides, iron oxides, unprocessed
concentrate and iron sulfide. To summarize, of the factors considered, including solids

ratio, mix time, test pH and residue type: the test pH and residue type were the main
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factors that affected the majority of filtered leachate experimental responses. Residue
type was a main factor in most of the responses over a range of test pH values; this
reflects the importance of considering the very different nature of the two residues. Test
pH was the most significant factor when the test pH was lowered to pH 2. Results

suggest a significant drop in solution pH is required before a noticeable change in metal

ions unless the solution solids ratio is elevated. In several cases it was the

interaction between two factors (such as residue type and pH) that constituted the main
effect on the response. Solids ratio had a significant effect on the filtrate metal and sulfate
concentration and conductivity and alkalinity. Mix time was not a significant factor for
most of the responses, probably due to the relatively short test duration and the strong
effect of the other factors on the responses of the fresh residues.

Tests of this nature are valuable in the understanding of factors having shorter-term

of residue such as the

affects on the chemistry of waters pp

surface water in a residue disposal pond. Further shake flask experimental work will be

conducted on mixed residue (NGR and NLR) at proportions similar to that proposed for

disposal at the future hyd llurgical plant to elucidate the effect of longer mix times
and the synergistic effects due to the mixed residue chemistry. Geochemical modeling is

a useful tool to highlight the minerals most affected by pH variations and driving changes

in solution pH.
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CHAPTER 5

AN APPROACH TO NUMERICAL MODELING OF PROCESS
RESIDUE IMPOUNDMENT DECANT WATER

A. Steel, K. Hawboldf’, F. Khan®
“ Faculty of Engineering and Applied Science, Memorial University of Newfoundland, St.
John's, Newfoundland, Canada

ABSTRACT: Nickel hydrometallurgical facilities produce large quantities of waste
residues in the form of sludges which contain concentrations of sulfur, metal oxides and
hydroxides, as well as minor quantities metal sulfides present in both crystalline and
amorphous form. Although, the waste is neutralized before it is sent for disposal., it is
critical to assess its acid genemimg and metal leachmg potential with time in order to
d uptlmal disposal options and assoaated risks. The waste
is disposed of in an imp dr as a slurry consisting of a combij of Ne lized
Combined Residue (NCR), residue liqguor and Process Effluent Neutralization (PEN)
solution. A geochemical code is used to model the geochemical processes occurring in
the hydrometallurgical residue and to predict the impact on decant water in the residue
impoundment in the short and longer term. Laboratory and field data are used to
calibrate the model. Factors that affect the modeled chemistry of impoundment decant
water are explored. For example, the effect of varying wastewater composition,
considering closed and open scenarios and reaction kinetics. Finally, a sensitivity
analysis of the model is conducted.

This paper has been submitted to the journal Canadian Geotechnical Journal and is
currently under review. The lead author is Abigail Steel and the co-authors are Dr. Kelly
Hawboldt and Dr. Faisal Khan. Ms. Steel’s contribution to this paper is as follows:

e Wrote the paper

e Performed all laboratory testing and analysis (except where noted)

e Conducted all numerical modeling work
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* Conducted interpretation of results

* Performed all literature searches required for background information.
Dr. Hawboldt and Dr. Khan provided technical guidance and editing of the manuscript.
The figure and table numbers and reference formats have been altered to match the
formatting guidelines set out by Memorial University. The Editor-in-Chief for Canadian
Geotechnical Journal is aware that this manuscript will be published in this thesis and

has given permission.
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5.1  BACKGROUND AND INTRODUCTION

The ore at the Voisey's Bay mine site in Newfoundland and Labrador exists mainly as a
nickel sulfide (pentlandite). Traditionally, a smelter is used to refine nickel sulfides and
waste minerals are removed from the matte in the form of a slag. During the smelting
process sulfur is partitioned to the air in the form of SO, and has been a major source of
acid deposition.

Vale Inco Newfoundland and Labrador (VINL) is testing a novel hydrometallurgical
process to refine its nickel, cobalt and copper from the nickel sulfide concentrate. This
Pressure Oxidative Leach (POL) process is expected to realize a reduction in energy
demands compared to the traditional pyrometallurgical (smelting and refining) process
and an increase in nickel and cobalt recovery (VINL, 2006). Initial testing was
conducted at a 1:1000 scale plant (mini-plant) at Vale Inco’s research facility in
Mississauga, Ontario. A larger scale (1:100) plant has since been constructed in

Argentia, Newfoundland, Canada.

The hyd llurgical process elimi SO, emissi and transfers the sulfur into
wastewater and solid waste residue. There has been limited experience in the use of
hydrometallurgy to process nickel sulfide concentrate, thus the characterization
information on process residue is not widely reported. It is known to contain significant
quantities of sulfur, sulfur-bearing phases and minor quantities of nickel, copper and
cobalt (Steel et al., 2006, 2009a). Although, the waste will be neutralized before it is sent

for disposal, it will be important to assess its acid g ing p ial and metal leachi

capacity with time in order to determine optimal treatment/mitigation/disposal options
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and associated risks. The work described is the task of modeling of hyd llurgical
residue such that the modeled residue can be used to further understand the decant water
chemistry in the residue impoundment in the short and longer term. The model is
calibrated with field data and laboratory data. Numerical modeling is employed to
determine factors that affect specific residue processes and the resulting affect on the
decant chemistry.

Although modeling studies on hydrometallurgical residue are not available in the open
literature, numerous studies have been completed and reported on Acid Rock Drainage
(ARD) from mill tailings (Nordstrom and Alpers, 1999; Kimball et al., 2003; Mayer et

al., 1999 and 2002; Glynn and Brown, 1996; Hecht et al., 2002; Sharer et al., 1994; Bain

et al. 2000 and Frind and Molson, 1994). Prediction of g d hemistry from
waste rock composition has also been widely investigated (Morin and Cherry, 1988;
Brown et al., 2000; Hoth et al., 2000; Filipek at al., 1999). To effectively simulate
sulfide-mineral oxidation and pH buffering it is necessary to incorporate reaction
kinetics. Mayer et al. (1999, 2000, 2003) describes inclusion of kinetic processes in the
models and calibration of models with field data with the code MIN3P. STEADYQL
(Furrer et al., 1989) classifies reactions kinetics into three categories; very fast, very slow
and moderate. In this code it is the moderate rate reactions that employ kinetic
expressions as illustrated in Stromberg and Banwart (1994), Salmon and Malmstrom
(2004), Brown et al. (2000) and Fernandes et al. (2000). PHREEQC, is one of the

geochemical reactive transport codes that has been frequently applied to the study of
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leachate composition from tailings or waste rock (Shcherbakova, 2006; Filipek et al.,
1999; Brown at al., 1999 and Hoth et al., 2001).

This work focuses on modeling the residue as closely as possible to the residue, using
minerals, phases and metals adhered to surfaces, and comparing predicted chemistry to
laboratory and modeled batch experiments as well as field measurements of
impoundment decant water. Some of the residue model limitations include: the residues
contain minerals in small quantities that have not been included, the residue mineral
composition changes, in some cases the thermodynamic properties of the phases/minerals

present are not clearly established, it was challenging to accurately model how metals are

hed to Is and modeling sulfur adsorption to minerals was not possible at this

time. In addition, the code may not include all the reactions that are occurring. After
calibrating the model, a sensitivity analysis on various factors affecting the model results
is conducted. It should be noted that although the residue impoundments (also called
disposal ponds) at the Demonstration Plant are fully lined and monitored they are for
temporary storage of the process residue and all decant water is treated to ensure

discharge effluent meets applicable regulatory guidelines before discharge.

52  SAMPLING SITE DESCRIPTION

The hyd llurgical plant feed is shipped by barge from the mine site at

Voisey’s Bay, located on Labrador’s North coast to the hydrometallurgical
Demonstration Plant situated approximately 150 km west of St. John's, Newfoundland in

Argentia (Fig. 5.1). The hydi llurgical D ion Plant was operational from

October, 2005 until June, 2008.
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Figure 5.1: Location of Argentia demonstration plant site and Voisey's Bay mine site.

Hydrometallurgical residue samples were taken from test campaigns conducted during
the period of March through October, 2006. The residues from the plant are derived

through either precipitation or leaching and are in the form of sludges.

P P

The two main sources of sludges/residues are: 1) the solids remaining when the pulp from
the pressure leaching (Neutralized Leach Residue, NLR) is washed by Counter Current
Decantation (CCD) and 2) the precipitate (Neutralized Gypsum Residue, NGR) formed
during the iron removal and neutralization stage. Each of these sludges has a solid and

liquor portion. The N lized Combined Residue (NCR) to be disposed of at the

proposed full-scale plant will be approximately 55 % NLR and 45 % NGR (VINL, 2006).

The amount of residue predicted to be produced from the ds ion plant is 3500

tonnes/yr while the amount predicted to be produced from a full-scale facility would be in
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the order of 375,000 tonnes/yr (VINL, 2006, 2008). At the Demonstration Plant the
solid and liquor waste exited the plant either separately or mixed into one of four lined
disposal ponds that retained the solids and the liquids were further neutralized in
treatment and finishing ponds.

As the waste residue from the plant contains a high percentage of sulfur and sulfur-
bearing phases there is potential that the sulfur oxidize to form acidic drainage. Pyrite
oxidation has been well documented in the literature (Evangelou, 1998) and is well
understood in comparison to that of pyrrhotite which is the main iron sulfide mineral
present in the concentrate and present in minor quantities in the residue (Belzile et al.
2004; Nicholson and Sharer, 1990). As described by Nicholson and Sharer (1990), the

overall reaction for the oxidation of pyrrhotite by oxygen is written as:

Fe,..S

()

+(2—§)0:+XH20—>(1—:()Fe2’+S0}‘ +2xH* (5.1)

The ferrous iron can be further oxidized to produce acid as follows;

Fe1’+%02+%H20—> Fe(OH),, +2H" (52)

53 METHODS OF INVESTIGATION

5.3.1 Representing the Residue

The NLR and NGR were subjected to various tests to assist in determining how the
residue should be modeled. Results from sample analysis with the Scanning Electron

Microscope (SEM), X-Ray Fluorescence Spectrometer (XRF), and X-Ray Diffractometer

(XRD) were used to determine mineral ition and mi of each residue
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(Steel et al., 2006, 2009a). Inductively Coupled Mass Spectrometer (ICPMS) was used

for elemental analysis in the residue and residue liquor (Chapter 8).

5.3.2 Field and Laboratory Studies

Decant samples were regularly taken, by VINL personnel, from residue disposal ponds
(Fig. 5.2) at the Demonstration Plant site. The decant water in one of the four disposal
ponds (5D) was not neutralized as a temporary test case; the remaining impoundments
were kept neutralized. Sample analytical results were available, from VINL, for a five
month period in 2007 and included: metals analysis, pH. conductivity and total dissolved

solids. Additionally, to assess pH and ductivity iti ina and

humidi 1

d envi a slurry of N lized Combined Residue (NCR), a
mixture of NGR and NLR, was stored in the laboratory and the supernatant chemistry

monitored for more than six months.

Figure 5.2: VINL demonstration plant main residue lined disposal pond



A series of shake flask experiments (Fig. 5.3) have been conducted on the NGR and NLR
and reported elsewhere (Steel et al., 2009b). The shake flask experiments entailed adding
distilled, de-ionized water to the weighed portions of dried residues then placing the flask
on a shaking table for sets time periods (2, 7, 14 and 21 days). The supernatant chemistry
(pH, conductivity, alkalinity, acidity, sulfate concentration and trace metals) was

measured at the end of each test period.

Figure 5.3: Shake flask experimental set-up

5.3.3 Numerical Modeling

A conceptual model of the proposed full-scale disposal pond is provided in Fig. 5.4 and
the focus of this work is the decant water above the residue. The decant water in the
disposal pond will be approximately 1 m in depth (VINL, 2008). Due to the typically
strong winds in the area and the shallow water depth in comparison to the size of the
impoundment; it is modeled as a batch reactor as a worst case scenario involving high

suspended solids.



The objective for the modeling work is to model the residue and to study factors that

h

affect the decant water istry employing the

Aatad

residue. A staged approach is
used to model the disposal pond decant water; 1) each residue is modeled with
consideration of its elemental and mineral composition and known properties, 2) the
modeled residue is used in batch reactions and results compared with the results of shake

flask experiments, 3) the adjusted modeled residue is then used to predict the decant

water y and results pared to that of the D ion Plant site

and 4) predictions are derived for differing disposal pond conditions.

Numerous codes are capable of modeling surface water chemistry including: MINTEQ,
PHREEQC, STEADYQL, MIN3P, TOUGHREACT, CHEMSAGE and
HYDROGEOCHEM, Geochemists Workbench. Not many codes can perform the batch
reactions with solid minerals while considering effects such as redox, complexation,

orpti orption, precipitati lution, ion

and one or two dimensional

transport. Due to its flexibility PHREEQC (Parkhurst and Appelo, 1995, 1999) was

selected for this application.

Infiltration

o Dam for
Liquid waste sent to i
ﬁ ; ﬂ ﬂ = Disposal Pond
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Figure 5.4: Conceptual model of typical full-scale residue disposal pond

Shake Flask Experiment

The shake flask experiment is a fully mixed batch experiment and is similar to the CSTR
model of the decant water in the disposal pond at times between residue placement. To
simulate this experiment with the code PHREEQC, first the batch test equilibrium model

is run without metals then metals are added and the model is run again.

Impoundment Decant Water

The next objective is to model the neutralized combined residue (NCR) in a solution
similar to that that will be used in the proposed full-scale plant. To do this a modeled
NCR is developed in PHREEQC and tested in a batch reaction with three solutions:

distilled water, residue liquor chemistry water and finally Process Effluent Neutralization

(PEN) chemistry water. The Iti luti are compared to the chemistry of the

decant water in the two Ds ion Plant i d At the D ion Plant

the NCR and residue liquor was mixed with PEN before discharge the majority of the
time. Residue liquor is the liquid portion of the residue slurry and PEN solution is the
neutralized plant effluent after the target metals have been removed. For the full-scale
plant the residue will be mixed with PEN solution prior to disposal. As the decant water
above the residue will become diluted with slightly acidic rainwater over time, an acidic
distilled water combined with NCR is also tested.

Next the modeled NCR is tested by considering open and closed cases, changes in

mineral content, PEN solution concentration and mineral reaction kinetics. The open
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case represents conditions in the decant water; while the closed case conditions that could
be present at depth in the residue where oxygen is limited. Changes in mineral content
and PEN solution are considered to understand the factors driving the results. As
PHREEQC models equilibrium conditions it is also valuable to assess conditions not at

equilibrium.

54  EXPERIMENTAL RESULTS AND DISCUSSION

5.4.1 Modeled Residue

Residue Composition

The residue composition is considered by way of chemical assay results, mineralogy and
observed field conditions. When neutralization is maintained, chemical analysis of the
decant water composition shows: the calcium concentration is high (400-600 mg/L), the
dissolved iron is relatively low (0.1-4 mg/L) and the metal concentration is relatively low
(0.03-0.3 mg/L (nickel)). The pH decreases with time when the decant water is left to
acidify (pH 9.8 to pH 2.8) and the iron and other metals increase in concentration as
expected.

SEM, XRD and elemental analysis indicates that the principal residue minerals, present
in crystalline or amorphous form, are: gypsum, iron hydroxides, and iron oxides with
residual sulfur and sulfides in the forms of FeS , chalcopyrite, pyrrhotite and pentlandite.
Specifically the NGR contains large needle-shaped (maximum size ~300 pm) gypsum
particles and smaller (<5 pm), sub-rounded iron hydroxide particles with minor quantities

of nickel hydroxides and other metal hydroxide compounds. The NLR appears to consist
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primarily of Fe;O3, an iron sulfur phase, unreacted concentrate and sulfur; the sulfur is

present in elemental form and as part of

p The main minerals judged to be
present in crystalline or amorphous form in the NGR and NLR of the hydrometallurgical
residue are shown below in Table 5.1. These minerals were determined through XRD

analysis with additional information provided from SEM work. Further information on

the mineralogy of the residue is provided in Steel et al. (2006, 2009a).

Table 5.1: Examples of pound/minerals present in NGR and NLR.
Filter Cake (NGR) Leach Residue (NLR)
C?mpolu?ds/ Chemical Formula C?mp()‘u?dsl Chemical
Formula
Gypsum CaS042H,0 Hematite Fe,03
. . Fe(OH); or
Feirliyie Fe,0:9H,0 Magnetite Fe:0;
Goethite FeO(OH) FeS FeS
Nickel & other metal hydroxides Sulfur S
Metal sulfides Pyrrhotite Fe(.S
Ni, Cu, Co adhered to iron hydroxides Pentlandite (Fe,Ni)o Sg
! Chalcopyrite Cu,FeS,
Calcite CaCOs
Sulfur (associated with Fe, O3)
Plagioclase ie. CaAl, Si, Og

Ni, Cu, Co adhered to iron oxides

Note: * Minerals may be present in crystalline or amorphous form.

Table 5.1 does not represent all minerals present and the target metals (in this case nickel,
copper and cobalt) appear to be, for the most part, associated with the iron hydroxides in
the filter cake and iron oxides in the leach residue (Steel et al., 2009a). Table 5.2 outlines
the percentage of target metals and sulfur associated with each of the residues based on

four separate analyses.



gical

Table 5.2: Select metal and sulfur ations in hyds

Weight Percentage (%)
Analyte NLR NGR
Nickel 04-1.1 0.2-0.6
Copper 0.2-0.3 0.07-0.2
Cobalt 0.02 0.002-0.005
Total Sulfur 27-28 20-21

Modeled Residue

In order to model the residues, initially as many of the minerals present as possible are
included. Table 5.3 provides the approximate fraction of the minerals present in each
modeled residue. These minerals contribute either to the ion concentration in solution,
the precipitated minerals or the acidity of the solution. The residues contain
concentrations of nickel, copper and cobalt; these are incorporated by inclusion in the
minerals and/or by surface adsorption. From the range of metal concentration in bulk
samples (Table 5.2), the moles of the target metals in an 180 g sample (shake flask

experiment sample size) is calculated (Table 5.4).



Table 5.3: Mineral fraction in modeled residues

Compounds/minerals present in Mineral Weight Fraction
crystalline or amorphous form NLR NGR NCR*
Gypsum CaSO4-2H,0 0 0.93 0.4
Goethite FeO(OH) 0 0.0375 0.02
Ferrihydrite Fe(OH)3 0 0.0375 0.02
Iron(III) oxide Fe; O3 0.7 0 04
Iron(ILIIT) oxide Fe; Oy 0.05 0 0.03
FeS 0.08 0 0.05
Sulfur S 0.02 0 0.005
Pyrrhotite Fe1.,) S 0.02 0 0.005
Pentlandite (Fe,Ni)o Sg 0.015 0 0.0005
Chalcopyrite Cu,FeS; 0.01 0 0.005
Calcite CaCO; 0.1 0 0.4-0.1
Total 0.995 1.01 1.035

Note: * NCR weight percentage is estimated at 55 % NLR and 45 % NGR

Table 5.4: Trace metals in modeled residues

Restdug Total Modeled Metals . Am?un( of Metals
Type Metal Metals Attached to Surface in Sample
(moles/kg) (mole/kg) (moles/sample)
Nickel 0.17 8.50E-02 1.53E-02
NLR* Copper 0.09 4.50E-02 8.10E-03
Cobalt 0.0034 3.40E-03 6.12E-04
Nickel 0.1 1.00E-01 1.80E-02
NGR* Copper 031 3.10E-02 5.58E-03
Cobalt 0.00078 7.80E-04 1.40E-04
Nickel 0.102 1.22E-02
NCR"  Copper  0.047 5.64E-03
Cobalt 0.0017 2.04E-04
Notes:

*NLR and NGR = 0.180 kg sample in 1 L of water, solids ratio=0.18

"NCR =0.120 kg of sample in I L of water, TSS = 120 g/L

€50 % of the copper and nickel is attached via surfaces to the minerals while 100 % of the
cobalt is attached by surfaces

Sample size: NLR and NGR= 0.180kg, NCR=0.120 kg



5.4.2 Comparison of Modeled Residue and Shake Flask Experimental Results

To model metal release from the residues in PHREEQC it is possible that the metals are
either attached to ferrihydrite in the case of the NGR or attached to ferrihydrite and
within the structure of the residues minerals such as pentlandite and chalcopyrite in the
NLR. For the NLR it is assumed that half the target metals are present in the mineral
structure and half sorbed to surfaces. To model the correct amount of metals in the
residue, a solution containing target metals in solution is placed in equilibrium with either
NGR or NLR (Step 1) then the resulting solution and minerals are equilibrated with
ferrihydrite surfaces (Step 2). The exposed surface area of the minerals, site density and
solution metal concentration is varied until the amount of metals on surface is in the same
range as that in Table 5.4. Next, these minerals and surfaces are equilibriated with pure
water at a pH of 6.0 in a batch reaction at the correct ratio to simulate the shake flask
experiment (Step 3). The schematic in Fig. 5.5 illustrates the process used in PHREEQC
to model the metals and minerals in the shake flask experiment. The resulting
concentration of metals in solution is compared to that measured in the shake flask
experiments. The values listed for the shake flask experiment in Table 5.5 are based on
analyses completed during experiments conducted for 14 or 26 days and at a solution pH

of either 4.8 or 8.0.
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Figure 5.5: Schematic of modeling residue with surfaces and minerals in PHREEQC

Table 5.5: Comparison of shake flask solution composition with modeled residue and
actual residue

Modeled Residue Batch Test
Predicted Solution

Laboratory Shake Flask
Experiment Solution

Compositi Comp

Parameter NLR NGR NLR NGR
pH 73 59 7.5 7.6
HCO;5" 1.5E-01 4.3E-03 NA NA
Co;? 3.8E-04 2.7E-07 Very low Very low
Ca™ 92 11 NA NA
Fe'? 0.0 0.0 7.0E-04 9.0E-04
Fe™ 0.0 0.0 NA NA
Noe 100 1 18 18
conductivity NA NA 34 29
Ni 8.1 0.86 1.4 5.8
Cu 9.0E-03 8.4E-04 0.87 9.0E-02
Co 0.38 6.4E-02 NA 4.0E-02
alkalinity NA NA 38 27
acidity NA NA 12
Note: NA: not available

Concentrations in mmoles/L and total metals ions in solution reported
Alkalinity in mg/L CaCO;
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The objective of this exercise was to assess a geochemical reactive transport code’s
ability to model the residue and predict the supernatant chemistry. From the results in
Table 5.5, the following generalizations can be made: the predicted pH is lower in the
modeled NGR, the nickel and cobalt concentrations are in the correct range while the
predicted copper concentration is two orders of magnitude lower than that found in the
shake flask experiments. The sulfate concentration in the modeled NGR is close to that of
the experiment while that with the modeled NLR is higher. This may be due to elemental
sulfur in the NLR adhering to the glass flask. Also the predicted concentration of ferrous
iron is much lower than that analysed. In the modeled NLR batch test the following
minerals show saturation indices (SI) exceeding zero or close to zero: anhydrite,
gypsum, H-jarosite, FeOH,7Cly; and CoFeSOs. For the NGR: cupric and cuprous

ferrite, CoFeOg, I ite, magnetite, | and anhydrous have SI greater than or

close to zero.

In general, it is more difficult to model the NLR. The lower predicted copper or ferrous

iron concentrations could be due to metal 1 ing in the deled

solution while not in the actual experiments as suggested by the SI indices. PHREEQC
assumes equilibrium conditions and it is likely that the solution is not at equilibrium after
the 14 or 26 day test period. The PHREEQC equilibrium conditions will produce the
lower pH value in the NLR due to the sulfur and sulfide mineral oxidation. Also the
amorphous iron oxides and sulfur-bearing phase are likely not correctly represented by

the mineral di iatil from in the d: Finally the way in which the

trace metals are attached to ferrihydrite mineral surfaces and the mineral percentages is a



T T

rough approximation of what was evident through mineralogical characterization of the
residues (Steel et al., 2006, 2009a). One of the difficulties encountered is that the NLR
was strongly neutralized with a lime slurry prior to discharge in the field, to model this
calcite (CaCO3) is added to the NLR minerals. This is not entirely accurate but provides

the neutralizing effect evident with the NLR.

5.4.3 Numerical Modeling of Impoundment Decant Water

deli

There are three sources of metals for this : metals ched to surfaces

in both the NLR and NGR, metals within the structure of the minerals (such as
pentlandite and chalcopyrite) and metals in solution. As with the shake flask experiment
the modeled residues with surfaces and metals attached to the surfaces (Steps 1-3, Fig.
5.5) are equilibrated with pure water, NCR liquor or PEN solution and then resulting
solution is compared to that of the impoundment decant water. The amount of solids in
comparison to liquid was determined based on the maximum Total Suspended Solids

(TSS) from the D ation Plant residue impoundment as a worst case

scenario.

The composition of the modeled NCR is provided in Tables 5.3 and 5.4 and an analysis
of the mixed residue liquor and PEN solution from the Demonstration Plant is shown in
Table 5.6. As with the shake flask experiment the ability to model the target metal
concentration and pH was the main focus. The disposal pond consists of fresh water,
PEN solution and residue liquor and the chemistry of these three solutions are run with
the modeled residue to determine which provides the best fit to the measured decant

water metal concentration. Fig. 5.6 shows the concentration of nickel, copper, cobalt,
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lead and cadmium in solution with each of the three solutions and the average field
measurements, with more detailed information provided in Table 5.7. In this case the
decant water that has been neutralized is used for comparative purposes. As the pure
water solution does not contain lead and cadmium those metals are not present in the
resulting solution. The model using the PEN solution provides the best prediction of the

trace metals selected but largely underestimates the lead conc i Various

proportions of PEN solution and residue liquor were tested to enhance the results.
Saturation indices of the solution exceeded zero for cobalt oxides, anhydrite and

FeOH27,Clo.

Table 5.6: PEN and NCR liquor solution composition

Analyte PEN (mg/L) Liquor NCR (mg/L)
Ca 733 458
Mg 127 45

S 1884 1109
Na 1630 NA
Cl 763 55
Fe 1 13
Ni <0.5 79.5
Cu 1 26.6
Co 1 3.0
Pb 10 <0.006
Cd 19 <0.002

Note: PEN values from an average of three readings taken February —April 2008
NA: Not Available
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Table 5.7: Comparison of

daled

and actual i

decant water chemistry

Field Measurements of Decant Water

Modeled-Disposal Pond Decant

Water
SD-Impound: Impound NCR+ NCR+
Analyte (Not Neutralized) (Neutralized) ateE Residue NCR +PEN
May-Nov., 2007 May-Nov., 2007 Liquor
range (mmol/L) range (mmol/L)  (mmol/L) (mmol/L) (mmol/L)
pH 28 34 7.1 9.8 77 76 7.6
Ca 7.5E+00 1.7E+01 1.1E+01 1.6E+01 12E+01 1.3E+01  1.5E+01
Mg 1.2E-01 3.3E-01 5.8E-01 1.8E+00 0.0E+00 9.3E-02  2.7E+00
Fe 9.1E-02 8.1E-01 1.8E-03 6.8E-02 0.0E+00 0.0E+00  0.0E+00
Ni 53E-02 1.2E-01 5.1E-04 43E-03 1.5E-02 28E-02  2.2E-02
Cu 74E-03 3.1E-02 1.6E-04 94E-04 5.1E-05 74E-05  5.7E-05
Co 1.5E-02 33E-03 85E-05 2.1E-03 3.2E-03 6.0E-03  6.2E-03
Pb 24E-05 1.9E-04 9.7E-06 9.7E-06 0.0E+00 6.3E-12  9.3E-09
Cd 44E-06 1.6E-05 8.9E-07 8.9E-06 0.0E+00 28E-09  1.9E-04
. * .
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Figure 5.6: Comparison of trace metal concentration in field and modeled residue mix

solution



Two d are the not alized decant water and the closed or low

oxygen system. Fig. 5.7 shows these conditions for pH and a selection of trace metals.

The field not-neutralized measurements were taken in the impoundment where the decant

water pH was not controlled. When the decant water in the impoundment is allowed to

acidify the metal concentration is approximately one order of magnitude higher than that
1 1

found in the pH lled i d These conditions are si d by ing

the amount of the calcite in the NCR from 0.095 to 0.06 moles/L. Generally the metal

axs

ation i (amount dep g on the metal) with decreasing amounts of

calcite; as expected due to the neutralizing effect of the calcite. A calcite concentration
of 0.095 moles/L approximates the metal conditions found at the site. The modeled and
measured pH for the not neutralized scenario is closer at a calcite concentration of 0.075
moles/L.

The closed or anaerobic case is similar to conditions that exist near the base of the
impoundment when oxygen has been depleted. The closed case shows the reduction in
nickel and copper concentration with lower oxygen conditions compared to the base case
(calcite concentration equal to 0.095 moles/L) as less pentandite and chalcopyrite is

oxidized.
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Figure 5.7: Trace metal concentration versus field and model solutions with variable test
conditions

5.4.4 Comparison of Acidification of Disposal Pond Decant Water and Laboratory
Measurements

As indicated previously, in one of the four Dq ion Plant i the decant

was not treated after residue disposal as a test case. The chemistry of this decant water
was monitored by VINL. Fig. 5.8 provides a comparison between pH readings from this
disposal pond and that measured in a laboratory set-up for a period of approximately six

months. The lab 'y results were d from the supernatant of a 15 L bucket half

filled with mixed residue slurry. The pH drop for each solution shows a very similar
trend over time. The majority of the decrease occurs within the first 50 days at which

point most of the readily available sulfur has been oxidized.
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5.4.5 Sensitivity Analysis
The sensitivity analysis consisted of three different methods: the total mineral percentage
in comparison to the weight of solution was altered, individual mineral percentages as a

portion of the solids were i d, and the ¢ ion of the analytes in the PEN

solution was increased. Fig. 5.9 shows the effect, on the predicted trace metal
concentration, of increasing the amount of minerals present, except calcite, in the solution

by 10, 15 and 20 percent. Calcite was not i d as it led the effect of i ing

the mineral concentration. The cobalt concentration tended to level off while the other
metals increased proportionally. As shown by Fig. 5.10, increasing the PEN solution

analyte ions did not iably alter the ion of metals in solution

and increases in concentration of any one mineral did not appreciably increase metal

concentration in the modeled decant water with the exception of FeS and pyrrhotite
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which caused increases in concentration of all trace metals above that of the base case.

water trace metal concentration. This is due to the thermodynamics of its formation/

|
| Changes in the concentration of FeS had the largest single effect on the modeled decant
' dissolution reaction and the direct generation of hydrogen sulfide ions.
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Figure 5.9: Effect of change in total minerals on predicted metal ion
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Figure 5.10: Effect of changes in percent of individual minerals on predicted metals
concentration

5.4.6 Role of Kinetics in Modeling Decant Water in the Disposal Pond

Modeling the residue minerals with equilibrium provides inft ion on the

long-term status in the impoundment. It is also of interest how the chemistry of the

decant water may be alter with time. When considering the kinetics of mineral

dissoluti ions the minerals can be grouped into three categories. There are

minerals that react so slowly that they need not be idered in the modeli

an example of this is hematite. Second, there are reactions that occur very rapidly and for
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which the equilibrium expression is an appropriate approximation of reality. Finally

there are those minerals for which the kinetics of the reactions is important to consider.

In PHREEQC the dissolution — precipitati ions are modeled, unless stated, by

equilibrium expressions while in the ical reactive transport code MIN3P (Mayer

et al., 1999) they are based solely as kinetically controlled reactions. The code MIN3P is
used to model changes in pore water chemistry in a residue-filled column (Chapter 6) and
is used in this work to provide further understanding of reaction kinetics in the decant
solution. Table 5.8 summarizes the rate expressions employed in the model when
considering the kinetics of mineral dissolution and the residue. A shrinking core model
(Davis and Ritchie, 1986; Wunderly et al., 1996) is used to describe the rate expression
for the sulfide minerals. Pentlandite and chalcopyrite rates are dependent on oxygen
concentration while the pyrrhotite rate expression is a function of both ferric iron and
oxygen concentration. Calcite has a surface area controlled, reversible reaction that has

three pathways (including carbonic acid concentration and pH). Hematite is not included

in the model as it does not dissolve readily. The inder of the mi Is (1

goethite, gypsum, sulfur, ferrihydrite and FeS) are described by simple reversible rate
expressions based on their saturation index. In the cases of sulfur, ferrihydite and FeS a
high rate constant is used to ensure these phases reach equilibrium quickly, as suggested
by others (Furrer et al., 1989, 1990). The residue minerals were modeled in a batch
reaction with MIN3P in a solution with decant water chemistry and in proportions similar
to that found in the field. Table 5.9 indicates the saturation status of the residue minerals

and the trend of the saturation index with time. In addition an estimate is provided of the
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time to a stable saturation index. It should be noted that the quasi-stable saturation index
for ferrihydrite, goethite and pyrrhotite was less than zero. FeS, ferrihydrite, magnetite

and calcite exhibited the highest dissolution/precipitation rates for the mineral volumes

and solution modeled. Using the shrinking core rate exp ion the sulfide

reached quasi-stability in approximately two years while other minerals took 20 years.
The shrinking core model describes the decrease in reactivity of sulfide minerals
observed during oxidation. Wunderly et al. (1986) has attributed this phenomenon to the
formation of oxide coatings on surfaces. The decrease in reactivity is based on the radius

of the unreacted core and causes a quasi-stability after two years.

5.4.7 Limiting Factors

There are many sources of error for this type of work. They include using database

and their ther y ic equilibrium expressions to approximate the minerals

(sometimes amorphous in nature) present in the residues. The percentage of each of the
minerals present in the residues has not been clearly established. In addition, at the
beginning of the two and half year life of the Demonstration Plant operation the residues

were disposed in batch format and ly in the first impound; (5C and D).

Later the residues were mixed prior to disposal and the residue composition could vary
due to optimization of the plant process. The NLR was always neutralized with lime
slurry prior to disposal and the NGR was neutralized during from the iron removal
process. For impoundment 5C and D the chemistry of the decant water over time could
vary depending on which residue had most recently gone for disposal, its placement and

the solution chemistry as well as other factors. Other influences that also could affect the
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Table 5.8: Rate expressions for minerals in the hydrometallurgical residue

Mineral Rate Expression (mol dm”sT) Reference
r, e Wunderly
Chalcopyrite R =~(——"—)10"°{0,(aq)} etal., 1986
(r,—r)r, !
‘Wunderly
Pentlandite® R =~(—2—)10""*{0,(aq)} etal., 1986
(r,—r)r, :
r " P AP |1 Wunderly
Pymhotite®  R=~———)I0"*{0,(ag)}+10"* {Fe*(ag)|”* I-Tm] etal., 1986
(=), 10 ’
Chou et al.,
Calcite® R=-S00""{H'}+10™* { H,CO(ag)} +10°*" { H o})[ ] 1989
See note a)
Magnetite R=-10x10" [l ('f.':.
e IAP Ball,
Goethite =-2.0x10" [l :| Nordstrom,
1991
i Ball
Gy R=-1.0x10"|1- 04” Nordstrom,
1991
. ) » Equilibrium
Ferrihydrite R=-1.0x10"|1- o m based
Equilibrium
Sulfur =-1.0x10" [1 oliﬁ‘“ b:sed
Equilibrium
Fes =-10x10" [1 (')’f,':, bised
Hematite Not
Notes:

“ Estimated based on existing information

L 1= radius of particle (set to 69um) and r,= radius of unreacted core (set to 68.9um) (Brookfield
et al., 2006).

© 8 = surface area

deli ise and field diti include: the site conditions of temperature and

of thiosalts in the residue, mineral reaction kinetics, the effect of
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non-dominant minerals or analytes and generation of secondary minerals or phases either

by the model or in the field.

Table 5.9: Mineral saturation information in neutralized decant solution

Mineral Saturation Index Trend with time Time to Quasi-
Equilibrium

Chalcopyrite Negative Increasing 2yr
Pentlandite Positive Decreasing 2yr
Pyrrhotite Negative Decreasing 2yr
Calcite Positive Decreasing 3yr
Magnetite Positive Decreasing 20 yr
Goethite Negative Decreasing Tyr
Gypsum Positive Decreasing 20 yr
Ferrihydrite Negative Decreasing Tyr
Sulfur Positive to Negative Decreasing Very short
FeS Negative to Positive Increasing Very short
Hematite NA NA

NA: not applicable, not included in model

55 CONCLUSIONS

From the work completed it has been shown how it is possible to model
hydrometallurgical residue using minerals in a geochemical reaction code and use it to
predict metal concentrations in a batch test situation such as shake flask experiment.
Care must be taken to consider the formation of secondary minerals within the code and
its subsequent affect on solution composition. Not surprisingly due to the complex nature
of the residue the NLR was much more difficult to model that the NGR. The modeled

residue was useful in predicting decant water chemistry and was used to consider factors

ffecting the chemistry. The modeled NCR residue and PEN solution gave the best
approximation of metal concentration in the decant water. Removing oxygen from the

reaction, similar to subsurface conditions, generated significantly reduced concentrations
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of nickel and copper in the decant water. Sensitivity analysis indicated that the modeled
residue was very sensitive to the amount of neutralization it received from calcite and to

the amount of FeS and pyrrhotite in the modeled NCR. As PHREEQC's default is to use

1 .

equilibrium exp ions for mineral di and precipitation it long term
conditions. The kinetics of mineral dissolution/ precipitation reactions was considered
using the code MIN3P and provided insight into the time to quasi-equilibrium and the
saturation index of the residue minerals and its trend with time. Metal sorption appears to
play a strong role in the actual residue and was able to be modeled in a simple manner
with PHREEQC. More work is required on the characterization of the residue and
determination the reaction kinetics and equilibrium thermodynamics of its particular

minerals and phases in order to better represent the residue in a geochemical code.
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CHAPTER 6

NUMERICAL MODELLING OF TWO DISPOSAL OPTIONS FOR
MINING PROCESS RESIDUE

A. Steel’, K. Hawbold(", F. Khan®
“? Faculty of Engineering and Applied Science, Memorial University of Newfoundland, St.
John's, Newfoundland, Canada AlB3X5

ABSTRACT: In order to encourage more \uvlamable mining practices a mc'llmdnlag\
has been developed to assist in de i i | options for | Ily
environmentally deleterious waste at the deslgn stage of the project. In this case two
disposal options are considered for mining process residue. For both subaqueous and
subaerial residue disposal options, a geochemical reactive transport code is used to
predict the changes in residue pore water chemistry with depth and with time in a
modeled column. The numerical models are calibrated against site data and are used to
predict full-scale conditions. Sen.mmly analysis is conducted to assess dominant model
iables. Nickel hyd) llurgical waste residue was selected for this research. The
waste considered in this study is mostly comprised of iron oxides and hydroxides, gypsum
and sulfur with minor amounts of metal sulfides. Although, the waste is neutralized
before it is sent for disposal, it is critical to assess its acid genemnng and metal leaching
potential with time in order to de ine optimal /disposal options.
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6.1 INTRODUCTION

The treatment and disposal of base metal ore waste is challenging however more
sustainable mining practices are achieved by integration of long-term disposal
implications of a waste at the design stage of a project. In this study, sulfidic waste

residue produced by a novel nickel hydrometallurgical process is under consideration. If

this type of hydrometallurgical residue is exposed to pheric oxygen, it p
acidic drainage as with Acid Mine Drainage (AMD). Oxidation of sulfide minerals and
subsequent generation of AMD mainly occurs as oxygen diffuses through the unsaturated
zone of tailings or waste rock deposits (Blowes and Jambor 1990; Robertson, 1994). The
oxidation mobilizes metals in the tailings and potentially the underlying bedrock.
Recently, multi-component reactive transport models have been used to model many of

the complexities involved with AMD including interactions between physical, chemical

and biological Modeling of AMD aids in understanding the site and deposit;

8! P

specifically development, duration and attenuation of AMD. Elberling et al. (1994);
Waunderly et al. (1996); Frind and Molson (1994) and Bain et al. (2000) have considered
oxygen diffusion through simplified modeled tailings. The rates of chemical reactions
can be a significant factor in the development of AMD as shown by Sharer et al. (1994);
Nicholson and Sharer (1990); Mayer et al. (1999, 2000 and 2002) and Lichtner (1996).
Work by Salmon and Malmstrom (2004) focused on biogeochemical processes that
contribute to leachate composition in a tailings deposit. The affect of acid neutralizing
reactions on pH and reduced metal mobility has been studied by Blowes and Ptacek

(1994) and Stromberg and Banwart (1999). Numerical modeling of sulfide oxidation in



mine waste rock and heap leach piles has been examined by Jaynes et al. (1984); Davis
and Ritchie (1986) and Fernandes and Franklin (2001).
In this study MIN3P, a multi-component reactive transport code (Mayer et al., 1999), is

used to simulate drai through hyd llurgical process residue at a proposed full-

scale disposal site. The method is to use characterization data collected on the residue to

Aadad wos Tooical H

develop a

which in tum is used in a geochemical

reactive transport model to si two disposal ¢ (subaerial and subaqueous)
and predict groundwater conditions with depth and time. The two modeled disposal
scenarios are calibrated with field data collected at the nickel hydrometallurgical
Demonstration Plant site.

MIN3P considers solute and gas transport in variably saturated porous media in one, two
or three dimensions. This code permits advective-dispersive transport in aqueous phase
and diffusive gas transport. The model formulation was based on the global implicit
approach which considers reaction and transport processes simultaneously (Steefel and
Lasaga, 1994). Previous studies in which it has been used include: the impact of flooding
a former underground uranium mine (Bain et al., 2001), performance of a permeable
reactive barrier for remediation (Mayer et al., 2001), quantification of acid neutralization

reactions in a column experiment (Jurjovec et al., 2004) and simulation of reactive solute

transport through a tailings impoundment (Brookfield et al., 2006).
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6.2 PHYSICAL AND HYDROGEOLOGICAL SETTING

Hvd m

Hy gical plant ate feed was shipped, between 2005 and 2008, from

the mine site at Voisey's Bay, in Labrador to the site of a 1:100 scale Demonstration
Plant site, in Argentia, situated approximately 150 km west of St. John's, Newfoundland
(Fig. 6.1).  The proposed full-scale plant located in Long Harbour, near Argentia,
Newfoundland will commence construction in 2009. At the proposed full-scale facility
the residue will be disposed subaqueously.

hod 4

Two main were idered for the disposal of the residue. In subaerial disposal

the waste is di d of in an i d with proper site drainage and runoff

treatment.  In this case the waste remains unsaturated during and after disposal. In
subaqueous disposal, the waste is placed in the disposal site such that it remains saturated
under a water cover during placement and after disposal. A head of water is maintained
above the waste at all times, limiting the supply of oxygen to the waste. Subaqueous
disposal can either be in an existing water body or developed through an excavation.
Fig. 6.2 provides a schematic of the subaqueous disposal option in a pond and the
theoretical subsurface flow regime.

The proposed full-scale residue disposal pond will cover an area of approximately 74
hectares (VINL, 2006, 2008) and will extend an average estimated depth of 10 m when
complete. The bedrock at the site is precambrian volcanic flows and tuffs and
pyroclastic and clastic sedimentary rocks (VINL, 2006, 2008; King, 1988). As indicated
in Fig. 6.2 the simplified water balance for the impoundment considers only infiltration

and contribution to groundwater.
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Figure 6.1: Location of Argentia Demonstration Plant and Voisey’s Bay mine site
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Figure 6.2: General conceptual model of a typical subaqueous residue disposal pond
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6.3 MODEL DEVELOPMENT

6.3.1 C | Model Devels

In this study geochemical reactive transport modeling is used to analyze waste disposal
options. The model utilizes available site information; assumes representative values for
other parameters and calibrates the model scenarios against site data. Pore water
chemistry predictions are made using several assumptions and limiting factors (Section
6.4.4) and therefore are for illustration purposes. They are not expected to represent

actual full-scale conditions at the site. Details of various aspects of the model are

provided in the following sections.

6.3.2 Process Residue

The residues from the Ds ion Plant are derived through either pressure leaching

or precipitation processes and are in the form of sludges. The two main sources of
sludges/residues are: 1) the solids, or the Neutralized Leach Residue (NLR), remaining
when the pulp from the pressure leaching is washed by counter current decantation and
neutralized with lime and 2) the precipitate, or the Neutralized Gypsum Residue (NGR),
formed during the iron removal and neutralization stage. The Neutralized Combined
Residue (NCR) consists of approximately 55 % NLR and 45 % NGR (VINL, 2006). The
NLR and NGR were subjected to various tests to determine its mineralogy, structure and

metal leaching capacity. S ing Electron Mi pe (SEM), X-Ray Fluorescence

Spectrometer (XRF), and X-Ray Diffractometer (XRD) sample analyses were used to

determine residue mineral ition and mi (Steel et al., 2006, 2009a).

Inductively Coupled Mass Spectrometer (ICPMS) was used for elemental analysis in the
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residue. Results of Acid Base Accounting analysis, shake flask experiments, humidity
cell experiments, sequential extractions and Toxicity Characteristics Leaching Procedure
tests were used to determine its acid generating and metal leaching capabilities and are
described in Steel et al. (2009a, 2009b) and Chapter 8.

The filter cake contains mainly gypsum (CaSO42H;0) and iron hydroxide particles
(FeO(OH) and Fe(OH);) with minor quantities of nickel hydroxides and other metal
hydroxide compounds. The leach residue appears to consist primarily of Fe;O3 and sulfur

with minor amounts of amorphous FeS and unreacted concentrate. The sulfur is present

had q

to other

in el | form and The principle minerals present in

crystalline or amorphous form in the NGR and NLR of the hydrometallurgical residue are
shown in Table 6.1 (Steel et al., 2009a). In order to model the residues, as many of the
minerals present as possible were included initial analysis. Table 6.1 also provides
percentages of the minerals present in each modeled residue. The residues contain
concentrations of nickel, copper and cobalt; these were considered by inclusion in the
minerals. Table 6.2 outlines the percentage of target metals (nickel, copper and cobalt)

and sulfur associated with each residue.



Table 6.1: Examples of d/mi

Is present in NGR, NLR and NCR and weight

fractions
Compounds/minerals Mineral Weight (Fraction)
(either crystalline or amorphous) NLR" NGR* N
Gypsum CaSO42H,0 0 0.93 0.4
Goethite FeO(OH) 0 0.0375 0.03
Ferrihydrite Fe(OH)3 0 0.0375 0.03
Iron(III) oxide Fe, O3 0.7 0 04
Iron(ILIII) oxide Fe; Oy 0.05 0 0.03
FeS 0.08 0 0.05
Sulfur S 0.02 0 0.01
Pyrrhotite Fe(1.,) S 0.02 0 0.03
Pentlandite (Fe,Ni)s Sg 0.015 0 0.005
Chalcopyrite Cu,FeS; 0.01 0 0.005
Calcite CaCO3 0.1 0 0.04
Total 0.995 1.01 1.03

Notes:

* NGR: Nickel and other metal hydroxides containing Cu, Al, Si and/or Cl were present.
"NLR: Spheres containing iron, sulfur and oxygen with minor Ca, Si, Ni, Cu, Al were present.
“NCR weight percentage is estimated at 55% NLR and 45% NGR

Table 6.2: Select metal and sulfur in hyd llurgical resid
Aiialyie Metal/Sulfur Weight (%)

NLR NGR NCR
Nickel 0.4-1.1 0.2-0.6 0.5-0.6
Copper 0.2-0.3 0.07-0.2 0.2-0.3
Cobalt 0.02 0.002-0.005 0.01
Total Sulfur 27-28 20-21 25-26
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6.3.3 Geochemical Processes

The compounds present (in both amorphous and crystalline form) in the
hydrometallurgical residue are subjected to oxidation upon disposal. The main reactions
that are predicted to occur in the NCR deposit are provided in Table 6.3. When oxidized
the sulfides release sulfate and ferrous iron (Table 6.3, reactions 10-13) and produce
hydrogen ions. Oxidation of released ferrous iron (Fe(II)) produces ferric iron (Fe(III))
(Table 6.3, reaction 3) which can precipitate to form ferric hydroxide and hydrogen ions
(Table 6.3, reaction 2). As a strong oxidant, ferric iron can also be used to catalyse
reactions (Table 6.3, reaction 10). Secondary processes such as reaction 2) may also

occur within the residue deposit and contributes to the ground pH and ion

of dissolved ions (Blowes and Ptacek, 1994; Nordstrom and Alpers, 1999). Release of
target metals is caused by oxidation of sulfide minerals such as pentlandite and
chalcopyrite (Table 6.3, reactions 12 and 13) and by weakened surface adsorption caused
by changes in pH (Table 6.3, reaction 6). The dissolution of the carbonates, calcite and
gypsum contributes to the natural control of the pH in the residue leachate (Table 6.3,
reactions 1 and 7) (Blowes and Ptacek, 1994). Dissolution of the minerals calcite and
pyrrhotite can occur without the presence of oxygen. If pH increases metal sulfates,
carbonates or hydroxides may form (Table 6.3, reactions 4 and 5).

With subaerial residue disposal the diffusion of oxygen through the pore space is
anticipated to be the primary source of oxygen for reactions in the deposit as it is with
tailings deposits (Elberling and Nicholson, 1996). The rate of diffusion is highly

dependent of the degree of saturation of the deposit and well as its effective porosity
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Table 6.3: Chemical reactions of interest

1. Gypsum precipitation/dissolution CaS0,+2H,0 «> Ca™ +50; +2H,0

2. Tron hydroxides FeOOH, ,, +3H" & Fe> +2H,0 (Geothite)

(s)
Fe(OH),, +3H' ¢ Fe"'+3H,0 or Fe,HO, -4H,0,,+3H" ¢ Fe* +3H,0 (Ferrihydrite)

0

3. Ferric/Ferrous iron formation 4Fe +0,+4H" < 4Fe™ +2H,0

4. as pH increases Fe*"+CO? ¢ FeCO, ; Fe™'+S0] > FeSO,,,

. Nickel/copper hydroxides Ni(OH) ) ¢ Ni** +20H™: CutOH) ) & Cu* +20H

6. Release of metals from Fe,0; Fey05 ) + NixO, +23+a+b+oH T

a(s) * CyOp(s) + €020,

o(s)

o 27+ N +yCu?t +2Co%t +B+a+b+OH,0

7. Calcite dissolution/precipitation CaCO, +H"* ¢ Ca™* + HCO; ;
CaCO, +H,0 & Ca** + HCO; +OH ™ ; CaCO, + H,CO; ¢> Ca™ +2HCO;

8. Formation of amorphous FeS,,, Fe'* +25* & FeS,

2s)

9. Pure sulfur oxidation 25, +30,

2aq)

+2H,0 & 2H,50,

10. FeS,, oxidation Fes—0, +0, — Fe** +50]" (Mackinawite)

FeSyg) + 350y )+ Hy0 — Fe™¥ 42505 421" (Pyrite)
11.FeS, , oxidation FeS,, +(2-0.5x)0y,, +2H,0 — (1-x)Fe’ +S0; +2xH"

12. (FeNi),S,,, oxidation (FeNilgSgq) +1650,,) +2H" —45Fe™" +45N>" + 8507 +05H,0

13. CuFeS,,, oxidation CuFeS,, +40,,,, — Fe* +Cu®* +250"

14. Transformation of Fe, S to FeS,,

L _ + 1 4 by g0
2FeI_XS(S)+(0.5 X)OZ(M)HZ 4x)H -aFeSz+(I 2x)Fe™ +(1 -x)HZO

15. Formation water H* +OH~ ¢ H,0,,

16. Hematite  Fe,0, +8H* - 2P 4 Rt 44l 0

(Hermann et al., 2002). Oxidation of sulfide minerals is expected to occur more readily
in the unsaturated zone where oxygen availability is higher. ~As acid in produced by
sulfide mineral oxidation, the acid may be partially neutralized by the dissolution of

carbonate minerals. Above the water table both of these processes will be very active
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however the amount of carbonate minerals may not be sufficient to neutralize the acidity.
The unsaturated zone will be a main source of dissolved species to the underlying
saturated zone.

In the saturated zone, oxygen availability is limited due to infilling of interconnected pore
space with groundwater which has a diffusion coefficient several orders of magnitude
lower than air (Nordstrom and Ball, 1989). The oxidation of sulfide minerals will be
limited in the saturated deposit and below the water table in the subaerial deposit. The
presence of dissolved ferrous iron, other metals and high sulfate concentration in the pore
water are indicators of sulfide oxidation products. Oxidation of ferrous iron leads to the
precipitation of secondary phases such as iron hydroxides and hydroxy-sulfates, reduces
ferric iron concentration and alkalinity. High sulfate concentration may lead to

dq . 1

precipitation of Yy such gypsum and jarosite (Jurjovec et al., 2002).

6.3.4 Equilibrium and Kinetic Processes

To effectively simulate sulfide-mineral oxidation and pH buffering it is necessary to
incorporate reaction kinetics. Mayer et al. (1999, 2000, 2002) describes inclusion of
kinetic processes in the models and calibration of models with field data with the code
MIN3P. STEADYQL (Furrer et al., 1989, 1990) classifies reactions kinetics into three
categories; very fast, very slow and moderate. In this code it is the moderate rate
reactions that employ kinetic expressions as described in Stromberg and Banwart (1994),
Salmon and Malmstrom (2004), Brown et al. (2000) and Fernandes and Franklin (2001).

PHREEQC (Parkhurst and Appelo, 1999) is also able to incorporate mineral reaction
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kinetics in geochemical modeling, but cannot model in two dimensions, model
unsaturated conditions or include a variety of boundary conditions.

Compared to the residence time in the deposit many of the reversible geochemical
processes that occur are much faster and were assumed to exist at chemical equilibrium
by the authors. Slower processes or reactions were represented in the model as kinetically
controlled reactions. A shrinking core model is used to describe the rate expression for
the sulfide minerals (pentlandite, chalcopyrite and pyrrhotite) which are dependent on
oxygen concentration (Davis and Ritchie, 1986; Wunderly et al., 1996). The pyrrhotite
rate expression is a function of both ferric iron and oxygen concentration (Mayer et al.,
2002). Calcite has a surface area controlled, reversible reaction that has three pathways
(including carbonic acid concentration and pH) (Chou et al., 1989). Magnetite, goethite
and gypsum are described by simple reversible rate expressions based on the saturation
index. Hematite is not included in the model as it typically does not react readily. The

inder of the minerals/el (sulfur, ferrihydrite and FeS) are assumed to go to

equilibrium by ing high rate as is with kinetic modeling (Furrer
etal.,, 1989 and 1990). For this study, the empirical rate expressions were selected from
weathering experiments on mineral samples reported in the literature as shown in Table
6.4. The rates of reactions for reactions (10) —(13) and reaction (3) (Table 6.3) may be
significantly increased by iron oxidizing bacteria (Nordstrom and Southam, 1997; Stumm
and Morgan 1981; and Nicholson, 1994). Also the reducibility of amorphous or poorly

crystalline ferric iron takes place more rapidly than crystalline phases (Christensen et al.,
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2000). Steel et al. (2009¢) provides further information relating to reaction kinetics

involving the hydrometallurgical residue and decant water and is provided in Chapter 5.

Table 6.4: Rate expressions used in the model

Mineral Rate Expression (mol dm™s™) Reference
Chalcopyrite r,
- _((, _P, > )10° {0, (aq)} (\i/:lndelrlgysﬁ
=TI, N
Pentlandite” z
R= _<(, _Pr ) N0, (a)} :‘::Indeld9§6
I =
Coo ]
Pyrhionts R=~( = 107 {0, (@} +10™*{ Fe(ag)] [I_xo .w] \:h;l"dfggﬁ
r,=r, etal.
-
Calcite R=_S“04m.{H.}+m.m ,Cl),(aq)}*l()*'"{HO})[ lC;:;; etal,
Magnetite IAP
R=-1.0x10" m|:l 10’]" See note a)
Goethite ,Ap Ball and
=-2.0x10™ [1 Nordstrom,
1991
Gypsum ~ Ball and
R=-1.0x10 “|:1 10451: Nordstrom,
1991
Ferrihydrite ilibri
y R=-1.0x10" J:l g‘?f; bE;lsuelclllbnum
Sulfur R=—i0:02|i-_HAP Equilibrium
1072 '“9 based
FeS ilibri
R=-10x10" [1 o ,, e
Hematite Not included
Notes:

"Estimated based on existing information

b r,= radius of particle (set to 69um) and r.= radius of unreacted core (set to 68.9um) (Brookfield
et al., 2006)

© S = surface area



6.3.5 Model Set-up and Calibration

MIN3P (Mayer et al.,1999, 2000) was used to simulate different residue disposal
methods. The model input for the code is provided in Table 6.5. The model was
calibrated for both subaerial and subaqueous disposal methods through data available
from the site in order to predict full-scale disposal conditions. In the model, the residue
deposit was assumed to be constant in porosity, water content, hydraulic conductivity and
mineral content and the flow was vertically downward through a residue-filled column.
For the subaerial disposal scenario, calibration data was available from two subaerial test
plots located on the site, one containing NGR and one NLR, measuring approximately 3
m by 3 m by 0.5 m depth. The concentration of dissolved constituents from the test plot
leachate was compared to that derived by the model. The model assumed that the water
table was 0.1 m from the base of a 0.5 m column of residue. In the model, water (with
rainwater composition) infiltrated the surface of the residue column and exited out the
base.

The subaqueous disposal scenario was calibrated with pi data

from the base of a lined sub residue i d at the Demonstration Plant.

The site impoundments were approximately 10 m by 10 m and 3 m in depth with 0.2 m
of decant water cover. The decant water consists of treated plant effluent mixed with
residue slurry and rain water that has collected in the impoundment and may include
products from reactions in water column. The subaqueous model consisted of 3.0 m
column of modeled residue with 0.2 m of water (with decant water composition) above

the residue. A low flow was maintained out the base of the column. In the subaerial
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disposal case, the initial condition assumed Process Effluent Neutralization (PEN)
solution present within the pore space in the residue below the water table as this most
closely resembled initial field disposal conditions. The PEN solution is treated plant

effluent that has had target metals 1. In the subagq; disposal case, the residue

slurry will be mixed with decant solution during disposal therefore the solution chemistry
used for initial conditions was a mixture of the plant PEN solution and decant solution.
The composition of the decant water and PEN solution used in the model is provided in

Table 6.6. It should be noted that all waste water from the Demonstration Plant was

treated before being released and met applicable discharge guideli

Table 6.5: Model p values for d and d disposal conditi
Average Volumetric Fractions of Minerals

Gypsum 1.45E-01 FeSppt 1.02E-02
Ferrihydrite 4.21E-03 Sulfur 4.69E-02
Magnetite 4.66E-03 Pyrrhotite 1.73E-03

Goethite 4.21E-03 Chalcopyrite 9.53E-04

Calcite 9.73E-03 Pentlandi 1.17E-03

Model Parameters

Parameter Value Units

Porosity 0.50 Measured

Residue density 1.100 g/em®  Measured

Residue surface area 1.0E-06 m’/g  Estimated
Hydraulic conductivity 1.0E-06 m/s Estimated
Saturated Case (full scale)

Inflow head 3.1(10.5) m Estimated from site
Outflow flux 1.0E-13 (5.0E-09) m/s Estimated

Column height 3.0 (10.0) m Estimated
Longitudinal dispersivity 3.0E-01 (1.0E-01) Estimated
Unsaturated Case (full scale)

Inflow flux 5.0E-08 m/s Envir. Canada, 2009
Outflow head 0.1(25) m Estimated from site
Column height 0.5 (10.0) m Estimated
Longitudinal dispersivity ~5.0E-02 (1.0E-01) Estimated

Residual saturation 0.05 Estimated

Note: (...) Model parameters for full-scale disposal impoundment.
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Table 6.6: Composition of modeled initial condition and boundary ¢ solution
Model Initial Model Boundary Model Boundary
Analyte Conditi 2 Condition Soluti Condition Soluti
(PEN) (Decant Water) (not neutralized)
(mg/L) (mg/L) (mg/L)

Cu 1(0.1%) 0.0238 1

Ni 1(0.1%) 0.107 5.16

Co 1(0.1% 0.015 0.14

Pb 10 (1.0% 0.002 0.023

Cd 10 0.0001 0.0007

Zn 5 0.0061 0.12

Fe 1 0.89 243

Ca 733 574 519

Mg 127 242 5.19

S 1884 NA NA

S04 5652 7000° NA

Na 1630 NA NA

cl 763 500" NA

pH 7.0° 9.2 3.2

Note: * C ions used for sub: case.

" Estimated based on typical values; NA: not available

6.4 MODEL RESULTS AND DISCUSSION
6.4.1 Comparison of Field and Modeled Results of Subaerial Test Cell
The subaerial column was modeled for four months, three years and 19 years. Fig. 6.3

the modeled ion of select comp s (at partial p of oxygen

P0,=0.21 atm) and the average of those taken during four months of field measurements.
For the model the influx rate was based on the average rainfall for the area. Field
measurements were taken at the base of the disposal test cell while the column model
simulations are from the base of the 0.5 m column with the bottom 0.1 m below the water
table. The full oxygen saturation condition caused higher oxidation rates for sulfide

minerals and resulted in higher concentrations of metals in the leachate than lower

saturation levels. In general the model predictions of analyte ions were in good
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agreement with those measured in the field. All field measurements were within one

order of magnitude of the model predictions with the ption of lead ion

which was about 60 times higher in the model than in the field and may be due to
formation of secondary lead phases (such as oxides or sulfates) in the field. The ferrous
iron concentration is generally high in both the field and model as it is generated during
oxidation of sulfide minerals. The iron field measurements are actually total iron
concentration. In the model the predicted ferric iron concentration is significantly lower
than that of ferrous iron as ferric hydroxides precipitates readily.

Figure 6.3: Comparison of modeled and field at base of cell (0.5 m) for
subaerial disposal method
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Fig. 6.4 illustrates the model predictions of aqueous geochemistry of the pore water over
the depth of the test cell four months after disposal. The nickel and copper concentration

decreases with depth as sulfide mineral oxidation decreases and cobalt and lead

actually i with depth as the rainwater influx dilutes the




concentration of these metals near the surface. The pH of the pore water remains low

throughout the depth of the cell. Ferrous iron generally decreases with depth. Sulfate

remains fairly constant with depth. Very near the surface, there is a dilution effect due to

the influx of rainwater as is evident in a number of the metals (ferrous iron, nickel and

copper). Calcium and carb

with depth as it is consumed by
neutralizing the acid in the upper portion of the deposit where oxidation takes place.

Hydrogen monosulfide is constant below 0.45 m depth.

Figure 6.4: Predicted analyte concentrations with depth for subaerial test cell: time 4
months
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642 Comparison of Field and Modeled Results of Subaqueous Residue
Impoundment

The sub column was modeled for periods of one, three and nineteen years. Fig.

6.5 shows fairly good agreement between the predicted and field observations of
subsurface pore water concentration after one year however the agreement was not as
strong agreement as the subaerial case (Fig. 6.3).  This case was different to model;
there was no flow from the base of the lined impoundment and the model used a very low

base flux (Table 6.5). The model over predicted the ions of

copper and lead and under p d ferrous iron c ion. As the predicted pH was
5.6 and the actual pH was 9.6 this caused the modeled metal concentrations in some cases
to be higher than that in the field. The lower measured lead concentration may be due to
secondary phases forming or lead adsorption on mineral surfaces. In the model, the
initial condition pore water metal concentration is high and due to the lack of subsurface
flow the initial pore water chemistry is not significantly diluted with infiltration. Full
saturation of the residue greatly reduced the oxidation of the sulfide minerals except in
the top 1 m of the impoundment.

Fig. 6.6 shows model predictions of analyte concentration with depth for the

D ion Plant i d In general, the metal concentration in the pore water

was lower in the upper 0.5 m and then increased rapidly and leveled off for the remaining

2.5 m depth of residue. The calcium and sulfate ion was fairly with

depth and was not strongly affected by pH changes. The metal concentrations were lower

near the surface where the pH was higher due to the influx of decant solution which has a
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Figure 6.5: Comparison of

del,

d and field

at base of impound: 3.0

m) for subaqueous disposal method (time one year)
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Figure 6.6: Predicted analyte concentrations with depth for subaqueous impoundment;
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higher pH and generally lower metal concentration. At depth the metal concentration is

similar to that of the interstitial PEN solution.

6.4.3 Prediction of Full Scale Subaerial and Subaqueous Disposal Pond Subsurface
Chemistry

The modeled residue from the two field calibrated disposal scenarios was used to predict
the pore water chemistry at proposed subaerial and subaqueous full-scale disposal sites.
The model was run for 50 days and six, 19 and 27 years. Plots for the subaerial disposal
case and the first three times versus deposit depth are provided in Fig. 6.7. As shown by
Fig. 6.7a), initially nickel, copper, cobalt and lead concentrations are similar and the pH
is fairly low (3.5-4.7) throughout. There is a slight decrease in metal concentration below
the water table. With time the pH decreases as sulfide oxidation progresses through the
deposit and then pH stabilizes (Fig. 6.7c) at 5.1. After several years (Fig. 6.7b) and
continued mineral oxidation the metal concentration is higher below the water table,
potentially due to accumulation from the sulfide oxidation occurring above the water
table and leaching down into the groundwater. In addition, rainwater influx will dilute
dissolved ions near the surface. At 19 years, the nickel and copper concentration remains
fairly high, compared to the initial case, throughout the deposit however there’s a lower
generation rate of oxidation products due to the sulfide mineral shrinking core kinetic

expressions. In the model, the lead and cobalt ion are not ined in the

minerals present thus their concentration in the groundwater is diluted over time.
Calcium concentration increases with depth as it is consumed near the surface by acid

neutralization and generated below the water table by calcite dissolution. Ferrous iron
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concentration changes significantly and generally decreases with depth. Initially it is high
near the surface where oxidation is occurring then as oxidation progresses with time the
ferrous iron concentration is high deeper into the residue deposit (Fig. 6.7a and 6.7b). At
19 years the ferrous iron concentration is high throughout the depth of the residue
deposit, as is shown in Fig. 6.7c.

The results of modeling the full-scale subaqueous residue disposal pond with depth and
time are provided in Fig. 6.8. The results are provided for 50 days, six years and 19 years
in Fig. 6.8a, b and c respectively. In general, little change with time is evident for many
of the dissolved species. The pH of the deposit increases with time from approximately
4.4 10 6.5 after 19 years. The metal species have a lower concentration in the upper 0.5 to
1.0 m of the deposit at all modeled times, reflecting the influx of decant solution,
increased oxygen concentration and potential formation of secondary phases. The metal
concentrations (copper, nickel, lead and cobalt) do not vary considerably over the model
time periods. The ferrous iron concentration decreased from initial conditions due to
influx of decant water and reduction in dissolved oxygen then generally increased with
time from six to 19 years (Fig. 6.8b and 6.8c¢) reflecting the increase of sulfide mineral
oxidation products. Ferric iron concentration was low compared to ferrous iron and
decreased with modeled time. Hydrogen monosulfide also increased in concentration
with time as a result primarily of sulfur or sulfur compound dissolution. ~When the
hydraulic conductivity of the deposit and/or the flux of the pore water from the deposit
base were varied there was corresponding change in the extent of the upper zone (i.e. the

depth over which large changes occur in pore water metal concentration).
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Figure 6.7: Predicted analyte concentrations with depth for full-scale subaerial disposal

site; time 50 days, 6 years, 19 years
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Figure 6.8: Predicted analyte concentrations with depth for full-scale subaqueous disposal
site; time 50 days, 6 years, 19 years
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6.4.4 Sensitivity Analysis and Limiting Factors

Model variables assessed during sensitivity analysis included: hydraulic conductivity,
dispersivity and porosity of the deposit, mineral volume fraction and surface area,
reaction kinetics, flux from deposit, oxygen availability and modeled time. For the

subaerial and subag cases, ideration was given to the effect of removing one of

the minerals which contributes to the residue’s neutralizing or acid generating capacity as

well as varying hydrogeologic input p The subaerial base case used for

sensitivity analysis was a 10 year time and the 0.5 m column. From Fig. 6.9 the
dominant factors are changes in the flux into the column and removal of the mineral
calcite. The subaqueous base case was a 19 year time and the 3.0 m column. Fig. 6.10
and Fig. 6.11 illustrate the dominant factors at the base of the column and 0.4 m from the
residue surface respectively. The main model factors affecting the selected subaqueous
pore water chemistry are changes in the flux from the column, deposit porosity, surface
area or reaction rate of calcite and pyrrhotite, initial condition solution composition, and
selection of mineral to model FeS. As expected, the hydrologic parameters were

significant to the chemistry of the upper deposit.

Limiting Factors
There are many potential limiting factors with this model that could cause the

discrepancies between the deled and field First, there are the

limitations of the field data/observations. Little data was available, both temporally and
spatially, from the two locations used for model calibration. In addition, the placement

q

and type of residue for the D ation Plant imp was not well controlled.
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Figure 6.9: Factors affecting geochemistry of modeled subaerial pore water
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Second, limits in the model and model inputs. Several of the inputs for the calibrated

scenarios and full-scal ditions were d due to lack of available data (see Table

6.5). The residue was d to be posed of ten mi Is this is an over
simplification of what actually exists in the residue and participates in reactions. The
model only included the phases assumed to be dominating the groundwater geochemistry,
especially metal concentrations. For example FeS, represented as the mineral

mackinawite (FeS-0;), may be present in amorphous form, thus it’s thermodynamic and

W

reaction kinetics may not be as rep d in the code d The kinetics of mineral
dissolution/precipitation was derived from experiments conducted by others (Chou et al.,
1989; Wunderly et al., 1996; Brookfield et al., 2006) and not on the actual minerals

present. In addition, the reactive surface area for the minerals was assumed based on

previous studies. Other compounds present in the residue could include metal oxides.



hydroxides and sulfates such as Ni(OH),, Cu(OH),, CuSOy, furthermore the target metals
may also be present adhered to the surfaces of other minerals such as ferrihydrite,
magnetite and hematite. As the lead and cobalt and other metals exist also as metal
oxides, hydroxides and sulfates and attached to surfaces, it is likely that these metals will

leach more slowly into the groun . Due to peti i it was difficult to

accurately model ferrous and ferric iron in the system as it was involved in many

kinetically lled ions in the simulation, this may have resulted in the lower pH

predictions in the saturated scenario.
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Figure 6.11: Factors affecting geochemistry of modeled subaqueous pore water; Z=2.6 m
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6.5 CONCLUSIONS

To enhance our ability to assess and subsequently optimally design mine waste disposal
systems, it is beneficial to incorporate conceptual modeling and reactive transport
simulations as one of the tools used at the design stage of the project. In this work a

conceptual model of two disposal options for hydrometallurgical residue was developed

which included developing a mineralogical bl that rep the

1 aritant]

hydrometallurgical residue, running using a reactive transport
code, calibrating the model against field data then predicting full-scale conditions. There
was relatively good agreement between the model and the limited field measurements for
both the subaerial and subaqueous disposal cases although it was difficult to model the

ferrous iron concentrations and the high pore water pH evident in the subaqueous
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scenario. Many factors contributed to the discrepancy between field measurements and

ive rate i for

P 1!

model predictions, they include: lack of
present, limited mineralogical expression of the residue, presence of amorphous minerals
and metals attached to mineral surfaces, lack of information on mineral reactive surface
areas, potentially inaccurate model flow system data.

The conceptual model was able to provide insight into some of the dominant reactions

and influences on groundwater geochemistry in the residue impoundment. The model

d d the following domi processes: the sulfide mineral oxidation, the
neutralizing effect of the gypsum and calcite, the strong effect of initial pore water

diti in di 1 situati with limited baseflow, the strong effect of oxygen

availability as evident through the subaerial disposal method. From the work it is
apparent that subaerial disposal can result in low pore water pH and high metal
concentrations throughout the deposit in a relatively short period of time. The
subaqueous case resulted in a higher deposit pH and reduced dissolved metal
concentrations for the period modeled. Also there was a complex interdependence
between the decant water chemistry, the initial interstitial pore water chemistry and the
reactive minerals in the case of subaqueous disposal. For subaerial disposal, where
rainwater infiltrates the deposit the chemistry is somewhat simpler. In both cases the

conceptual model and reactive transport modeling was valuable in assessing some

| trends that could potentially

and p ing subsurface g

occur with these disposal options.
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CHAPTER 7

AN INTEGRATED, RISK-BASED APPROACH TO THE DESIGN OF
MINE WASTE LONG-TERM DISPOSAL FACILITIES

A. Steel, K. Hawbold(", F. Khan"
? Faculty of Engineering and Applied Science, Memorial University of Newfoundland, St.
John’s, Newfoundland, Canada

ABSTRACT: Base metal mines produce large quantities of waste in the form of tailings
and sludges which contain metals as well as metal sulfides and oxides. Although, the
waste is neutralized be:fore disposal, it has high acid generating and meml leachmg
P | and therefore it is imp. 10 de ine optimal ion/di.
methods and their associated risks in order to protect human health and the em':mnmenl
A risk-based approach is proposed to determine the optimal disposal methodology for
mine waste. The main steps include: hazard identification, chamclerrmmn, genchemzcal
sport modeli p affect modeling, risk esti haracterization and risk
To de the applicability of this method, a case study illustrating
four mine waste disposal options with three potential sources of Contaminants of
Concern (COC) are considered. Based on the selected COC'’s, the human health and
ecological risk is evaluated against acceptance criteria for each design option. A multi-

criteria decision making analysis framework is used to imize the waste disposal

options based on criteria which includes risk, costs and environmental protection.

This paper will be submitted to the International Journal of Stochastic Environmental
Research and Risk Assessment. The lead author is Abigail Steel and the co-authors are
Dr. Kelly Hawboldt and Dr. Faisal Khan. Ms. Steel’s contribution to this paper is as
follows:
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¢ Conducted all numerical modeling work
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* Performed all literature searches required for background information.
Dr. Hawboldt and Dr. Khan provided technical guidance and editing of the manuscript.
The figure and table numbers and reference formats have been altered to match the

formatting guidelines set out by Memorial University.
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7.1 INTRODUCTION

Ecological or human health risk is a pproach to derive

environmental quality criteria or to serve as a basis for remediation decisions. However,

a risk-based app h to waste is not often used at the design stage of a
project. This work prop a methodology for employing a risk-based approach to mine
waste disposal This approach could also be applied to industrial waste or

mining-related waste. The advantage of such an approach is the reduced long-term costs
and liability of a project and the reduced environmental effects. Waste management
involves balancing competing objectives of minimizing risks and waste management
costs within the constraints of the project. In general, the lower the risk level the higher
the costs involved and vice versa. There is an optimum combination of risk level and
cost for a set level of acceptance (Asante-Duah, 1993).  Part of a risk management
program is to compare risks, benefits and costs for various strategies. Liu et al. (2004) is
an example where risk time curves were employed for decision making, the benefit being
the immediate indication of periods of elevated societal risk.

There has been considerable use of risk assessment as a decision making tool for

remediation options. Khan and Husain (2003) reported the evaluation of petroleum

hydrocarbon cc inated sites using risk-based itored natural attenuation. Volosin

et al. (1997) described risk in the diation of acid rock drai The use

of risk-based assessment of soil and groundwater quality relative to remediation
strategies was described by Swartjes (1999). This Netherlands-based study determined

target values and intervention values based on potential risks to human health and



ecosystems. Bonano et al. (2000) also 1 risk in the decision analysis

of envi ion al ives. Nitzche et al. (2000) investigated database

y in reactive deling through Monte Carlo simulations.

On the topic of disposal of materials Proctor et al. (2002) considered the human health

and ecological risk posed by steel slag in the environment. A stochastic analysis was

conducted to assess variability and uncertainty in the inhal risk d

with environmental applications of slag. Other work on waste disposal included Sadiq et
al. (2004), who presented a decision framework for selection of the best drilling waste
disposal option, which included quantification of uncertainties in risk, cost and technical
feasibilities through the use of fuzzy numbers.  Other examples on risk related to
groundwater contamination include: Maxwell et al. (2003), who used a risk-based

approach to account for the differences in risk to individuals arising from: variability in

hemical

individual physiology and water use; the uncertainty in

and uncertainties and variability in i ion in g d . A risk

assessment approach to assist in the of petrol cC inated sites in
western Canada was described by Liu et al. (2004). The project framework included a
multi-phase, multi-component transport model and an ELCR (Excess Lifetime Cancer

Risk) - based human health risk assessment. Ibrahim et al. (2003) discussed some of the

q

limitations of cost-benefit analysis in an i h for of

er

using health risk assessment and economic analysis.
The approach in this work involves characterization of mine waste for use in a

contaminant fate and transport model to determine the exposure of receptors to selected




COC's. A probabilistic approach is then used to estimate the risk to receptors based on

different waste disposal options. Finally, a multi-criteria risk-based decision making

methodology integrates risk with other disposal criteria. This approach assimilates the

data/information to determine the most effective mine waste disposal systems (Fig. 7.1).

After detailing the methodology of the above approach, a case study is presented. This

case study does not represent a particular site location and results cannot be used to infer

assessment of a specific location or waste but rather used as an application of the

described methodology. Results from any risk-based decision making process are site

specific thus results will change with site location and waste characteristics.

Transport modeling
of COC's to receptors

1

Risk Estimate: Risk Estimate: Risk Estimate: Risk Estimate:
i L L
disposal disposal disposal disposal

]

l Ecological
= Footprint

Decision Making

Containment
Effectiveness

Figure 7.1: Schematic of study plan



7.2 RISK ASSESSMENT METHODLOGY
The main steps involved in the determination of ecological and human health risk follow
and are described in detail in the following section.

1. Hazard identification: identification of potential sources of COC’s, release
mechanisms and receiving environment.

2. COC identification and characterization: estimating characteristics of identified
hazards such as source concentration, species at source, chemical human health
and ecological toxicity data.

3. Modelling transport of COC’s from sources to receptors: Geochemical reactive

advective-dispersive transport models as well as simplified models.

Folines dals o1
2 g P P

4. Exposure routes to receptors (i.e.

inhalation, dermal, food chain, ingestion and estimating exposed concentration).

5. Risk estimation: estimation of risk potential based on the exposed concentration
and allowable concentration (reference dose) for human and ecological receptors.

6. Uncertainty analysis

7. Risk-based decision making: selection of an appropriate disposal design/technique
which exhibits acceptable risk. The disposal options will be evaluated using

multi-criteria decision making including ecological and human health risk.

Based on most common options two main disposal methods were eval d. 1) Subaerial
disposal where waste is placed in a lined or unlined site with proper site drainage and
treatment of site drainage. In this case the waste remains unsaturated during and after

di . 2) Sub di 1, where waste is saturated under a water cover during

1! P
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placement and after disposal. A head of water is maintained above the waste at all times,
limiting the supply of atmospheric oxygen to the waste. Subaqueous disposal can either
be in an existing water body or developed through a lined excavation. For each disposal

case a lined and unlined disposal site was considered.

7.2.1  Hazard Sources, Release Mechanism and Receiving Environment

The fault tree in Fig. 7.2 shows the three potential routes (surface water, groundwater and

air transport) and release mechanisms for i to enter the envil For this
work, only two sources of contaminants were considered; the decant water, and the mine

waste in the disposal site. The air transport of mine waste particulates is not considered.

Potential h of release idered are: 1) decant water release by overtopping
of the impoundment dam and 2) leaching of i into the ground through
the base of the disposal site.

Given that the release h under d the two main receiving

environments are surface water and groundwater. The potential receptors are humans or
ecological receptors which are in contact with groundwater or the receiving surface
waters. Exposure from the decant water and leachate in the soil, sediment and air was

beyond the scope of this work.
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Chemical contaminantrelease to the
environment from mine waste

Figure 7.2: Fault tree of routes for contaminants from mine waste entering environment
and release mechanisms

7.22  PCOC, COPEC Identification and Characterization
The selection of PCOC’s (Potential Contaminants of Concern) and COPEC’s

(Ci i of Potential Ecological Concern) is based on a number of factors

including: assay results on the mine waste and waste liquor, acid producing potential of
the waste, mineralogy and transport modeling. The mine waste assay results can be

compared with Canadian Council of Minister of the Environment (CCME) Soil Quality

Guidelines (SQG) (CCME, 1999) and the waste liquor pared to CCME Fresh
Agquatic Life (FAL) (CCME, 2003), provincial effluent guidelines and background and
baseline surface water quality. Treated wastewater from the mine waste disposal site

must meet provincial water and sewage regulations and surface and groundwater and
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must comply with Canadian Council of Ministers of the Environment’s (CCME) FAL or
Marine Aquatic Life (MAL) regulations, (CCME, 2006). The CCME limits for
Freshwater Aquatic Life are often used as a first step to determine whether surface water

)

background surface and

or ground is inated. It will be imp to
groundwater quality when considering whether the mine waste or decant water are
affecting the local environment.

The presence of sulfur in mine waste can result in pH depression due to its acid
generating potential. Preliminary Acid Base Accounting (Sobek et al., 1978) analyses
and batch tests on samples will indicate whether the mine waste will be acid generating in
the long term. The mine waste may be neutralized before it is sent for disposal however
pH can still be considered a COPEC.

For the assessment, the concentration (range and average) of each COC in the decant
water and in groundwater at the base of the disposal site is determined. The

concentration of COC’s in the groundwater is provided for the two main disposal options

investigated.

Human Health Toxicity Data

In human health risk are governed by threshold

limits such as “Acceptable Daily Intake™ (ADI) or Reference Dose (RfD) and cancer
causing chemicals use unit cancer risk (UCR) or cancer slope factor parameters (SF).
The appropriate values of RfD and SF are determined for each PCOC during the hazard
assessment. Depending on the cancer classification of a chemical it may or may not be

assessed for carcinogenic risk. The hierarchy from EPA used for the determination of

170



slope factors and RfD values is: the Integrated Risk Information System (IRIS),
Provisional Peer Reviewed Toxicity Values (PPRTV), and other databases such as the
US EPA Superfund Human Effects Assessment Summary Tables (HEAST) (RAIS, 2007)

and American Conference of Government Industrial (ACGIH, 2009).

D ination of Non-carci ic Threshold Limits

If RfD values are not reported for the PCOC’s then RfD may be calculated through
determination of No Observed Adverse Effect Level (NOAEL) and the Lowest Observed
Adverse Effect Level (LOAEL) levels from dose response animal studies (Equation
(7.1)). The applied uncertainty factors (UF) or modifying factors (MF) can include
several factors such as: the quality of the study, animal to human extrapolation, dose

extrapolation and variability in results (U.S. EPA, 1993).

RD=_NOAEL . pop. LOAEL
Y UF,-MF > UF,-MF
= &

(7.1)

Determination of Carcinogenic Slope Factor

Carcinogenic risk is determined through dose-response assessment. It is a process of
quantitatively evaluating the toxicity information and characterizing the relationship
between the dose of a contaminant received and the incidence of adverse health effects

such as cancer. Fig. 7.3 shows a typical dose response curve.
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Figure 7.3: Dose response curve showing threshold level
For the simplest case:
R=k[C] (7.2)
where k - Rate constant
R - Response
C - Concentration of COC
Where the slope of the curve is a straight line, a slope factor is often used to describe the
curve. EPA uses a Linearized Multi-Stage Model (LMS) to yield a cancer slope factor
(mg/kg-day'l) through a linear extrapolation from the zero threshold to the 95% upper

confidence level of the lowest dose to produce cancer in an animal test.

Ecological Toxicity Data

During the toxicity assessment the dose-response relationship for each chemical species
on laboratory or captive animals is assessed in order to determine an acceptable exposure
level. The aquatic toxicological data is available through U.S. EPA ECOTOX (U.S.

EPA, 2006) database.
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In this case:
NOEC<BC (TRV)< LOEC (7.3)
where LOEC - Lowest Observed Effects Level

NOEC - No Observed Effects Level

TRV - Toxicity Reference Value

BC - Benchmark Concentration
The TRV’s or BC can also be selected based on CCME Freshwater or Marine Aquatic
Quality guidelines (CCME, 1996, 1997, B.C. MOE 2006), similar provincial regulations
or EPA water quality guidelines. The Office of Water Regulations and Standards
suggests BC is applied to lowest 5™ percentile of species ranked by sensitivity.
The US EPA Office of Solid Wastes uses:
BC = MATC/SafetyFactor (7.4)
where MATC - Maximum Acceptable Toxic Concentration

SafetyFactor — Factor used to consider effect of data quality, sensitivity of the

species and other influences.
The procedure used to determine TRV for this project was similar to that of the Office of
Water Regulations and Standards (U.S. EPA, 1987). NOEC data from the U.S. EPA
ECOTOX database for the aquatic species and metal species of interest is selected and
plotted as a probability density function. If sufficient data is not available LOEC or
LC50 data can be converted to NOEC values by dividing by an appropriate factor.

From the

density function the 5 il d value is derived, this
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value is used for the TRV for the species and metal unless it exceeds the CCME FAL

guidelines; in which case FAL is used for TRV.

As an initial ing the predicted fresh and sea water COPEC concentrations can
be compared to that of the CCME guidelines. If the predicted values are less than that of
the guidelines (Exposure Ratio (ER)<1.0), then that metal and pathway is not deemed to
be a concern for aquatic life at the receptor location and further screening is not

completed on this COPEC and pathway. Those metals with ER greater than 1.0 are

brought forward for further assessment.

1 7.2.3 Modelling Transport of PCOC’s and COPEC’s from Sources to Receptors
The scenarios considered for this study follow and are explained in this section.
1) A larger water body downgradient of the disposal site that is impacted by a
contaminated stream.
2) A stream immediately downgradient of the site that is impacted by leachate from
the disposal site.

3) A stream immediately downgradient of the site that is impacted by dam

overtopping.
4) Ad dient g d well that is imp d by leachate from the disposal
site.

If a dam on the impoundment overtops due to extreme weather conditions the decant
water will likely enter the downgradient stream and eventually the larger body of water.

The concentration of COC’s in the larger body of water is determined by assuming the
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body of water is a Continuously Stirred Tank Reactor (CSTR). In that case the following

relationship (Dehling, 2007) is used.
dc
Vor = 2uCan (=00 Cois ~KVC, +5() (7.5)

where:
V - Volume of water in water body
Q - Flow or discharge
t- Time
S - Storage
Cam, Cmix - Concentration of COC (ambient or mixture)
K - Decay constant
Assuming Qj, equals Qoy, there is no COC decay and no storage;
C,0,=CQ +C0, (7.6)
where:
Cy, C; - Concentration of COC’s entering water body
C; - Concentration of COC’s exiting water body
Qi, Q; - Discharge of streams entering water body
Qs - Discharge of stream leaving water body
The concentration of metals in the stream due to leachate migration can be calculated

deli

ST .
advective dispy transport 2.

using the stream hydrograph and gr

The groundwater contribution to the stream can be estimated by considering the

percentage of the base-flow (groundwater) with respect to the total stream discharge. The
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leachate concentration at the stream location can be calculated by using a simple
advective dispersive subsurface transport code or assuming a very short flow path and a
maximum potential concentration.

If impoundment dam overtops due to extreme weather conditions the decant water will
enter a downgradient stream. The concentration of COC's due to dam overtopping is
calculated by assuming the dam would overtop when the water elevation was 1.0 cm
higher than the dam. At this point the volume of water available to overtop the dam
would be equal to the surface area of the impoundment times the height of water above

the dam.

Leachate from the mine waste site could also migrate to the base of the impoundment

into the groundwater in the bedrock, where it will be dispersed and transported in the

direction of ground flow. The ion of COC’s in a groundwater well used
for human consumption, at a specific location downgradient of the disposal site, can be

modeled through a code such as such as SESOIL (Envi | Software C 1

Inc, 2006) combined with AT123D (Yeh et al., 1987).

7.24  Exposure Modelling for Human Health and Ecological

Human Health Exposure Modelling

The human receptors for PCOC’s in the groundwater and surface water are considered
separately. The human exposure to surface water could occur through dermal adsorption

metal ation should be

(fishing, i ion and/or swimming). G

considered for ingestion and dermal absorption.
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Determination of Chronic Daily Intake for Dermal Contact and Ingestion

U.S. EPA (1988, 1989a, 1989b, 1992a) risk idelines are followed and

standard default exposure assumptions are used to calculate the dose for each COC in
each scenario and application. Site specific information is used when available in
addition to US EPA exposure assessment guidance (U.S. EPA, 1997). Consistent with
U.S. EPA risk assessment guidelines (1989a) Chronic Daily Intake (CDI) in mg/kg/day is
determined for non-carcinogens and Lifetime Average Daily Dose (LADD) for potential
carcinogens. The equations used for dermal contact and ingestion follow.

CDI or LADD via dermal contact as is a function of several factors (U.S. EPA, 1989a,
1992a, 1997) including: concentration in water (CW), dermal adsorption (DAcyen), skin
absorption rate (Kp), fraction absorbed (FA), surface area (SA), exposure frequency (EF),
exposure duration (ED), event frequency (EV), bodyweight (BW) and averaging time
(AT) and can be expressed by the equations (7.7) and (7.8).

CDIorLADD = (DA,

‘event

-SA-EV-ED-EF)/(BW - AT) (7.7)

DA,

e = FA-Kp-CW (7.8)
The CDI or LADD for ingestion of drinking water is a function of many of the
parameters included in equation (7.7) as well as amount ingested (IR), bioavailability
(ABSs), fraction ingested (FI) and can be expressed by the equation (7.9).

CDIorLADD = (CW - IR - FI - ABs -EF - ED)/ (BW - AT) (7.9)

The CDI or LADD formulation for dermal contact through showering is the same as has

been provided in the previous section for swimming.

177




Modeli

Ecological Exposure
For this study COPEC’s affecting ecological receptors are assessed for two cases 1) a
downgradient stream and 2) a downgradient larger water body. COPEC’s concentration

in the stream do dient of the i d: is derived from two sources the decant

water through dam overtopping and mine waste leachate through groundwater migration.

In Canada envi effects uses the Valued Ecosystem Component

(VEC) approach (Beansland and Duiker, 1983). The selection of VEC's can be extensive
and can include many species or even a food web. It is recommended that the species
selected have ecological relevance, relevance to management goals, are located within
study area and have potential to be impacted (U.S. EPA 1998, CCME, 1996). The
exposure of metals to the aquatic species is assumed to be equal to the concentration of
the COPEC’s in the fresh water or marine environment, however bioconcentration and

biomagnification is should be taken into account (LeGrega et al., 1994)

7.2.5 Risk Estimation Human Health and Ecological

Human Risk Estimation

Non-carcinogenic Risks

The total Hazard Index (HI) provides an estimate of the level of risk to human health due
to non-carcinogenic hazards as described by equation (7.10). HI varies between from 0

to greater than 1.0, levels greater than 1.0 are considered unacceptable risk.
Total Hazard Index HI = Z(CDI; / RfD,) (7.10)

where CDI; - exposure level for the i COC (mgkg/day)
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RfD; - Acceptable reference dose for each COC (mg-kg/day)
n - Total number of contaminants

and HQ =CDI / RfD) (individual hazard)

Carcinogenic Risks

According to LeGrega et al. (1994) and U.S.EPA (2005) the human health total
carcinogenic risk at a site should be below the range of 1x10”7 to 1x10™. The total
carcinogenic risk is described by equation (7.11). SF is the slope of the dose response
curve and can be determined through reported values as indicated previously or read

directly off an appropriate dose response curve.
TotalCarcinogenicRisk = Z(IADD. -SF) (7.11)

Where LADD;= Lifetime Average Daily Dose for ith contaminant
SF= Slope factor for ith COC

n=Total number of COC

Ecological Risk Estimation

The aquatic risk characterization for the COPEC’s and VEC’s selected consists of
comparing the total estimated Environmental Exposure Concentration (EEC) of each
chemical to that of the appropriate threshold Toxicity Reference Value (TRV) or

Benchmark Concentration (BC) through equation (7.12) or (7.13).
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Exposure Ratio (ER) = Estimated Exposure Concentration (EEC) (7.12)
TRV

In addition with multiple chemicals assume the 1/TRV term is additive, where by:

ER =Y (EEC/TRV) (7.13)

EEC is derived from exposure modeling and various hods are available to calcul
TRV or BC (CCME, 1996 and 1997, U.S. EPA 1992). ERA standard practice in North

America is that an ER of 1.0 represents the benchmark of safety (CCME, 1996) although

this h has several k (Burns, 1991). ER less than 1.0 suggests risk that is

PP

slight and little or no action is required, while ER near 1.0 represents uncertainty in risk

and additional data is ired. If the ER exceeds 1.0, it implies the risk is

greater and adverse effects could possibly occur; further assessment is required to

| the inty d and conservative assumptions (CCME, 1996).

7.2.6  Uncertainty Analysis

Uncertainty analysis provides a fuller und ding of the limitations and implications of

the risk assessment. This work evaluates uncertainty associated with the risk assessment,

providing methods of dealing with the uncertainty and prioritizing the most critical

of the risk To ider uncertainty and their effects on a given

p
decision, a probabilistic approach is used.
Uncertainty in risk characterization needs to be clearly identified by source and

magnitude. Barnthouse and Suter (1986) suggest three sources of uncertainty in

risk inherent variability, parameter uncertainty and

model errors. Methods that can be used to help identify and minimize uncertainty
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include: probabilistic analysis including Monte Carlo simulation, sensitivity analysis and
model calibration with monitoring data. Depending on the approach used the most
critical source of uncertainty may vary; this work considers parameter uncertainty.
When considering uncertainty it is important to determine whether one component of the
risk assessment has a much higher level of precision that another. There should be a
balance between level of precision and importance of component in the overall risk
assessment process. A sensitivity analysis will bring to the forefront the most critical
processes and input parameters. It is also important to consider correlations amongst
parameters (Fordham and Reagan, 1991) and focus on pathways and contaminants likely
to dominate the risk assessment.

Finally, in order to have accuracy in the risk characterization model verification,
calibration and validity is required. Calibration of the model with monitoring data or
laboratory studies will assist significantly in reducing the level of uncertainty.

According to Hammonds et al. (1994), to assess y in

modeling first, list all uncertain parameters and specify a maximum range of potential
values with respect to the endpoint. Next, assign a probability distribution for each
specified value. After assessing correlations among parameters; use analytical or
numerical procedures (such as Monte Carlo simulations) to produce a probability

distribution of the model predictions based on p distributions. Finally, derive

quantitative statements of uncertainty of excess cancer risk and Hazard Index and rank

parameters contributing most to uncertainty.
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7.2.7 Risk-based Decision Making

Multi-criteria decision making (MCDM) analysis integrates probabilistic health and
ecological risk assessment. This process enables consideration of several factors to
identify the best processing or mine waste disposal method at the design stage of the
project. The key objectives of this MCDM are: to minimize construction cost and long-
term maintenance costs, minimize human health and ecological risk, to reduce the
ecological footprint and to maximize containment effectiveness. The proposed
methodology provides six decision criteria: 1) construction cost, 2) long-term
maintenance costs, 3) human health risk, 4) ecological risk, 5) containment effectiveness
and 6) ecological footprint. Ecological footprint can be defined as the amount of land
required to produce materials used to create a product along with the amount of land

Reonil i Td

required to safely dispose of the product. g y p was not i d in

q dent of 1

P g y req in

these criteria as assessment results should be i
cases where options may be presented to regulators; and applications to consider
alternatives to standard procedures are often presented to regulators.

Various systematic analysis exist to synthesize data and rank the

alternatives in a decision matrix. Outranking (Kangas et al. 2001) is a method used when

one i alternative is 1 against another to identify the extent of preference in

terms of one criterion over others. This method works best when criteria measurements

are not readily ble. Other decision making hods include: multi-attribute

utility theory (MAUT) and analytical hierarchy process (AHP). These methods use

numerical scores to permit alternative comparison. Decision criteria are assigned a utility
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value and weighting function, to permit comparison of numerical and non-numerical
criteria. AHP (Saaty, 1980; Schmoldt et al., 2001) uses quantitative approach with pair-

wise comparison of decision criteria. For this work the AHP methodology was selected

as its method permits straight forward comparison of qualitatively and itatively

described criteria. The decision hierarchy is shown in Fig. 7.4.

('select the Optimal Waste Disposal Method |
i

[ I I 1
Subaerial Subaerial Subaqueous- Subaqueous
unlined lined unlined lined

Figure 7.4: Decision hierarchy for selection of waste disposal method

The steps to conduct the AHP include: definition of problem, develop a decision
hierarchy tree, define the alternatives for the goal, construct pair-wise comparison
matrices for each criterion, and use priorities from the comparison to weigh priorities for
each alternative and criterion. Each criterion is compared with other criteria with respect
to the goal and each alternative is compared with other alternatives with respect to each
criterion and subcriterion. To make comparisons a scale of 1-9 is used to determine the

importance or dominance of one element over another with respect to the particular
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criterion.  For this case 12 matrices are constructed: one comparing the four alternatives,
seven comparing each disposal alternative with respect to the seven criteria, one each
comparing human health risk and total costs subcategories, one comparing the five main
criteria and finally one synthesis matrix collating the priority results from other matrices
and determining the overall priorities.

The advantages of this system include: relative ease with which the researcher can
compare two options or criteria, ability to assign a numerical value to all criteria thus

compare non-numeric and numeric qualities and the ability to integrate the alternative

and criteria A worked ple is provided in the case study.

7.3 CASE STUDY - SITE ABC

This case study provides an example of the methodology, described in the previous
section, to assess mine waste disposal methods at the design stage of a project. The
location of the site (ABC) is non-specific and all values used in reference to the mine
waste and the site are for solely for illustration purposes. The results of this assessment

will change with site location and mine waste characteristics.

7.3.1  PCOC and COPEC Identification

As indicated in Section 7.2 first the results of solid mine waste assay are compared with
CCME SQG and liquid mine waste assay compared with CCME FAL guidelines as well
as background and baseline data.

For this mine waste, prior to treatment the liquid waste constituents that exceed one of the

guidelines include: aluminum, nickel, copper, lead, selenium, and cadmium. The location



I

baseline g metal ation: i ly exceed FAL for iron, aluminum,

cadmium and copper in the proximity of the disposal site location. Based on previous

1 q

exceed the

mine waste assays and our analysis the ing metals or

CCME SQG: nickel, copper, cadmi T i and seleni The mine waste

contains a high percentage of sulfur thus there is potential that the sulfur could oxidize
and form acid rock drainage causing leaching of metals from the waste or bedrock.

Preliminary Acid Base A ing (ABA) (Sobek et al., 1978) analyses on the waste and

batch tests indicate it will be acid generating in the long term (Chapter 8). Mineralogical
characterization and kinetic testing of the mine waste provides further information on its
acid generation and metal leaching capacity (Chapter 3 and 4). Although the waste will
be neutralized before it is sent for disposal, pH is considered a COPEC for the ecological
risk assessment.

From a comparison of the assay results on solid and liquid mine waste with guidelines,
and baseline metals concentrations the metals selected as potential COC’s were nickel,
cobalt, copper, lead and pH. Cadmium and chromium were not selected as they are close
to the SQG, selenium was close to its detection limit in the liquid waste. Iron was not

selected as it has a more limited effect on human health. It was noted that copper, nickel

and lead have the highest percent d of the FAL guideli
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7.3.2 Human Health Risk Assessment -Site ABC

7.3.2.1 PCOC Characterization

The concentration of each COC at each source, either in the decant water above the mine

1 q

waste in the i or in the g at the base of the disposal site, is
summarized in Table 7.1. Concentrations (range and average values) are provided for a

representative decant water when it is neutralized and as a worst case scenario when it is

not lized. The predicted ion of COC’s in the groundwater below the

P

mine waste is provided for the two main disposal options: 1) subaerial disposal 2)

b di l. All ground i are based on common values

q! P

derived from reduced-scale field conditions and numerical modeling.

Table 7.1: Concentrations of COC’s at source

Decant Water-  Decant Water-  Ground: “- Ground ‘.

coc Neutralized  Not-Neutralized Subaqueous Subaerial
(mg/L) (mg/L) (mg/L) (mg/L)

Subag Subag; Subag; Subaerial

Copper 0.01-0.14 0.47-1.59 0.01-0.03 0.02-1.09
(0.024) (L) (0.02) (0.55)

Lead 0.002 0.002-0.037 0.002-0.003 0.002-0.016
(0.002) (0.023) (0.003) (0.006)

Nickel 0.03-0.25 3.08-7.33 0.256-0.558 0.205-7.481
(0.11) (5.2) 0.4) (3.5)

pH 7.19.7(9.2) 2.8-64(3.2) 9.2-9.8 (9.6) 3.1-42(3.6)

Notes: " Groundwater concentrations taken at base of test disposal site.
(...) average values
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Table 7.2 provides the toxicity information for the PCOC’s identified in the previous
section. A summary of the carcinogenic class is also provided in Table 7.2. Of the
PCOC'’s considered only lead is listed, by the U.S. EPA, as a probable human carcinogen
(class B2). A chemical specific dose response relationship was used to characterize the

health effects of lead.

Table 7.2: Hazard Information for selected COC’s

Ohwaical |CASRN N G Route xicity Value
Type Vaie
Nickel NC-mtchotid | Oal [ 202 mets buity’]
sontiesabaf *744 [ O e R0 | Ooxpm |
0.1 ppm
0.02 mykg bwiday
R’ et e [ Heath o, 2004
efffects (chid) >
onl i EPA. 1985
Delays 0 physcal US_EPA. Natiowal
and meseal Primury Draking
Actoaeel | 0015 mgt. 5 o
b s chien oy
Lead 7439.92-1 see Section 3.2 [IRIS, US. EPA 1991
Grow IA -
probably Onl 1ARC, 2006
carcrogene:

[T ————

B2- probable Kaspraak, 1985,
carci Oml hnlh"lny:::! Kolkr, 1986 i RIS, lIRIS, U.S. EPA 1991
o US.EPA, 1991
“Upper take kevet
ont ™Y “‘r" ""‘""’":“ sk dady 10M, 2001 2006
ek 03k | e vl
Oral Action Level 1.3ppm. US. EPA, 2009
Guswomeairal | Piamo @t aL19%,
Copper (  7440-508 Ok acute and |, i MRL] 001 myhg bukday | diuabomces n | Aryactal 2003 [ ATSDR, 2004
peopke tested.
0,01 mg/kg bwiday
D- not classified. Oralidermal [IRIS, U.S. EPA 1991
Notes:
» COC for his HIHRA U, EPA 1989,
esent hepercent of e COC
nths oo e
R,
) Amtruse, AM. DS Larsn, 1. Hemigar . 1976 {ats and dogs. . o Sei. Techod, L 181187
o) Lead (EPA. 19887 reseurch. T
Agency's
s Water (ODW)
pidmdy- The

RID for inorganic lead.
us.

@ MRL: Ml Rk Level
) IARC, 206 Internationa A geacy foc Research co Cancer

187



As a slope factor is not provided for lead by the U.S. EPA, a dose response curve (Figure
A.2, Appendix V) summarizing the results from a representative study on rats fed lead
acetate or lead subacetate (U.S. EPA, 2006) was used to derive a SF of 2x10*

mglkglbw-d’l using the LMS model described in Section 7.2.

7.3.2.2  Human Health Transport Modeling and Exp e Modeling of PCOC’s

As indicated in Section 7.2 only receptors involving surface water and groundwater
concentrations are considered. At site ABC the human receptors for fresh water could

include fishers and swimmers. As a child is the most vulnerable receptor, for

A 4

conservative analysis a child swimming in the larger water body was
selected as one receptor. Based on typical mine surroundings a light industrial park may
be located downgradient from the disposal site. A worker receptor at the industrial park

exposed to COC’s through groundwater usage was selected as a second receptor.

Assuming limited flow in a stream i diately d dient of the disposal site, human

contact with COC’s in this stream surface water is assumed to be limited and has not
been considered.

In the following sections the COC concentration at receptors is provided for two cases 1)
a larger body of water downgradient of site ABC and 2) groundwater near the location of
a proposed light industrial park adjacent and downgradient of the site. The metal
concentration is used to determine exposure due to 1) dermal absorption while swimming

in the larger water body and 2) and water ingestion and dermal adsorption due to drinking
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and showering using groundwater. For human health risk assessment solely lead and

nickel are considered as COC’s.

CASE 1: Exposure through Dermal Absorption- Swimming
Fig. 7.5 illustrates the flow of COC’s from the site to a larger water body in the case of

dam ing and sub disposal. The metal cc ions in the larger water

body is determined by assuming: 1) complete mixing in the water body, 2) the flow into
equals the flow out of the water body and 3) the concentration of COC’s in the outflow is
proportional to discharges and COC concentrations of contributing inflows (Fig. 7.6).

As a worst case scenario the concentration of metals in the stream during overtopping is
equal to that in the decant water. A summary of the concentration of COC’s in the larger

water body at site ABC due to pping of the impound is provided in Table 7.3

along with water quality guideline and baseline concentration data. Although predicted
concentrations are less than the water quality guideline used the risk to receptors is

calculated to illustrate the methodology.

Figure 7.5: Schematic of dam overtopping and entering stream and larger water body
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[CASE 1: Contaminated Stream Entering Larger Water Body

Assumptions: Data Source
Stream discharge (Q,) = 0.1-0.2 m3/s measured
River discharge (Q,) = 5 m'/s assumed
Outflow from water body = Qs cakeulated
Cy=metal ion in d estimated

PP

tal concentration in river assumed based on site data
C3= metal concentration in brger water body predicted
Compkic mixing of nkt

Calculations
Q+Q:=Qs
02+50=52m'ss
QiCi+Q.
C5=(QiCy
Cy=(02C,+5.0C,/5.2

Figure 7.6: Assumptions and calculations for dam overtopping affecting larger water
body

Table 7.3: Predicted metal ions in do dient larger water body due to dam
overtopping.
Water Quality Baseline Concentration® Predicted COC
CcocC Guideline” - Larger Water Body Concentration in Larger
(ng/L) (pg/L) Water Body (pg/L)
DW1¢ Dw2*
Copper 2 0.2-1.5 0.2-1.4 0.21-1.5
Lead 2 0.1-0.4 0.1-0.39 0.1-0.4
Nickel 83 <0.5 0.48-0.49 0.6-0.8
pH NGA NA 7.5-7.6 7.3-7.5
Notes:

a. ERA for proposed development
b. Water Quality Guideline: B.C. MOE, 2006
c. DW1: stream ion due to ing of dam with ized decant water

d. DW2: stream concentration due to overtopping of dam with acidic decant water
NGA: no guideline available NA: not available



Exposure Calculation: The exposure parameters for swimming are summarized in Table
7.4 and CDI and LADD are calculated through equations (7.7) and (7.8). A range of
values is provided where data are available along with the assumed parameter
distributions. The assumptions made relating to the exposure parameters are provided in
the footnotes of the Table 7.4. The concentration of COC’s in the larger water body was
determined for two sources both neutralized and acidic decant water (DW1 and DW2).
As the calculated concentrations in the larger water body were similar for each case only
one set of values were used as input for the exposure determinations. The exposure

concentrations were approximately equal to that of the baseline concentrations.
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Table 7.4: Exposure parameters for swimming in larger water body (dam overtopping)

tifatiag - |——Na(Liyexs) __J
Human Health Exposure Parameters g:c m: 50 Percentile|  5%-95%
Values | Confidence Limit
lognormal
(Chemical Concentration (CW) Lead (mg/L- water) (1SE-4,1064) | 18E-04 [1.0E-04-40E-04
shifi(0.00006)
lognormal
(Chemical Concentration (CW) Nickel (mg/L- water) (10E-4,12E4) | S6E04 [5.0E-04-$0E04
Shifi(0.00005)
[Dermal Adsorption Dose (DA-event) Lead (mg/en-event) NA GOE08 NA
Dermal Adsorption Dose (DA-event) Nickel (mg/cm -event) NA 52604 NA
Dormal =15
Frequency-swimming (EF) (days/year) o=1.8 15 1218
%gisllv Duration- sﬁ' ing (ED) 1@’) constant 6 NA
Body Surface Area (SA) (cm’) constant 11300 NA
Event Frequency (EV) swimming (hr/day) constant 1 NA
[Fraction Absorbed (FA) (fraction) constant i NA
Skin permeabilty coefficient kead in water (Kp) (chr) vormal =4.0E-06( 4 o 06 | 3.2E-06- 4.8E-06
Skin permeabity coefficient nickel in water (Kp) (cmvhr) 1004 |0.8E-04- 12E-04
Body Weight (BW) (kg) 329 NA
Averaging Time (AT) (days) -CDI 1825 NA
[Averagig Time (AT) (days) - LADD 25550 NA
(CDI Lead swimming (chik) (mg/kg/day) T40E-11
[CDI Nickel swimming (chi) (mg/kg/day) 120E-09
LADD Lead swimming (chikl) 9.70E-13
Notes

EF-swimming: assume swimming 3 months/year, |/week for each month= 15/year

(USEPA 1997: age: 5-11, S/month 50% frequency)
ED-swimming: 6 years (USEPA)

EV: Exposure time swimming: | hour USEPA 1997, 50 percentile swimming fresh water pools.

FA: 1.0 assumed

BW -child: USEPA 1997, average weight age 7-12, 50 percentile of distribution

AT: 70 years for LADD= 25550 days
AT: 5x365 for CDI= 1825 days
NA: not applicable



CASE 2: Exposure through Ingestion and Dermal Absorption of Groundwater

Fig. 7.7 illustrates the migration of COC’s from the disposal site to the receptor at a

proposed industrial facility through the ground . SESOIL bined with AT123D,
is used to predict the migration of the leachate plume from the base of the disposal site to ‘

the receptor for both subaerial and subaqueous disposal cases. Input for the code is

provided in Fig. 7.8. Advective-dispersive transport can be described according to

equations (7.14, 7.15 and 7.16) (Rob: 1974 in Envi 1 C 1|
Inc., 2006).
9 _v.kvoy-vic—| Kia|cr M (7.14)
ot R, n.R,
where:
M- Contaminant source release rate
C - Dissolved contaminant concentration
t - Time
K - Retarded dispersion tensor
V - Gradient (wrt. x,y,z)
U - Retarded seepage velocity vector
K - Chemical degradation rate
Ry - Retardation factor
A - Radioactive decay constant
R, =1+2Ke (7.15)
n,
=2 (7.16)
Rd
Kq - Distribution coefficient
MNe - Effective porosity
Po - Bulk density of the soil
D - Hydraulic dispersion coefficient tensor
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Figure 7.7: Schematic of leachate migration from disposal site into groundwater

Proposed Light
Industrial Pas

—

Assuming a hydraulic conductivity of the bedrock of 5.0E-06 m/s, the maximum

concentration of contaminant in the plume reached the receptor (1200 m) in between 145-

151 years depending on the metal and the initial i If the hydrauli

conductivity was reduced to 1.0E-6 m/s the maximum concentration in the plume arrived
at 600 m in 289 years and using 1.0E-05 m/s the peak concentration reached the receptor
in 60 years. The arrival time is very sensitive to the hydraulic conductivity or extent of
fractures in the bedrock which will in turn affect the concentration of contaminants at the

receptors.



Figure 7.8: Calculations and ions of leach igration affecting gr
quality

CASE 2: Groundwater Discharge Towards Well
[Assumptions Reference
Bedrock permeability range = 5.0E-06 m/s Assumed
Average gradient from disposal site to assumed well =0.01  Typial '
Distance from disposal site to assumed well = 1200 m Typical
Longitundinal dispersivity= 100 m Assumed
Tranverse dispersivity = 33 m Assumed
retardation factor=1.0; retarded darcy velocity=7.2E-04 Assumed
soil density=1700 kg/m’ Assumed
2-D advection, dispersion model no chemical interaction
Calculations
Employed SESOIL with AT123D
Table 7.5: Predicted metal ions in g d due to leachate migration
B: round Baseline
Water Quality Background — Baseline 4 Groundwater Metal Concentration
coc Guideline  Concentration® Concentration in Well (ug/L)
(ng/L) (ug/L) (ng/l)
GW!1 -subaerial GW2'-s ous
Lead 1-7 <l <0.5 1.3E-03-9.8E-03 1.3E-03-1.95E-03
Nickel 25 <1 <2-3.0 0.163-4.8 0.163-0.33
Notes:
a. ERA for proposed development
Water Quality Guideline: CCME, 2006 for lead and nickel
b. GWI: stream concentration due to metal migration from subaerial disposal
¢. GW2: stream concentration due to metal migration from subaqueous disposal
Conc ion of Metals in Ground due to Leachate Migration from Impoundment

A summary of the concentration of metals in the groundwater due to leachate migration
from the base of the disposal site for both disposal cases is provided in Table 7.5 along
with the water quality guideline, background and baseline concentration data.

Arink

Exposure p. s: The exp p for ingesti inking water) and

dermal absorption (showering) are summarized in Tables 7.6 and 7.7. Calculations for
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CDI and LADD use equations (7.7), (7.8) and (7.9) for adsorption and ingestion.

Although concentrations are below FAL guidelines CDI and LADD values are calculated

in order to demonstrate this part of the study methodology.

Table 7.6: Exposure Parameters for Ingestion

Distribution |—g5pe—Adult
Human Health Exposure Parameters Description 50 Percentile 5%-95%
Values Confidence it
lognormal
(Chemical Concentration (CW) Lead (mg/L- water) - (4.0E-6,3.0E-6) 4.3E-06 1.3E-06- 9.8E-06
subaerial shift(3.0E-07)
Tognormal
Chemical Concentration (CW) Nickel (mg/L- water) - (1.6E-3,1.9E-3) 1.6E-03 0.16E-3- 4.8E-03
subaerial shift(0.0)
lognormal
(Chemical Concentration (CW) Lead (mg/L- water) - (L7ET30ET)|  1L5E06 1.3E-06- 1.95E-06
shift(1.35E-06)
log
Chemical Concentration (CW) Nickel (mg/L- water) - (24E-4.0.5E-4) 24E-4 1.6E-04-3.26E-04
shift(0.0)
-day) constant 34 NA
[Fraction Ingested (FT) (fraction) constant 1 NA
normal p=1.0
|Gastrointestinal Ab: ion (ABS) (fraction) 0=0.1 1 0.9-1.1
Ex constant A
Exposure Duration (ED) (years) constant A
Body Weight (BW) (kg) constant A
Averaging Time (AT) (days) - CDI constant A
Averaging Time (AT) (days) - LADD constant A
CDI Lead drinking water (adult) -subaerial (mg/kg/day)
CDI Nickel drinking water (adult) -subaerial (mg/kg/day)
LADD Lead drinking water (adult) -subaerial
[CDI Lead drinking water (adult) (mg/kg/day)
CDI Nickel drinking water (adult) -subaqueous (mg/kg/day)
LADD Lead drinking water (adult) -subaqueous

Notes:
IR: USEPA, 1997: 90th percentile, 34ml/kg-day
FI: all water from well water

ED: total working hours (8hrs) and working lifetime of workers (39.8 yrs).

AT: 70 years 25550 days (LADD)

AT: 260%40= 10400 days (CDI)

BW: 70 Kg average male U.S. EPA 1997
NA: not applicable
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Table 7.7: Exposure Parameters for Dermal Contact (showering —adult)

Adult
Human Health Exposure Parameters _— 50 Percentile 5%-95%
Description |™ v iues | Confidence Limit
Tognormal
(Chemical Concentration (CW) Lead (mg/L- water) - (40E-630E-6) | 43E06 |13E-06- 9.8E-06
subaerial shifi(} OE-07)
lognormal
Chemical Concentration (CW) Nickel (mg/L- water) - (16E3,19E-3) | 1.6E-03  [0.16E-3- 4.8E-03
subacrial shift(0.0)
Tognormal
(Chemical Concentration (CW) Lead (mg/L- water) - (L7E73.0E-7) | 1SE-06  |1.3E-06- 1.95E-06)
|subaqueous shift(1.35E-06)
lognormal
(Chemical Concentration (CW) Nickel (mg/L- water) - (4E-4,05E-4) | 24E-04  |1.6E-04-3.26E-04
shii(0.0)
Dermal Adsorption Dose (DA-event) Lead (mg/cn™-event) NA 1.6E-08 NA
Dermal Adsorption Dose (DA-event) Nickel (mg/cm’™-event) NA 1.6E-04 NA
normal p=260
[Exposure Frequency-showering (EF) (days/year) 0=26 260 217-303
|Exposure Duration-showering (ED) (years) constant 40 NA
Body Surfice Area (SA) (cm) constant 23,000 NA
Event Frequency (EV) showering constant 0.74 NA
Shower Duration (ED-dermal) (hr/event) constant 0.1733 NA
Fraction Absorbed (FA) (fraction) constant 1 NA
normal p=4E-06
Ski coefficient lead in water (Kp) (cnvhr) o=SE-07 4.0E-06 | 3.2E-06- 4.8E-06
normal p=1E-04
Skin permeability coefficient nickel in water (Kp) (cmvhr) 0=1.3E-05 1.0E-04 | 0.8E-04- 1.2E-04
Body Weight (BW) (kg) constant 70 NA
[Averaging Time (AT) (days) - CDI constant 10400 NA
Averaging Time (AT) (days) - LADD constant 25550 NA
[CDI Lead showering (adul) - subaerial (mg/kg/day) 6.7E-13
[CDI Nickel showering (adul) - subaerial (mg/kg/day) 6.7E-09
LADD Lead showering (adul) - subaerial 28E-13
[CDI Lead showering (adult) - subagueous (mg/kg 29E-13
[CDI Nickel showering (adukt) - subaqueous (mg/kg/day) 1.0E-09
LADD Lead showering (adut) - subagueous 1.2E-13

Notes

EV-showering: assume 0.74 /day (US DHUD, 1984).
AT: 70 years for LADD= 25550 days

AT: 40 years for CDI= 10400 days

ED-showering: 10.4 minutes (US DHUD, 1984)

FA: estimated at maximum

SA- adult=95th percentile= 23000, S0th percentike=20,000
NA: not applicable
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7.3.2.3 Human Health Risk Estimation

Using equations (7.10) and (7.11) values for HI and excess carcinogenic risk are derived
for four options: 1) subaerial and lined; 2) subaqueous lined; 3) subaerial and unlined and
4) subaqueous and unlined (Table 7.8 and 7.9). For this exercise, the lined ponds are
assumed to be leak proof. To account for variations in the dose response test results, RfD
values for lead (0.0036 mg/kg bw/day) and nickel (0.02 mg/kg bw/day) (Table 7.2) and
the SFicaq (2.0E-04 mg/kg/ bw-day ') were described by a normal distribution. The range
values provided in Tables 7.10 and 7.11 are the 95% and 5% confidence limits of the
CDF along with the 50% value of the CDF which are derived through Monte Carlo
simulations with the code @RISK (Palisade Corporation, 1991). A sample plot of an HI
CDF is provided in Fig. 7.9. In general, the disposal options in order of lowest HI and
carcinogenic risk values to highest were: lined subaerial, lined subaqueous, unlined
subaqueous and unlined subaerial. The highest HI values were for nickel ingestion at
HI=2.7E-03 for subaerial and 4.1E-04 for subaqueous unlined cases. The excess
carcinogenic risk values were higher for subaerial unlined disposal than subaqueous
unlined. The highest carcinogenic risk value was that for ingestion of groundwater at

1.1E-11 in the subaerial unlined case.
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Table 7.8: Hazard Indices for PCOC’s lead and nickel and select disposal methods

Disposal Exp HI HI Total HI
Method Route Lead® Distribution® Nickel* Di P =0
. Assuming no
Subacrls leakage andno - - 0
lined
decant water
Subaqueous-  Swimming 1.8E-09- 3.3E-08-
lined (Marine) SR 8.0E-09 5308 7.5E-08 3508
Ingestion 1.3E-05- 0.3E-03-

Subaerial. (groundwater) o505 gspos  27E03 gop g _—
unlined - =i
Showering 0.6E-10- 0.46E-07-
(groundwater) LOE0 4.8E-10 e 9.7E-07
Ingestion 1.1E-05- 2.7E-04-

(groundwater) "B05  20m05  H1E04 “Gopoq
Subaqueous-  Showering 4.9E-11- 30E08-  43p04
unlined (groundwater) S OB j03E-n1 S'EOS Tgpog :
Swimming 1.8E-09- 3.3E-08-

Marine)  SE00 gop09  S1EO Tspog

Notes: a) 50 percentile value, b) range 5-95 percentile

Table 7.9: Carcinogenic Risk for COC’s lead and nickel and select disposal methods

Total
Disposal Exposure Route S . *  Carci i
Method e Risk (lead) Risk (ead)
Subaerial- lined Assuming no leakage and 0.0E+00
no decant water 0.0E+00 -
Subaqueous- Swimming 0.92E-16- 1.9E-16
lined (Marine) 1.9E-16 39E-16
0.35E-11-
Subaerial- Ingestion (Groundwater) 1.1E-11 2.8E-11 LIE-11
unlined 1.7E-17- )
Showering (Groundwater) 5.5E-17 13.0E-17
3.1E-12-
Ingestion (Groundwater) 4.7E-12 S.6E-12
Subaqueous- 1.6E-17- 47E-12
unlined Showering (Ground: ) 24E-17 34E-17 T
Swimming 0.92E-16-
(Marine) 1.9E-16 39E-16

Notes: a) 50 percentile, b) range 5-95 percentile
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Figure 7.9: CDF of HI for nickel with swimming pathway

7.3.2.4 Uncertainty in Human Health Risk Assessment

The uncertainty iated with select p in this is shown for each

pathway in Table 7.9. The spearman rank was used to evaluate the contribution these
parameters. From these results the PCOC concentration (CW) is the most dominant
factor for most of the lead and nickel exposures for HI and carcinogenic risk for all three
pathways. The exceptions were: Kp (skin absorption rate) and showering; ABS and SF

for i ic risk from i i For HI CW was the dominant factor except Kp and

swimming for nickel; and Kp and showering for lead.

There has not been an attempt made to address uncertainty in all the exposure parameters.
Examples of a few other influences on results include: site location; waste type; bedrock
type, permeability and fracturing; subsurface and surface water chemical reactions; and

liner permeability.
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Table 7.10: Spearman rank of select HI and Carcinogenic Risk parameters

HI Excess Carcinogenic Risk
Pathway Parameter Lead Nickel Lead
SAR® SAQ" SAR' SAQ" SAR* SAQ"
EF 024 NA 047 NA 0.24 NA
Swimming Ko 023 NA 051 NA 0.23 NA
cw 088 NA 048 NA 0.87 NA
RID/SE ~ -019 NA -038 NA 017 NA
. CwW 097 057 099 0.8 0.97 0.49
Ingestion ABS 022 048 0.1 036 0.1 0.54
—__RIDISF -015 055 -01 -040 0.19 0.54
EF 0.15 047 0.1 0.35 0.16 0.47
Showering Kp 021 058 017 04 021 057
cw 095 037 098 0.69 0.95 0.37
RID/SE 02 -044 -014 -035 013 0.45
Notes:

a) SAR: Subaerial disposal method,
b) SAQ: Subaqueous disposal method
NA: Not Applicable

7.3.3 Ecological Risk Assessment

7.3.3.1 COPEC Identification and Characterization

For this study the COPEC concentration in the downgradient stream are derived from two
sources the decant water through dam overtopping and mine waste leachate through
groundwater migration. Details of these calculations are provided in the following

a4 4

section. The predicted metal ion in the larger water body was

considered under the human health risk assessment for the site (Section 7.3.2).
For this work rainbow trout and brook trout were selected as the VEC’s for the

freshwater environment. TRV was determined as described in Section 7.2.2.2. NOEC
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data from the U.S. EPA ECOTOX database (U.S. EPA, 2006) for the aquatic species and
metal speciation of interest was selected and plotted as a probability density function.
From the cumulative density function (Fig. 7.10) the 5 percentile exceedance value is
derived for the species and metal as shown in Table 7.11 with CCME guidelines. The
estimated TRV was selected from the lower of that determined from NOEC values and

the CCME FAL guideline and is provided in Table 7.11.
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Figure 7.10: Example CDF plot for lead effects on rainbow and brown trout




Table 7.11: Summary of ECOTOX Data and CCME guidelines on COPEC’s for Aquatic
Receptors

CCMEFAL® CCMEMAL® ~ BstimatedS% g eq TR
coc guideline Guideline ;"Oi"g"‘“ce of
values
(ng/L) (ng/l) (1g/L) (ng/L)
Cu 20 2 25 20
Ni 25 83 10 10
Pb 1.0 2 25 1.0
pH 6.5-9 NA NA NA
Notes: a) for freshwater trout
b) CCME, 2006
NA- not applicable
7.3.3.2 Ecological Transport Modeling of COPECs
CASE 1a): Exposure through Surface Water C ination — Dam Over i

Fig. 7.5 illustrates the overtopping of the decant water into a downgradient stream. The

and ions for the cc ion of COPEC in the stream are provided

in Fig. 7.11.

Figure 7.11: Calculations and assumptions of dam overtopping into downgradient Stream

[CASE 1a): Dam Overtopping into Downgradient Stream
| Assumptions
Flow in stream= 0.1-0.2 m's, peak 0.7m'/s (typical)
Shape of streambed: depth=0.25m, width= 4.0m, length 2000m (typical)
Surface area of impoundment = 50 hectares (500000 n) (typical)
Depth of decant water= 1.0 m
Complete mixing
Calculations (using data above)
Volume of water along kength of Stream at any one time (V1) = 0.25m*4m*2000m= 2000m’
If average elev. of water i 0.01 mabove dam when i overtops water released (V2) = 0.01 *+500000m2=5000m"
Ratio of released overtopping water vokume (o water vokume in Stream = S000m’/2000m’ = 2.5 or 250%
Ifaverage elev. of water is 0.05 mabove dam when & overtops water released (V2) = 0.05*500000m’=25000m’
Ratio of released overtopping water vohume to water volume in Stream = 25000m3/2000m3 = 12.5 or 1250%
Overtopping Volume as a percent of Stream volume = 250% - 1250%
VC4V1Cs = VyCr where Vy = volume of water in stream when overtopping occurs (Vi+V2)
C}, Cz, Cy = concentration of metals in Stream (C, ), decant water (C;) and stream with overtopping (Cr)

Cr=(V,Cy+V,C MV +V2)
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CASE 1b): Exposure through Surface Water C ination — Ground
Migration

As indicated previously, when leachate migrates through the mine waste and base of the

p into the ground in the bedrock, the regional groundwater flow system
will disperse and transport the leachate in the direction of groundwater flow (see Fig.
7.7). For this case study, groundwater is a major contributor to the discharge volume of
the downgradient stream. As leachate from the base of the impoundment enters the
groundwater it subsequently contributes to the base-flow of the stream. The COPEC

concentration in the stream due to leachate in the groundwater is determined based on the

contribution of baseflow to the overall stream discharge (see Fig. 7.12).

Figure 7.12: A ptions and calculations for d flow contribution to Stream

[CASE 1b) Contaminated Groundwater as Baseflow for Stream
Assumptions
Stream average discharge (Q3) = 0.1-0.2 m/s (typical)
173 stream flow from confluent stream
Stream average discharge above confluent stream (Q1) = 2/3*average discharge= 0.067-0.133 m'/s
Stream baseflow (from stream hydrograph) = 0.05 m'/s
Assume lower average stream discharge (Q1)= 0.067 m'/s (worse case scenario)
Estimated stream baseflow above confluent stream = 0.0335 m'/s
Assume 100% of baseflow from groundwater from immediately below disposal site (worse case scenario)
Complete mixing
Calculations
QICI+Q2C2 = Q3C3; C3= (QIC1+Q2C2)Q3

Baseflow as % of Stream Discharge = [0.05 m"//(0.133m'/5)|*100 0 (0,05 m'/s/ (0.067m'/5)|*100 = 38% to 75%)

A summary of the concentration of COPECs in the Stream due to dam overtopping and

leachate migration from the base of the impoundment is provided in Table 7.12 along

with the water quality and ground: baseli ion data. Predicted

average copper, nickel and lead concentrations in the stream due to dam overtopping
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(with decant water lized and not lized) and leachate migration (for the

subaerial and subaqueous case) exceed the CCME water quality guidelines and ER is
greater than 1.0. The pH measurement for the cases of: DW2 (not neutralized) and GW-1
(subaerial) had pH ranges outside that of CCME guideline for freshwater aquatic life.
Copper, nickel, lead and pH are brought forward for further assessment for freshwater
aquatic life.

Table 7.12: Predicted metal concentrations in Stream due to dam overtopping and
leachate migration

Predicted Stream Metal Concentration from

‘Water Quality Background Baseline Various Sources (ug/L)
coc Guideline o ion” Co " DamO i Leachate

(ng/l) (ng/L) (ng/L) DWI-  DW2-mot GWI- GW2-
ized neutralized subaerial subaqueous
76110 360920 68-370  3.4-19

C 2 1-2(1. -14 2.
Spp=s 42N MR g s e )
1.5-1.7 1521 0.74-60 0.74-1.74
Lead 1 <l <1-10(1.75) (1.6) 6.8) 2.3) (1.2)
) 23190 23004200 692500  86-19
! 31
Nickel 25 < asgay ot FUSN 2
pH 659 NA 574 6887 3547 4952 697
Notes:

a. ERA for facility

‘Water Quality Guideline: CCME, 2006 for copper, lead and nickel

DW 1: stream ion due to ing of dam with lized surface water
DW2: stream concentration due to overtopping of dam with acidic surface water
GW 1: stream concentration due to metal migration from subaerial disposal

GW2: stream concentration due to metal migration from subaqueous disposal

(50 percentike value)

NA: Not available

CASE 2: Exposure in Larger Water Body - Dam Overtopping
The concentration of metals in the larger water body was derived previously (see Figs.

7.5 and 7.6, Table 7.3).  As is evident from Table 7.3 the predicted concentrations for
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copper, lead and nickel are below CCME marine water quality guidelines therefore ER is
less than 1.0 and the concentrations are very close to the baseline concentrations in the
larger body of water therefore these specific COPEC’s, pathway and receptor are not

considered further in this ecological risk assessment.

7.3.3.3 Risk Estimation and Uncertainty: Ecological
Using equations (7.12) and (7.13) values for ER and total ER are derived for the four
disposal options: subaerial and subaqueous lined and unlined disposal options (Table

7.13). To consider the uncertainty associated with the predicted stream COPEC

each COPEC ion range in Table 7.12 is described using the 95

% and 5 % confidence limits of the CDF lognormal distribution. The TRV values are
also described using a normal distribution. A sample plot of the ER CDF is provided in
Fig. 7.13.  The 50 percentile exposure ratios for rainbow trout and COPEC’s copper,
nickel and lead are derived using these distributions (Table 7.13) for each of the four
disposal methods. In general, the disposal options in order of lowest ER values to
highest for the COPEC’s and pathways selected are: lined subaerial, unlined subaerial,
lined subaqueous and unlined subaqueous. The ER values were above 1.0 for each
scenario, COPEC and both pathways except the lined subaerial. The highest ER values
are for the COPEC’s copper and nickel, the pathway dam overtopping with non-

neutralized decant water. The third highest ER value was with the COPEC nickel with

and i ar . The cases of dam overtopping with

subaerial disp
non-neutralized decant water and groundwater contamination with subaerial disposal

both predicted pH values that are outside the range of the CCME FAL guidelines and




baseline pH values. It is expected that both of these scenarios will have negative effects

on aquatic freshwater life in the downgradient stream.

For this ecological risk

y iated with specific model parameters is not determined.

Table 7.13: Exposure ratios for COEPC’s and rainbow trout

Disposal ER (50 Percentile Value) ~ ER
E Rout Total ER
Method P Copper Nickel ~ Lead  pH °
S Groundwater - GW1 50 55 23 >0 107
unlined
Dam Overtopping- DW | 18 6.5 1.6 <1.0
S":::'i‘:l:‘:j“s' Dam Overtopping-DW2 265 315 675  >1.0 37;598
Groundwater - GW2 44 53 1.2 <1.0
Subaerial- lined No leakage and no decant water 0 0 0 <10 0
Sub. Dam Overtopping- DW 1 18 65 16 <10
= = 26; 587
lined Dam Overtopping- DW2 265 315 6.75 >1.0
Exposure Ratio: Copper and DW2
i S(N’LE 0.0%
08
06
E 04
02
o 1 |
g & 8§ & & 8 § 8 § 8 8
Bgosre Ratio

Figure 7.13: CDF of Exposure Ratio for Copper in Stream due to Dam Overtopping
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74 MULTI-CRITERIA RISK-BASED DECISION MAKING

The decision hierarchy for this case was already provided in Fig. 7.4. Using the AHP

methodology for optimization seven alternative matrices, two pair-wise matrices, one

it

is matrix were developed. E les of the matrices along with

goal matrix and a sy
the synthesis matrix are provided (Tables 7.14-7.16) and in entirety in Appendix V. The
values (1-9) and reciprocals used to compare the alternatives are based on the authors
judgment and used mainly for illustration purposes. From the results of the synthesis
matrix which includes all decision criteria, the order of preference for disposal methods
from highest to lowest is: lined subaqueous, lined subaerial, unlined subaqueous, unlined
subaerial.

Table 7.14: Containment Effectiveness Matrix
Unlined Lined Unlined Lined

Subaerial Subaerial Subaqueous Subaqueous Erioricies
Unlined Subaerial 1.000 0.143 1.000 0.143 0.066
Lined Subaerial 7.000 1.000 5.000 1.000 0.404
Unlined Subaqueous 1.000 0.200 1.000 0.143 0.068
Lined Subaqueou 7.000 1.000 7.000 1.000 0.462
Table 7.15: Decision Goal Matrix
Human  Ex i Contail 1
Health Risk  Risk  Cost _Effectiveness Footprint _Priorities
Human Health Risk 1.000 2.000 3.000 2.000 2.000 0.347
Ecological Risk 0.500 1.000  2.000 1.000 2.000 0.225
Cost 0333 0.500  1.000 0.500 0.500 0.098
Containment
Effectiveness 0.500 1.000  0.500 1.000 2.000 0.173
Ecological Footprint  0.500 0.500  2.000 0.500 1.000 0.156
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Table 7.16: Synthesis matrix for optimal mine waste disposal method

Ecologeal Contaiment Ecobgical

Human Heath Risk c
—— . Rik  Effectiveress Fooprit O'cl
0347 0.098 0225 0173 016
: e -
'(’)‘P_‘”“ risk risk cost Cost
pons 0.667 0333 0.167 0833
Unlired ) g 0088 0532 0063 0055 0066 0062 0078
Subaerial - : - ' - : L
Lined
2 213 099 0.25 . . 205 0235
S (0213 021 0.09 0 0166 0404 0205 023
nlined
b 0.153 0.153 0297 0043 0201 0068 0139 0148
Subagueous
Lied 0.546 0.546 0.071 0545 0578 0462 0594 0538
Subaqueous

7.5  CONCLUSIONS
The risk-based approach to decision making was used to employed disposal options for
typical mine waste and provided effective decision making. Mine waste characterization

deli sl

data and i fate and P to predict exp o p
receptors. A probabilistic approach permitted estimation of the risk to the receptors
based on different mine waste disposal options. Multi-criteria risk-based decision

making, which integrates risk with other di | criteria, was used to

P

determine the optimal disposal option.

It is interesting to note, three different disposal priority rankings were determined for the
four disposal options depending on whether the ranking was based on human health risk,
ecological risk or the multi-criteria decision making process. The ecological risk had a
different disposal ranking than the human health risk; due to the inclusion of risk to the

VEC’s in the Stream and the dominant effect of the non-neutralized decant water.
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According to the predicted ER values for the Stream, the VEC’s would be affected both
by leachate migration and dam overtopping. The metals and the pH would negatively
affect the Stream VEC’s. For this case study, in order to protect the stream it would be
important to eliminate leachate migration from the impoundment. With subaerial disposal
there is no risk of dam overtopping thus one less factor contributing to the total risk.
Although not considered, it is anticipated that any subaerial disposal site will require a
cover to protect the local environment from air transport of the waste. For this case
study, leachate migration was not predicted to cause a significant risk for users of a
downgradient well thus also not for exposures to the larger water body further from the
source.  The actual ranking of disposal options is site and waste specific and can
incorporate additional factors and decision criteria.

When considering uncertainty with the Spearman ranking, the COC concentration was

the most domi in modeling HI or excess cancer risk for this case study.

d ation. As

This was in part due to the wide range iated with the

indicated previously there are many other parameters that deserve more detailed

- " o)

ion or p inary ation when evaluating disposal methods. They

could include but are not limited to: bedrock type, permeability and fracturing; site
location; waste characteristics; subsurface and surface water chemical reactions; leakage
and degradation rate and type of liner system; and modelir:g of COC transport. The
results from the risk assessment were integrated with other criteria in the MCDM
analysis. For this case study, human health risk and ecological risk had the highest score

of the five decision criteria. This analysis helped to demonstrate the significance of these

210




risks and the corresponding importance of the longterm integrity of the disposal site on

the selection of an optimal waste disposal method.
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CHAPTER 8

HUMIDITY CELL, WEATHERING AND STATIC TESTS

8.1  INTRODUCTION

In this chapter results are provided from two kinetic tests and two static tests conducted
on the residues from the VINL hydrometallurgical plant. The static tests include the
ABA analysis and TCLP analysis both explained in Chapter 2. The kinetic tests, the
humidity cell experiment and field weathering tests, are also described briefly in Chapter

2. Each test methodology and results is presented separately.

8.2  HUMIDITY CELL TEST

The humidity cell test simulates weathering conditions through control of air, temperature
and moisture. It is a widely accepted method in Canada and the United States and results
tend to compare favorably with field and other prediction tests. The tests take a long time
to complete are high cost and result interpretation can be complex. Other tests that will
compliment the humidity cell experiments are oxidizing batch tests, sequential
extractions (Steel et al., 2009b; Chapter 3) and field weathering tests (Section 8.3).
Humidity cell tests last approximately 12 months are conducted to assess drainage
chemistry. Leached oxidation products in solution are analyzed to calculate mass load,
rates of acid generation and sulfide oxidation and the concentration of metals and other
species as a function of time (breakthrough curves). Results are generally presented

graphically. The cell usually holds approximately 1 kg of sample.




8.2.1 Humidity Cell Test Methodology

As indicated in the ASTM procedure, “this accelerated weathering test method is
designed to increase the geological-chemical-weathering rate for selected 1000-g solid
material samples and produce a weekly effluent that can be characterized for solubilized
weathering products. This test method is performed on each sample in a cylindrical cell.
Multiple cells can be arranged in parallel; this configuration permits the simultaneous
testing of different solid material samples. The test procedure calls for weekly cycles
comprised of three days of dry air (less than 10% relative humidity) and three days of
water-saturated air (approximately 95% relative humidity) pumped up through the
sample, followed by a leach with water on Day 7. A test duration of 20 weeks is
recommended. The purpose of this accelerated weathering procedure is to determine the
following: (/) whether a solid material will produce an acidic, alkaline, or neutral
cffluent, (2) whether that effluent will contain diagnostic cations (including trace metals)
and anions that represent solubilized weathering products formed during a specified
period of time, and (3) the rate at which these diagnostic cations and anions will be
released (from the solids in the effluent) under the closely controlled conditions of the
test” (ASTM, 2001).

The specific test conditions for the Memorial University humidity cell experiments are

provided in Table 8.1. The drai analysis includes: pH, conductivity, redox, acidity,

alkalinity, metals, sulfide, sulfate and thiosalts. Four tests cells are set up, one containing

each of the following: Neutralized Combined Residue (NCR), Neutralized Leach Residue
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(NLR), Neutralized Gypsum Residue (NGR) and submerged NCR. Fig. 8.1 shows the

experimental set-up.

Figure 8.1: Humidity cell set-up with humidifier and NLR, NGR and NCR cells

Table 8.1: Test conditions for humidity cell experiments

Test Parameter

After ASTM D5744-96 and Morin &Hutt (1997)

Particle Size
Sample Size

Cell Diameter
Cell Length
Temperature
Humidity
Airflow rate

Dry air cycle
Wet air cycle
Leachate Volume
Contact time
Test duration
Cell

<6.3 mm

1kg

203

10.2

25€

controlled

1-10 L/min

<10% RH for 3 days over sample
95% RH for 3 days over sample
500mL

4 hours, stirred for 1 minute

40 weeks or more

NCR. NLR and NGR
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The standard (ASTM, 2001) humidity cell set-up and test procedure was modified in
several ways to account for the fact that the material being tested is very fine grained.
The following test modifications were made some of which were recommended by Morin
and Hutt (1997, 2000) in their testing of mine tailings.
e The dry and moist air is directed over the surface of the residue due to the low
porosity and permeability of the residues.
e When the leach water was added it was added all at once and stirred with the top
1 cm of the residue. This action prevented water from infiltrating cracks
developed on the residue surface.
e A separatory funnel was not used in applying the leach water.
e The leach water applied was left to stand for four hours before permitting

drainage out of the bottom of each cell.

8.2.2 Humidity Cell Test Results and Discussion
The graphs in Fig. 8.2 through 8.4 present the results of the experiment for the three

residues. The release rates of sulfur for the residues are provided in Table 8.2.

Table 8.2: Total sulfur release rates for residues from humidity cells tests

Residue 4-10 Weeks 17-31 Weeks 38-43 Weeks
(mg Sulfur/week) (mg Sulfur/week) (mg Sulfur/week)
NLR 147 113 203
NGR 195 240 350
NCR 328 220 230




To determine release rates of cations or sulfur first, weekly loads are calculated (equation
(8.1)) then the cumulative load is determined (equation (8.2)) and finally the slope of the
cumulative curve is calculated (equation (8.3)).
L ,=(C.xV,) (8.1)
Where:

L. - Loading constituent of interest in the effluent (mg)

C.-Ci ion of the i in the effluent (mg/L)

V. - Litres of the weekly collected effluent (L)

L,,=i(C,xV) (8.2)
=

R, _L,-L) (8.3)
(ny—ny)

R, - Release rate of constituent for n weeks between and including the inflection
points, mg/g/week.
Ly, , L, - Constituent cumulative load, the final and initial week of n weeks.

ny, n; - Final week and initial week of n weeks.
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Figure 8.4: Total sulfur and cumulative sulfur in leachate from humidity cells tests.

8.3  FIELD WEATHERING TESTS ON NGR AND NLR

8.3.1 Field Weathering Test Methodology

s

Samples were taken from the test cells at the Argentia d ion plant to

the change in metal concentration through the depth of the deposit and the change in
metal concentration after approximately a year of weathering. The depth samples,

removed from two locations, were taken after the residue had been in place

approximately two years (Table 8.3) at depths of 1 cm, 15 cm and 25-30 cm from the



surface. The samples taken at the 25-30 cm depth were close to saturation. The initial
weathering sample was taken approximately two months after placement of the residue in
the test cell, the second sample was taken about 11 months later (Table 8.4). Each

sample was analyzed with the ICPMS.

Table 8.3: Concentrations of analytes in NLR and NGR with depth in test cells

Sample S Cad43 Fes7 Co Ni Cu Pb
(Type-SA#)Depth (cm) ppm ___ ppm ppm ppm __ ppm  ppm _ ppm
NLR-1 1 290144 74984 320115 259 7946 3800 23
NLR-2 1 350515 45618 441494 209 7439 3884 30
NLR-1 15 340598 33071 453849 276 8855 4561 30
NLR-2 15 289250 54184 381056 262 8038 4021 31

NLR-1 25-30 345161 28064 466661 332 10075 4633 30
NLR-2 25-30 348220 28807 477089 472 13432 5499 30

NGR-1 1 257724 219904 9457 70 2961 481 8
NGR-2 1 277580 211023 12060 78 3626 581 7
NGR-1 15 256520 227868 11812 21 1049 497 8
NGR-2 15 257164 194000 12704 23 1040 489 6
NGR-1 30 245564 207612 13189 29 1291 557 8
NGR-2 30 219168 158617 10281 18 817 384 5

8.3.2 Field Weathering Tests Results
The results from the samples analyzed through the depth of the deposit showed the
following trends for the limited sampling conducted. For the NLR, the sulfur

ation was more near the water table and varied in concentration in the

upper 25 cm. Calcium concentration decreased with depth. The metals iron, cobalt,

nickel and copper generally increased with depth while lead was fairly constant for the
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samples analyzed. In the NLR samples the lower metal concentration in the samples

taken closer to the surface was probably due to the metals leaching from the residue due

to oxidation of the sulfide minerals. At the lowest pling depth the residue is saturated
limiting the oxidation process and metal leaching. For the NGR, sulfur concentration
decreased slightly with depth while calcium remained fairly constant. Cobalt and nickel

decreased in concentration at the upper two sampling depths. The concentrations of iron

and copper showed no clear trends for the samples and depths tested and the lead

was fairly There was a significant change in colour of the NGR
with depth: near the surface the sample was pale in colour with depth it became the
typical orange-red shade. This effect suggests either leaching of the iron hydroxides
from the surface or precipitation of oxidation products.
Table 8.4 indicates the NLR weathered samples had higher cobalt, nickel, copper and
zinc concentrations than when the residue was placed. In contrast the NGR weather
samples had lower cobalt, copper and zinc concentrations after approximately one year of
weathering. The NGR weathers more readily and the metals are more available attached
iron hydroxides as suggested by sequential extractions (Steel et al., 2009b). The higher

metal ¢ i in the i NLR samples could due to the following:

analytical error, sampling inconsistencies or the dissolution of lime used to the

neutralized the NLR.
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Table 8.4: Concentration of analytes in residue after 11 months of weathering

S Cad42  Fe57 Co Ni Cu Zn Pb

Sample
ppb ppb ppb ppb ppb ppb ppb

NLR

Dec/06 3.29E+08 2.86E+07 4.86E+08 2.27E+05 1.05SE+07 4.36E+06 6.95E+04 3.34E+04
NLR

Nov/07 3.13E+08 2.20E+07 4.66E+08 5.31E+05 1.98E+07 6.55E+06 1.26E+05 3.13E+04
NGR

Dec/06 2.10E+08 2.29E+08 1.32E+07 7.43E+04 5.33E+06 S5.91E+05 6.96E+04 840E+03
NGR

Nov/07 2.09E+08 2.26E+08 1.04E+07 3.11E+04 ERR _ 5.22E+05 4.79E+04 9.61E+03

84  ABA ANALYSIS

8.4.1 ABA Analysis Methodology

To conduct an ABA test hydrochloric acid is added to a known weight of sample, once
the reaction is complete the excess amount of acid remaining is determined through
titration with sodium hydroxide and the amount of acid consumed is calculated. The
value of acid consumed is compared with the amount of acid that could be produced if all
the sulfur in the sample was converted to sulfuric acid. The ABA test includes the
following analysis or calculations: sulfur analysis (total, sulfate-sulfur, sulfide-sulfur,
organic sulfur) and Acid Potential (AP) calculation, bulk Neutralization Potential (NP),
Carbonate Neutralization Potential (Carbonate-NP), pH and Net Acid Generation (NAG)

(Peroxide) test results.
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8.4.2 ABA Analysis Results

Preliminary results of ABA analysis on the d ion plant hyd Ilurgical

residues are presented in Table 8.5.

Table 8.5: ABA analysis results on d ion plant hyd llurgical residues
Sulfur Speciation Modified Sobek Method . )
Waste Paste =
Type pH Stot §°  SO.S S§°S NP AP NetNP  NP/AP  Carbon
(®) (%) () (%) (cale)  (calc) (calc) (%)
. 4 24, .2 5. . . . 124
NCR 353 254 246 13 158 0.1 494 -494 0.001 0.126
328 <387 494 -505 -0.002
Leach® 296 275 313 59 173 -63.1 540 -603 -0.117 0.095
Residue: g5 249 540 579 0070
2 : 2 2 2:
NGR 535 202 2 572 82 6.5 258 264 0.025 0.06
529 -38.1 258 -296 -0.148
Legend Stot: total sulfur AP: Acid Potential
S04-S: sulfate sulfur NNP: Net Neutralization Potential
§2-: sulfide sulfur NP/AP: NPR
NP: Neutralization Potential *Leach Residue is not neutralized

For the standard ABA procedure a sample is classified as a potential source of acidic
drainage if Net Neutralization Potential (NNP) is -5 tonnes of CaCOj3 or more negative
(MEND, 1991). Another indication of acid producing potential is the Neutralization
Potential Ratio (NP/AP). If this ratio is less than 3:1 then the sample has potential to be
acid generating (MEND, 1991). The interpretation of ABA procedure results is best
conducted with knowledge of test procedure limitations, experience and after
consideration of other predictive tools and site specific information. In addition, kinetic

testing or field results may indicate that waste is not acid producing although the NNP
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value is negative. The universal ABA criteria for predicting the pH range of mine site
drainage is provided in Table 8.6 (Morin and Hutt, 1997).

For the VINL residues the NNP values are negative and the NP/AP ratio (NPR) values
are less than one thus the residues have acid generating potential. The neutralized residue

was not tested at this time.

Table 8.6: Universal Criteria for ABA Assessment

Criteria Prediction/Current Condition
Paste/Rinse pH
Paste/rinse pH <5.0 Currently acidic; future unknown
5.0 < paste/rinse pH < 10.0 Currently neutral; future unknown
Paste/rinse pH > 10.0 Currently alkaline; future unknown
xNPR or xXNNP
xNPR< 1.0 or NNP<0.0tCaCO3/1000t  Eventually acidic
1.0< xNPR<2.0 or 0<NNP<20 Uncertain future

xNPR > 2.0 or NNP > +20 tCaCO3/1000 t Indefinitely near-neutral or alkaline

Note: Many exceptions are known, so kinetic tests are needed to refine predictions

85  TCLP WASTE CLASSIFICATION TEST

8.5.1 TCLP Methodology

Waste classification tests provide a classification to the material based on a set of testing
protocols and guidelines as prescribed by regulatory agencies. In the United States a
waste can be described as “toxic” or “hazardous™ in terms of subtitle C or D of the
Resource Conservation Recovery Act (RCRA). In general, the tests consist of placing a
set amount of sample (i.e. 50 g) in a flask, adding one litre of extractant, agitating the
sample for 24 hours and analyzing the filtered leach from the flask. The analytical results

are compared to a set of criteria and if there are exceedances the waste is described as
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“toxic” or “hazardous”. This type of test may also be used to assess metal leaching from

mine wastes.

8.5.2 TCLP Results

Results of the TCLP on the hydrometallurgical waste residue from the demonstration
plant are provided in Table 8.7. The results from this test indicate that the concentrations
of the selected metals are well below the U.S. EPA guideline for waste disposal (U.S.

EPA, 1996). Further tests of this nature, as indicated above, should be conducted for

comparative purposes.
Table 8.7: TCLP results on d ion plant hydi llurgical resid
TCLP Material
vCLP  Regulatory | cpchResidue  Filter Cake  Mixed Residue
(mg/L) (mg/L) (mg/L) (mg/L)
As S <0.03 <0.03 <0.03
Ba 100 0.02 0.04 0.04
Cd 1 <0.02 <0.02 <0.02
Cr 5 <0.3 <03 <0.3
Pb 5 <0.00 0.01 <0.00
Hg 0.2 <0.01 <0.01 <0.01
Se 1 <0.13 <0.14 <0.15
Ag 5 <0.00 <0.00 <0.00




CHAPTER 9

SUMMARY AND RECOMMENDATIONS

The objective of this research was to characterize the mobility of heavy metals and sulfur

3 11

from hyd I residue to the subsurface environment through

assessment of its mineralogy, static and Kinetic testing and numerical modeling then
integrate the data in a risk-based approach to select the most favourable mine waste

disposal design. This research targeted ore metals nickel, cobalt and copper as well as

sulfur compounds in the waste residues from the hyd: llurgical d ion plant
in Argentia, Newfoundland.
This thesis is comprised of six sections:

1) literature review (Chapter 2);

2

characterization of the VINL residue mineralogical assemblage (Chapter 3);

3

assessment of residue metal and acid generating potential (Chapters 4 and 8);

d

g of residue imp decant water (Chapter 5);

4) hemical reactive modeli

&

5

geochemical reactive transport modeling of two residue disposal options (Chapter
6); and

6

2

risk-based and multi-criteria decision making (MCDM) methodology to
determine optimal mine waste disposal design (Chapter 7).

Literature Review

There is very limited data relating to the characterization of nickel sulfide
hydrometallurgical residue in the open literature. ~However the procedure for

characterizing mine tailings and the mineralogy of zinc process residues has been well
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documented. Zinc process residues are produced through hyd: llurgical

of zinc sulfide ores and the resulting residues, although not similar in nature to the VINL
residue, provide important information relative to testing methodologies. Mineralogy

work iated with hyd llurgy has focused on problems with the removal of iron

during hydrometallurgical process and issues surrounding the disposal of zinc process
residue jarosite. A variety of typical static tests conducted on tailings and mine waste

have been described. Kinetic tests, used to assess metal leaching of tailings and waste

rock have also described with a focus on those tests applicable to the hyd llurgical
residue.
While extensive literature exists relating to geochemical models and port models,

h

less is available in the area of 1 reactive port models focusing on metals

in layered, saturated or partially saturated porous media. Examples have been provided
of geochemical reactive transport codes used to model mine tailings and waste rock
which are mineralogically simpler materials than process residue. For the risk
assessment work, a review has been provided of 1) risk assessment processes and
associated decision-making, 2) the Canadian Council of Ministers of the Environment
(CCME) ecological risk assessment (ERA) process, 3) human health risk assessment and
4) other authors’ approaches to risk assessment applied to site remediation and risk-based

disposal management.

Mineralogical Assessment of the VINL Residue

The mineralogical assessment, through SEM and XRD analyses, was able to reveal

in ding how it will

gical

characteristics of the hyd
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weather on disposal. NLR (Neutralized Leach Residue) exists mainly as very small
framboidal, spherical particles comprised largely of iron with varying and significant
quantities of oxygen, calcium and sulfur. A total of 16 different phases were identified in
the NLR by SEM analysis. They include: Fe-S phases, pure sulfur and several Fe-O
phases. XRD analysis was not able to fully interpret the NLR due to the amorphous
nature of some of its minerals. The NGR (Neutralized Gypsum Residue) consists of
gypsum and a small percentage of an iron hydroxides minerals as well as target metal

hydroxides. The SEM and XRD work indicated that, except for variations in the gypsum

i

p ges, the mini-plant and d ion plant were largely similar in
micro-structure and composition which could be beneficial when conducting weathering
and treatment studies.

The results of the five-step sequential extraction on the residues suggested that metals
were more available in the NGR than the NLR. The target metals associated with the
residues could exist in several different forms including: sorbed to surfaces of the
minerals or phases; precipitated hydroxides, oxides or sulfates; or within the crystal
structure of the minerals. It is expected dissolution activity of target metals will follow
that of the minerals or phases with which they are associated: gypsum, iron hydroxides,
iron oxides, unprocessed concentrate and FeS. The iron (hematite) in the NLR is very
stable while that in the NGR is less stable (iron hydroxides). The trace metals, nickel,
copper, cobalt and zinc are associated not only with the hematite in the NLR but also

with other minerals or phases resulting in a significant portion of these metals being more

susceptible to weathering. During and disposal of the resid it will be
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o ider the metals iated with all the phases present in particular those

P

that are more susceptible to weathering.

Residue Kinetic Testing

Kinetic tests conducted on the residue included shake flask experiments, humidity cell
experiments and field weathering tests while static tests comprised assays, ABA analysis

and TCLP tests. Shake flask experiments are valuable in the understanding of factors

having shorter-term affects on the chemistry of waters ining appreciabl of
residue such as the decant water in a residue disposal pond. The factors considered
during the shake flask experiments included: solids ratio, mix time, test pH and residue
type. The test pH and residue type were the main factors that affected the majority of
filtered leachate experimental responses. Residue type was a main factor in most of the
responses over a range of test pH values; this reflects the importance of considering the
very different nature of the two residues. Test pH was the most significant factor when
the test pH was lowered to pH 2. Results suggest a significant drop in solution pH is
required for a noticeable change in metal concentrations unless the solution solids ratio is
clevated. In several cases it was the interaction between two factors (such as residue type
and pH) that constituted the main effect on the response. Solids ratio had a significant
effect on the filtrate metal and sulfate concentration and conductivity and alkalinity.
The PHREEQC simulations conducted provided an understanding of which individual
minerals have the greatest impact on final solution pH over a range of initial pH values

out of

and to identify pounds that p
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The humidity cell experiments provided information of sulfur generation rate and metal
leaching capacity of the residues over the test period while the field weathering tests
show the strong weathering affects on the residues with time and deposit depth.

Ceochiaiical R e Modeli

With the knowledge of the minerals and phases present in the residue and how the metals
may be associated with the minerals, it was possible to model hydrometallurgical residue
using the geochemical reaction code PHREEQC and predict metal concentrations in a
batch test situation such as the shake flask experiment. Not surprisingly due to the
complex nature of the residue the NLR was much more difficult to model that the NGR.

The modeled residue was also useful in predicting decant water chemistry and was used

to consider factors affecting its chemistry. The modeled NCR (N lized Combined
Residue) and PEN solution gave the best approximation of metal concentration in the
decant water. Removing oxygen from the reaction, similar to subsurface conditions,
generated reduced nickel and copper concentrations in the decant water as would be
expected. Sensitivity analysis indicated that the modeled residue was very sensitive to the
amount of neutralization it received from calcite and to the percentage of FeS and
pyrrohotite in the modeled NCR.  The kinetics of mineral dissolution/ precipitation
reactions was considered using the code MIN3P and provided insight into the time to
quasi-equilibrium and the saturation index of the residue minerals and its trend with time.
Metal sorption appears to play a strong role in the actual residue and was able to be

modeled in a simple manner with PHREEQC.

234



Numerical Modeling of Residue Disposal Options

In this work a conceptual model of two disposal options for hydrometallurgical residue

was developed which included developing a mineralogical blage that the

£ P

hydrometallurgical residue, running si ions using a geochemical reactive transport

code (MIN3P), calibrating the model against field data and then predicting full-scale
conditions. There was relatively good agreement between the model and the limited field
measurements for both the subaerial and subaqueous disposal cases although it was
difficult to model the ferrous iron concentrations and the high pore water pH evident in
the subaqueous scenario.

The model was able to provide insight into some of the dominant reactions and influences

on groundwater geochemistry in the residue imp The model d d the

dominant processes: sulfide mineral oxidation; the neutralizing effect of the gypsum and
calcite; the strong effect of initial pore water conditions on disposal situations with
limited base-flow; and the strong effect of oxygen availability as evident through the
subaerial disposal method. From the work it is apparent that subaerial disposal can result
in low pore water pH and high metal concentrations throughout the deposit in a relatively
short period of time. The subaqueous case resulted in a higher deposit pH and reduced
dissolved metal concentrations for the period modeled. Also there was a complex

h

interdependence between the decant water y, the initial i itial pore water

chemistry and the reactive minerals in the case of subagq disposal. For subaerial

disposal, where rainwater infiltrates the deposit the subsurface chemistry is relatively

simpler.
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Risk-based Decisi king for Residue Disposal Design

A multi-criteria, risk-based methodology was used to assess disposal options for mine
waste and provide effective decision-making. Three different disposal priority rankings
were determined for the four disposal options depending on human health risk, ecological
risk and the multi-criteria decision making process. The ecological risk had a different
disposal ranking than the human health risk; largely due to the inclusion of risk to the
VEC'’s in the Stream. For this case study, in order to protect the VEC’s in the stream it

leachate migration from the i d With

would be imp to

subaerial disposal there is no risk of dam overtopping thus one less factor contributing to
the total risk. In this case, leachate migration was not predicted to cause a significant risk
for users of a downgradient well; nor for users of a larger water body located further from
the source. The results from the risk assessment were integrated with other criteria in the
MCDM analysis. Human health risk and ecological risk had the highest score of the five
decision criteria when applied to the case study. This analysis helped to demonstrate the
significance of these risks and the corresponding importance of long-term integrity of the
disposal site on the selection of an optimal waste disposal method. The determination of
risks associated with disposal options and ranking of disposal options is site and waste
specific.

This research assists with ensuring the long-term stability of the residue by augmenting

the understanding of its mineralogy, weathering, metal leaching and reactivity. The risk-

based approach integrates developed data and provides an effective gy for

waste di | system evaluation and decisi king.

P
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RECOMMENDATIONS

1) This research provided information on the micro-structure, mineralogy and
stability of trace metals in the VINL residues, further work 'is now required to
confirm the results and to focus on determining the stability of specific sulfur-

bearing phases present particularly in the NLR.

©

Additional shake flask experimental work is required on the NCR to elucidate the

synergistic effects due to the mixed residue chemistry; and the of

longer mix times, changes in dissolved oxygen and addition of microorganisms

(for ple Acidithiobacillus fer idans). The humidity cells experiments

should be extended with the addition bacteria. The field weathering tests should

s

be d with mineralogy work d on samples taken at different depths

P

to augment understanding of the weathering processes.

3) The geochemical model needs to be enh d by more T ion of
the residue in the reactive geochemical code. The present residue code has
limited mineralogical expression and work is required on how to better represent
the amorphous minerals and metals attached to different mineral surfaces.
Experimental work should also be conducted to determine mineral reactive
surface areas; and reaction rate expressions and equilibrium thermodynamics of
particular minerals and phases in the residues. Thiosalt reaction expressions

should be included in the code and the model could be further calibrated with

additional site data. Finally, the model flow system requires further refinement.
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4) In the risk analysis, there are many parameters that deserve more detailed

oas e 25 s iy Tating di 1 hod

or p y ion when g disp

These include but are not limited to: bedrock type, permeability and fracturing;
site location; waste characteristics; subsurface and surface water chemical
reactions; type, leakage rate and degradation rate of liner system; and modeling of

COC transport. Due to the higher ecological risk, it would be important to

consider areas of greater inty in ecological risk determination and to assess
logical risk ives.
5) To optimally design the “best” treatment/disposal options, the waste treatment

should be considered as part of the entire facility design. The method developed
here can be used once the process is designed, but to use it optimally it should be

process ion and

used as a tool in process design to
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STATEMENT OF ORIGINALITY

1) As there is very limited experience in the processing of nickel sulfide concentrate

through hydrometallurgy the high sulfur, process residue is generally not well

1 ized. The mineralogical and sequential extraction work provided key residue
mineral and microstructure information; suggested how target metals are present in the
residue minerals and phases; and provided metal partitioning results which are important

in und ding the residues metal leaching potential. The static and kinetic testing

conducted further characterized the residues by assessing their acid generating and metal

leaching capacity.

2) Geochemical modeling of process residues is not widely reported in the literature due
in part to the complexity of the mineralogical assemblage. This work, through calibrated

models, was successfully able to model the residue that led to a greater understanding of

3 q

factors impacting the and surface water and enabled the

y of g

prediction of longer term subsurface conditions in the residue impoundment.

3) The design of a mine waste disposal site is waste and site specific and is complex.

Using a risk-based decision-making to assess design options for a mine waste disposal

project is novel and effective approach. This approach integrated the results from the
mineralogical characterization and contaminant fate and transport modeling and included
uncertainty in the human health and ecological risk analysis; then incorporated this risk

analysis in a MCDM analysis to evaluate the optimal mine waste disposal altenative.
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APPENDIX I

Vale Inco Hydrometallurgical Process and Residue Production
The Inco hydrometallurgical process consists of nine main steps: 1) the concentrate is

crushed and fine ground, 2) a chlorine pre-leach, followed by a p oxidative leach

(with hydrochloric acid) of the concentrate occurs in the 1 Iting in a

pregl

solution containing nickel, copper and cobalt in solution and a leach residue, 3) a Counter

Current D ion (CCD) is employed to dissolve all of the target metals within the

leach residue 4) iron is d from the solution through addition of

limestone, lime, and air resulting in an iron gypsum filter cake, 5) solvent extraction is

used to selectively remove copper which is plated through electrowinning, 6) further

ion of iron is lisk

d through addition of a lime slurry, 7) the impurities
stream is precipitated through pH adjustment and addition of soda ash (Na,COs), 8)

cobalt is removed through solvent extraction and electrowinning and finally 9) the

remaining nickel in the p solution is by elect inning. A process flow

diagram is provided in Figure A.1 (VBNC, 2002).
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APPENDIX II

Rate of Pyrite Oxidation and Role of Carbonates and Silicates
Pyrite and Pyrrhotite Minerals and the Weathering Process
Pyrite (FeS,) is the most abundant of the sulfide minerals and pyrite oxidation has been
extensively studied, while less literature exists on other sulfides (including pyrrhotite,
galena, sphalerite and chalcopyrite). In general, sulfides are stable under reducing
conditions and under oxidizing conditions they breakdown. Iron, micro-organisms and
oxygen availability play critical roles in pyrite oxidation as described by the following
four methods (Lottermoser, 2003):

* Oxidation by O, direct, abiotic

* Oxidation by O, with micro-organisms, direct, biotic

* Oxidation by O, and Fe, indirect, abiotic

* Oxidation by O, with Fe and micro-organisms, indirect, biotic
The oxidation of iron sulfide minerals (as shown by pyrite) on exposure to dissolved

oxygen follows the following chemical reactions (Evangelou, 1998):

FeSy + 7/20, + H,0 -> Fe** + 250 + 2H' (A.1)
Fé* + 140, + H -> Fe™* + 12H,0 (A.2)
Fe'* + 3H,0 -> Fe(OH)s(s) + 3H* (A.3)
FeSy+ 14Fe’ + 8H,0 -> 15F™* +2 SO +16H" (A4)

Pyrite can be oxidized by oxygen and Fe™* as indicated by reactions (A.1) and (A.4).
Reaction A.1 shows the oxidation of pyrite by oxygen producing Fe?* (ferrous iron). The

ferrous iron can oxidizes to produce Fe™* (ferric iron) (reaction A.2). At low pH values,
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the ferric iron precipitates from solution creating an iron hydroxide. This reaction is
reversible thus can serve as a source or sink for the ferric iron. The reaction (A.2) is
considered the rate limiting step as ferric iron can oxidize pyrite at a much faster rate than
oxygen and is therefore the main oxidation reaction under anaerobic conditions such as
below the depth of oxygen diffusion (Davis and Ritchie, 1986). Below the oxidation
zone ferric iron is consumed by reaction (A.3) and (A.4). Nordstrom and Alpers (1999)
(in Lappako, 2002) suggest that the bacterially mediated (such as by Thiobacillus (T.)
ferrooxidans) rate of pyrite oxidation by ferric iron is roughly two to three orders of
magnitude faster than the abiotic oxidation by oxygen at pH 2. The role of Thiobacillus
ferrooxidans at neutral and alkaline pH is very limited.

Rate of Pyrite Oxidation

Pyrite oxidation has been well documented in the literature and is well understood in
comparison to that of pyrrhotite (Belzile et al., 2004, Nicholson, Sharer, 1990). At
Voisey's Bay pyrite is present however pyrrhotite makes up 70% of the minerals present
in the ovoid zone. Pyrrhotite has the general formula Fe(,.,)S where x can vary from
0.125 (Fe;Sg) to 0.0 (FeS). As pyrrhotite is iron-deficient it has a more complicated
chemistry than pyrite. The oxidation of pyrrhotite under aerobic and anaerobic
conditions has been described by Nicholson and Sharer (1990), and in Chapter 3.

The kinetics of a reaction depends on mineralogical properties and chemical, physical
and biological factors. The mineralogical properties include: particle size, porosity,

surface area, crystallography, trace element content of pyrite. Other external factors are:
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presence of other sulfides, presence of micro-organisms, O, and CO, concentration,

temperature, pH, Fe** /Fe™ ratio of weathering solution.

Nicholson and Sharer (1990) have reported oxidation rates of pyrrhotite at 22°C and with

oxygen saturation as 20 to 100 times faster than values reported for pyrite oxidation at

25°C. In general, this was in agreement with the higher reactivity of pyrrhotite evident in

the field. It is thought that the iron deficiency could result in lower stability and the

higher oxidation rates. They also indicated oxidation rates increased with the fraction of

pyrrhotite in a mixture of pyrite and pyrrhotite. Much of what affects the oxidation rate

of pyrite also applies to pyrrhotite. Lottermoser (2003) describes a number of factors that

affect the rate of pyrite oxidation.

Large pyrite surface area, small particle size increase reactivity. Framboidal pyrite
is more reactive;

Poor pyrite crystal structure is more susceptible to oxidation;

Trace elements can be present in pyrite in the form of inclusions and chemical
impurities.

Sulfide minerals with the lowest electrode potential are weathered more strongly. If
pyrite, galena and sphalerite are present, sphalerite has lowest electrode potential
and is preferentially weathered.

Oxidation of pyrite (and pyrrhotite) is hermic and this encourages growth of

thermophilic micro-organisms. As pyritic waste gets warmer through oxidation this
promotes more rapid oxidation. The rate doubles every 10°C increase in

temperature.
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Certain bacteria grow well in pH 2 to pH 3 environments (acidophilic bacteria) and
work in the conversion of Fe* to Fe** and the oxidation of sulfur and sulfur
compounds. The resulting increase in Fe® production oxidizes the pyrite and
accelerates acid formation. The aerobic bacteria T. ferroxidans and Leptospirillum
ferroxidans oxidize Fe? to Fe’ while T.thioxidans and ferrobacillus sulfooxidans
oxidize sulfur and sulfur compounds. Generally, abiotic chemical oxidation is
dominant over the biotic oxidation of pyrite. Also 95 % of bacteria associated with
AMD is not T. ferroxidans.

Pyrite oxidation occurs in water and air and the oxidation rate increases with O,
concentration. If oxidation takes place in water or saturated pores under cover,
reactivity is affected by concentration and rate of transport of O, in water.
Concentration O, in water is temperature dependant and varies from 0 mg/L to
8mg/l at 25 °C, while in air O, concentration is 21 percent by volume or 286 mg/L
at 25°C. Therefore pyrite oxidation in water much less than air. In flooded mine
workings with no dissolved O, pyrite oxidation can be negligible.

Sulfur oxidizing anaerobic bacteria utilize CO, as their sole source of carbon for
growth. CO; is produced in sulfur waste dumps as a result of carbonate dissolution
and release of CO, in pore spaces. Thus pyrite oxidation is heightened in pore
spaces due to favourable anaerobic bacteria conditions.

The pH of the solution adjacent to the pyrite surface is important. Below pH 3

sulfide oxidation becomes faster. Water is an important transport medium as it
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removes oxidation products exposing fresh pyrite for further oxidation. Alternating
wetting and drying pyrite surface accelerates oxidation.

e The most efficient oxidant for pyrite is dissolved Fe* not O, as Fe™* oxidizes pyrite
more rapidly than O,. The oxidation of Fe’ to Fe™* is considered the rate limiting
step in indirect abiotic oxidation of pyrite. The precipitation of Fe** places a limit
on the amount of dissolved Fe** available and the rate of oxidation.

Role of Carbonates and Silicates

The majority of minerals on the earth’s crust are silicates and silicate minerals which

consume hydrogen ions by complete dissolution (congruent weathering) and silicate

alteration (incongruent weathering).  During the weathering of silicates dissolved

q : 1 Anced

cations, silicic acid (HsSi04) and . are p The silicic acid of

silica may also precipitate from solution during the weathering process if it doesn’t it is a
very weak acid and doesn’t contribute significantly to acidity of the solution.

Carbon dioxide may or may not be present in the mine waste environment depending on
whether the pore water is in contact with the atmosphere or not. ~ When carbon dioxide
is present there is increased calcite dissolution as more bicarbonate is produced. The
weathering of other carbonates (dolomite, ankerite and magnesite) is similar to the
process above with the addition of magnesium ions being generated along with
carbonate, bicarbonate and carbonic acid. In contrast, siderite (FeCOs), which is
commonly found in metal ores, under well oxidized conditions has a net zero effect on
solution neutralization (Ptacek and Blowes, 1994). With the oxidation of pyrite there is a

release of H' ions to solution and a corresponding increase in the solution’s acidity unless
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the hydrogen is consumed by buffering reactions. This buffering typically occurs
through reaction with gangue minerals in the waste. The buffering is largely a result of
weathering of silicates, carbonates and hydroxides. The individual gangue minerals
dissolve at different pH ranges. In the case of Voisey's Bay concentrate the gangue

include: olivine, py and biotite and homblende may be

present in small quantities.

Carbonates contribute significantly to acid buffering reactions. Calcite (CaCOs) is the
most important neutralizing agent as it’s prevalent in the environment and it reacts
rapidly. Calcite neutralizes acid by dissolving and forming bicarbonate (HCOs) and
carbonic acid (H,CO;) (Ptacek and Blowes, 1994). In weakly acidic environments
bicarbonate is produced while in strongly acidic conditions carbonic acid is produced.
This results in a neutralization of acidity and increase in pH and alkalinity. Re-
precipitation can occur with changes in conditions such as temperature or carbon dioxide.
CaCOsy) + H (ag) <-> Ca®* (o) + HCO3 (aq) (A.5)

CaCOsyy) + 2H (ag) <-> Ca®* (zg) + H2CO31aq) (A.6)
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APPENDIX III

Table A.1: Summary Table of Reactive Transport Models Applicable to Evaluation of Mine Drainage Quality

Name of Software

Description

MINTRAN; MIN3P

Law of Mass Action, 1-D oxygen diffusion in general purpose reactive transport model includes
kinetically controlled sulfide oxidation. PLUME2D and MINTEQA2 with two step coupling
method. Applied to the Nickel Rim tailings impoundment near Sudbury (Bain et al. 2000).
University of Waterloo, also developed MINTOX (diffusion of oxygen into tailings), PYROX
(pyrite), MIN3P (3-D transport).

USGS model with speciation, solubility, reaction path model, inverse mass balance modeling, 1-D
advective dispersive reactive transport capabilities. Coupled transport and thermodynamic
equilibrium model with a two step method. PHREEQC-2 models sorption processes using surface

PHREEQC-2 complexation concept and dissolution/precipitation and kinetic reactions. Takes analytical
uncertainties into account. Has been coupled with 2-3D transport models: HST3D (to create
PHAST), MTS-DMS (to create PHT3D) & PHREEQM-2D.
U.S. EPA supported software. Geochemical equilibrium speciation software for dilute solution
MINTEQ 4.02 uses DDLAdiffuse double layer, a surface ¢ 1 ?'inn modelt Cal ' mass distribution
(MINTEQ AZ) between dissolved, adsorbed and gas phases. Can include multiple solid and gas phases. Seven
adsorption models are available. Widely used with a comprehensive database.
Set of models that can simulate acid mine drainage gcnerauon and huffer reactions in unsaturated
porous or fr: d L media. A hemical species in solids, liquid or gas
TOUGHREACT phase. Two solutions: one based on SIN and one based on simultaneous solution of flow, transport
TOUGH2-CHEM and reaction processes. Model can simulate pyrite oxidation and kinetically controlled

dissolution-precipitation, and sorption and surface complexation processes. Distributed by
Rockware: TOUGHREACT $1200, PetraSim $1200 single license.
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Table A.1: Summary Table of Reactive Transport Models Applicable to Evaluation of Mine Drainage Quality (continued)

Name of Software

Description

HYDROGEOCHEM

Coupled equilibrium model with flow and transport models, coupling technique is 1 and 2 step.
Simulates transient and steady-state distribution of reactive chemical species. For transport,
subsurface flow in multi-component multi-species systems in either 2 or 3D. Applicable for
saturated, unsaturated and partially saturated multi-layer environments. Includes equilibrium,
complexation, redox, sorption, precipitation/dissolution, ion exc} and transport processes.
Cost~$1500 not sure about academic pricing.

STEADYQL and
STEADYSEDI

Quasi —steady state model, includes both kinetic reaction, equilibrium and advective transport
modeling. Applications in waste rock, tailings, impoundments and underground mines. Not
readily available.

Developed for CANMET. Used for assisting to predict acid generation and heavy metal release
from tailings due to sulfide oxidation. Accounts for physical and biogeochemical processes. Quasi
steady state model has one month time steps, can model seasonal variations in temperature and
precipitation. Can enter data in probabilistic mode. Applications eg. Lin and Quarfort 1996,
Nicholson, 2000. Poor documentation must be calibrated for each site, not user friendly, not on the
market, complex.

MIGRATE

Models contaminant transport from multiple sources, either at the surface or buried in 2D.
MIGRATE does not require the use of a "time-marching" procedure. MIGRATE uses a finite-
layer technique that provides numerically accurate and stable results. ~$750 with discount. Good
graphics but only includes sorption and decay, advective and dispersion.
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Table A.2: Summary of Geochemical Reactive Transport Models

Name Description
RETRASO** Simulates flow and transport in column experiments using unsaturated contaminated soil.
Developed at ANSTO. Developed for environmental mining issues particularly related to waste rock and
SULIDOX** <
heap leach piles.
MT3D-IPD* 3D reactive transport model, IPD finite difference for inter-particle diffusion.
(MT3-DM3) (Simulates advection, dispersion/diffusion, source/sink mixing and chemical reactions.
DiffMod7* Shrinking core model. Model O2 diffusion FeS; oxidation in unsaturated zone.
STEADYQL Quasi —steady state model, includes both kinetic reaction, equilibrium and advective transport modeling.
and Applications in waste rock, tailings, impoundments and underground mines.
STEADYSEDI
NETPATH* USGS produced. And inverse mass balance modelmg program for net gcochemlcal mass balance reactions
in hydrologic flow path. Good for fractionation.
MINEQL* Uses MINTEQA2 Thermodynamics. Windows interface model composition good, good viewing of results.
Version4 Used by aquatic chemi and v'
EPA supported software. i g (redox,i h surface plexation). Geochemical
MINTEQA2* | speciation software uses DDL diffuse double laycr, a surface complexation model
Geodicaiists Collection of five hemical progr capable of performing all except couple reactive transport. Has
Workbench* graphical output. www. mckware com (Law of mass action model.)
Used for assisting to predict acid generation and heavy metal release from tailings due to sulfide oxidation.
RATAP Accounts for physical and biogeochemical processes. Quasi steady state model has one month time steps,

can model seasonal variations in temperature and precipitation. Can enter data in probabilistic mode.
Applications eg. Lin and Quarfort 1996, Nicholson, 2000.

261




Table A.2: S y of Geochemical Reactive Transport Models (continued)

Name Description

HYTEC Reactive transport model coupled with geochemical code CHESS used in saturated groundwater.

MODEL Dynamic system silmulator. Simultaneously solves, transport and kinetics. Optimization software and

MAKER reactive model.

SMART One-D streamtube model. be Model Advective Reactive Transport. Lagrangian approach
discretising a h g model domain

TBC Multi-species reactive transport model, finite difference approach

CARRY Physically based reactive transport model

CoTReM Simulates 1-D transport of solutes and solid phases and their interactions driven by bio-geochemical
reactions and thermodynamic equilibria occurring in natural environments. (includes 30 species) Based on
operator-spitting, mixing cell approach.

HDROGEO- Coupled equilibrium model with flow and sport models, coupli hnique 1 and 2 step. For transport,

CHEM subsurface flow in multi- p Iti-species systems.

CHEM-FLUX |2D i P deling software including advection, diffusion, adsorption and decay

PHAST Simulates multi-component reactive transport in 3-D in saturated groundwater system.

CHESS Simulates equilibrium state for complex solution of minerals, colloids, organics and gases.

AT123D Generalized 3-D groundwater transport and fate model with contaminant transport in 1-D includes
advection, dispersi d ion and biod dation.

MIGRATE Contaminant transport from multiple sources, either at the surface or buried, 2D. MIGRATE does not require the use

of a "time-marching” procedure. MIGRATE uses a finite-layer technique that provides numerically accurate and
stable results. ~$750 with discount. Good graphics but only includes sorption and decay, advective and dispersion.
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APPENDIX IV

Geochemical Algorithms

Examples of how speciation and geochemical reactions are incorporated into a
geochemical code are briefly outlined in this section through a review of PHREEQC.
Initially, for most modeling codes a few basis species (or master species, components)

are selected. These species are the mini number of chemical formulas to

describe the composition of all the phases and all species. Mineral or gas phases are also
included in the basis. The modeling program determines the secondary species based on
stoichiometry linking the secondary species to the basis species and the reaction
equilibrium constant.

Distribution of Aqueous Species

The distribution of species is calculated from data bases using two different approaches:
i) The determination of the thermodynamically most stable state by minimization of
Gibbs free energies of reaction (CHEMSAGE is an example of a tool that uses this
approach).

ii) Solving a set of non-linear equations from equilibrium constants and mass balances
(PHREEQC, EQ3/6, WATEQ4F and MINTEQA?2 use this approach).

For a given chemical reaction described by mass-action law:

aA+bB<-> ¢C +dD (A.7)
a aj

K=-—¢ (A8)
a] a,

Where

K= temperature dependent equilibrium constant
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a; = activity of species i
Given a;=ym, and n=mW,,
7= activity coefficient
n, = number of moles
m, = molality
W,, = weight of water in 1 kg of aqueous solution

The general mass action equation can be written as:
M,
K,=a,[Jas* (Parkhurst and Appelo, 1999) (4.9)

where M, = the total number of aqueous master species
Cm,i = stoichiometric coefficient of master species m in species i

In this case, the total moles can be expressed as:

n,=K W, = (A.10)

lTon Activities and Activity Product

The commonly employed approach to describe water-gas-soil-rock interaction in aquatic
systems is the ion dissociation theory or the ion interaction theory. In PREEQC,
activities can be calculated based on variations of the DeBye-Huckel equation for low

concentration solution or the Davies equation for solutions of higher ionic strengths.
Ju

logy,=-Az] [IT‘/—;—OJ;I) (Davies equation) (A.11)

where ©#=0.5Ym 2* = ionic strength
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z= ionic charge of the species i
A= temperature dependent constant
Solubility Index
The solubility of a product is defined by the Solubility Index (SI); if SI is positive the
compound is supersaturated in the solution.
SI= log (IAP) —log (Ksp) = log (IAP/Ksp) (A.12)
Where IAP= (A} (B}
A and B are components of the compound in solution

Ksp = solubility product

Ion Exchange

PHREEQC allows for Itipl h h bl ) to exist in

b

equilibrium with the aqueous phase. Ion are modeled with the Gaines-

Thomas convention and equilibrium constant derived from Appelo and Postma (1993).

The approach uses tion exy i based on half-reactions between aqueous
species and the fictive exchange site.

For example for exchange species CaX, the reaction is Ca** +2X~ = CaX, where X- is
the exchange master default species.

Surface Complexation

Surface complexation reactions in PHREEQC are modeled with a generalized two-layer
model (Dzombak and Morel, 1990) incorporating surface complexation constants from
Dzombak and Morel (1990) and Allison et al. (1991) (MINTEQA?2) and others.

In PHREEQC, kinetically controlled reactions and solid solutions can be defined using

rate expressions and a Basic ™ interpreter.
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Background of PHREEQC

Early versions of PHREEQC calculated of element ation, molalities, activities of

aquatic species, pH, pe, saturation index and mole transfers to achieve equilibrium as a
function of the specified reactions. Improvements in the algorithm included accounting
for elements in solids, aqueous and gas phase, use of redox couples for definition of
redox state calculations, mole balance with hydrogen and oxygen to account mass of
water in aqueous phase and identification of stable phase assemblages from the list of
candidate phases.

The PHREEQC equations for speciation and forward modeling are defined by algebraic

equations that define the thermodynamic activities of aqueous species, ion-exchange

species, surface species, gas-ph: p solid solutions and pure
phases. First, thermodynamic activities and mass-action equations are described for
aqueous, exchange and surface species. Then, a set of functions are defined that are
solved simultaneously to determine equilibrium conditions. The functions are derived for
the most part from mole balance equations for each element or element valence state,
exchange site and surface site or from mass-action equations for pure phases and solid
solutions. Additional functions are derived for: alkalinity, activity of water, aqueous
charge balance, gas-equilibria, ionic strength and surface complexation. Each function is
reduced to contain a minimum number of variables and at equilibrium all functions are
equal to zero. PHREEQC uses a modified Newton-Raphson method to solve the
simultaneous non-linear Jacobian matrix equations.

In PHREEQC, the advective transport is calculated first by finite difference, then the

Yonlatad s iod

hemical ions are as indicated in the previous paragraphs. Next dispersive
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transport is determined through central difference this is followed by chemical reaction
calculation. The one-dimensional transport models such as PHREEQC do not take into

I& t S .
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APPENDIX V

Figure A.2: Dose response curve for renal tumors in rats
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Analytical Hierarchy Process Alternative Matrix Tables

Longterm Mai Cost
Unlined [Lined Unlined Lined
Subaerial [Subaerial |Subaq Subag Priorities
Unlined Subaerial 1 0.2 0.5 0.1428571] 0.062733
Lined Subaerial 9 1 1| 0.3333333] 0.249635)
Unlined Subaqueou 2 1 1 0.2 0.142973)
Lined Subaq 7] 3 5] 1| 0.544659)
29.37619
Non-carcinogenic Human Health Risk
Unlined |Lined Unlined Lined
Subaerial [Subaerial |Subagq Subag Priorities
Unlined Subaerial 1 0.25 1] 0.1666667| 0.088039
Lined Subaerial 4 1 0.5 0.3333333] 0.212508
Unlined Subaqueou 1 2 1 0.2 0.153005)
Lined Subaqueous 6) 3 5] 1] 0.546448
27.45
Carcinogenic Human Health Risk
Unlined  |Lined Unlined Lined
Subaerial |Subaerial |Subgqt Subq Priorities
Unlined Subaerial 1 0.25] 1] 0.1666667| 0.088039
Lined Subaerial 4 1 0.5 0.3333333| 0.212508]
Unlined Subqueous 1 2 1 0.2 0.153005)
Lined Subaqueous 6] 3 5| 1| 0.546448
2745
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Analytical Hierarchy Process Alternative Matrix Tables (continued)

Ecological Footprint

Unlined  [Lined Unlined Lined
Subaerial |Subaerial |Subag Subag Priorities
Unlined Subaerial 1 0.333333 0.25] 0.1428571] 0.055428]
Lined Subaerial 3 1 1| 0.1666667] 0. l65902|
Unlined Subaq 4 1 1 0.25 0.200688]
Lined Subaqueous 7 6) 4 1] 0.577982)
Note: ecological footprint includes impact on soil and water not air. 31.14286
Contai Effectiveness
Unlined | Lined Unlined Lined
Subaerial | Subaerial | Subaqueous | Subaqueous| Priorities
Unlined Subaerial 1.000 0.143 1.000 0.143 0.066
Lined Subaerial 7.000 1.000 5.000 1.000 0.404
Unlined Subagq 1.000 0.200 1.000 0.143 0.068
Lined Sub 7.000 1.000 7.000 1.000 0.462
34.629
Ecological Risk
Unlined  |Lined Unlined Lined
Subaerial |Subaerial [Subaq Subag riorities
Unlined Subaerial 1 0.25 0.5] 0.1428571] 0.062485|
Lined Subaerial 4 1 1 0.2| 0.204669)
Unlined Subaqu 2 1 1 0.2| 0.138647|
Lined Subaqueous 7 5 5) 1] 0.594199
30.29286
Construction Cost
Unlined  [Lined Unlined Lined
Subaerial [Subaerial [Subaq Subaq riorities
Unlined Subaerial 1 6) 2] 8 0.532339)
Lined Subaerial 0.166667 1 1 1| 0.099161
Unlined Subaq 0.5] 1 1 7| 0.297484)
Lined Subaqueous 0.125] 1| 0.14285714 1] 0.071016]
31.93452



Analytical Hierarchy Process Pairwise Matrix Tables

Pairwise Matrix for Cost

Construction | Maintenance
cost Cost Priorities
Ci ion cost 1.000 0.200 0.167
Mai Cost 5.000 1.000 0.833
Pairwise Matrix for Human Health Risk
Non-
Carcinogenic | carcinogenic
risk risk Priorities
Carcinogenic risk 1 2.00 0.6667
Non-carcinogenic risk 0.5 1 0.3333

Analytical Hierarchy Process Decision Goal Matrix Table

Decision Goal Matrix

Human
Health | Ecological Containment | Ecological
Risk Risk Cost | Effectiveness | Footprint | Priorities
Human Health
Risk 1.000 2.000 3.000 2.000 2.000 0.347
Ecological
Risk 0.500 1.000 2.000 1.000 2.000 0.225
Cost 0.333 0.500 1.000 0.500 0.500 0.098
Containment
Effectiveness 0.500 1.000 0.500 1.000 2.000 0.173
Ecological
Footprint 0.500 0.500 2.000 0.500 1.000 0.156
1.000







7t TOR BHD, g
S f(/oﬁ_

JuL 18 1978

A, \\
Mo, e
Op ORIAL UNN® 1O

NEWrOUNDLES







	0001_Cover
	0002_Inside Cover
	0003_Blank Page
	0004_Title Page
	0005_Abstract
	0006_Abstract iii
	0007_Acknowledgements
	0008_Table of Contents
	0009_Table of Contents vi
	0010_Table of Contents vii
	0011_Table of Contents viii
	0012_Table of Contents ix
	0013_Table of Contents x
	0014_Table of Contents xi
	0015_List of Tables
	0016_List of Tables xiii
	0017_List of Tables xiv
	0018_List of Figures
	0019_List of Figures xvi
	0020_List of Figures xvii
	0021_List of Figures xviii
	0022_Chapter 1 - Page 1
	0023_Page 2
	0024_Page 3
	0025_Page 4
	0026_Page 5
	0027_Chapter 2 - Page 6
	0028_Page 7
	0029_Page 8
	0030_Page 9
	0031_Page 10
	0032_Page 11
	0033_Page 12
	0034_Page 13
	0035_Page 14
	0036_Page 15
	0037_Page 16
	0038_Page 17
	0039_Page 18
	0040_Page 19
	0041_Page 20
	0042_Page 21
	0043_Page 22
	0044_Page 23
	0045_Page 24
	0046_Page 25
	0047_Page 26
	0048_Page 27
	0049_Page 28
	0050_Page 29
	0051_Page 30
	0052_Page 31
	0053_Page 32
	0054_Page 33
	0055_Page 34
	0056_Page 35
	0057_Page 36
	0058_Page 37
	0059_Page 38
	0060_Chapter 3 - Page 39
	0061_Page 40
	0062_Page 41
	0063_Page 42
	0064_Page 43
	0065_Page 44
	0066_Page 45
	0067_Page 46
	0068_Page 47
	0069_Page 48
	0070_Page 49
	0071_Page 50
	0072_Page 51
	0073_Page 52
	0074_Page 53
	0075_Page 54
	0076_Page 55
	0077_Page 56
	0078_Page 57
	0079_Page 58
	0080_Page 59
	0081_Page 60
	0082_Page 61
	0083_Page 62
	0084_Page 63
	0085_Page 64
	0086_Page 65
	0087_Chapter 4 - Page 66
	0088_Page 67
	0089_Page 68
	0090_Page 69
	0091_Page 70
	0092_Page 71
	0093_Page 72
	0094_Page 73
	0095_Page 74
	0096_Page 75
	0097_Page 76
	0098_Page 77
	0099_Page 78
	0100_Page 79
	0101_Page 80
	0102_Page 81
	0103_Page 82
	0104_Page 83
	0105_Page 84
	0106_Page 85
	0107_Page 86
	0108_Page 87
	0109_Page 88
	0110_Page 89
	0111_Page 90
	0112_Page 91
	0113_Chapter 5 - Page 92
	0114_Page 93
	0115_Page 94
	0116_Page 95
	0117_Page 96
	0118_Page 97
	0119_Page 98
	0120_Page 99
	0121_Page 100
	0122_Page 101
	0123_Page 102
	0124_Page 103
	0125_Page 104
	0126_Page 105
	0127_Page 106
	0128_Page 107
	0129_Page 108
	0130_Page 109
	0131_Page 110
	0132_Page 111
	0133_Page 112
	0134_Page 113
	0135_Page 114
	0136_Page 115
	0137_Page 116
	0138_Page 117
	0139_Page 118
	0140_Page 119
	0141_Page 120
	0142_Page 121
	0143_Page 122
	0144_Page 123
	0145_Page 124
	0146_Page 125
	0147_Page 126
	0148_Chapter 6 - Page 127
	0149_Page 128
	0150_Page 129
	0151_Page 130
	0152_Page 131
	0153_Page 132
	0154_Page 133
	0155_Page 134
	0156_Page 135
	0157_Page 136
	0158_Page 137
	0159_Page 138
	0160_Page 139
	0161_Page 140
	0162_Page 141
	0163_Page 142
	0164_Page 143
	0165_Page 144
	0166_Page 145
	0167_Page 146
	0168_Page 147
	0169_Page 148
	0170_Page 149
	0171_Page 150
	0172_Page 151
	0173_Page 152
	0174_Page 153
	0175_Page 154
	0176_Page 155
	0177_Page 156
	0178_Page 157
	0179_Page 158
	0180_Page 159
	0181_Page 160
	0182_Page 161
	0183_Chapter 7 - Page 162
	0184_Page 163
	0185_Page 164
	0186_Page 165
	0187_Page 166
	0188_Page 167
	0189_Page 168
	0190_Page 169
	0191_Page 170
	0192_Page 171
	0193_Page 172
	0194_Page 173
	0195_Page 174
	0196_Page 175
	0197_Page 176
	0198_Page 177
	0199_Page 178
	0200_Page 179
	0201_Page 180
	0202_Page 181
	0203_Page 182
	0204_Page 183
	0205_Page 184
	0206_Page 185
	0207_Page 186
	0208_Page 187
	0209_Page 188
	0210_Page 189
	0211_Page 190
	0212_Page 191
	0213_Page 192
	0214_Page 193
	0215_Page 194
	0216_Page 195
	0217_Page 196
	0218_Page 197
	0219_Page 198
	0220_Page 199
	0221_Page 200
	0222_Page 201
	0223_Page 202
	0224_Page 203
	0225_Page 204
	0226_Page 205
	0227_Page 206
	0228_Page 207
	0229_Page 208
	0230_Page 209
	0231_Page 210
	0232_Page 211
	0233_Page 212
	0234_Page 213
	0235_Page 214
	0236_Page 215
	0237_Chapter 8 - Page 216
	0238_Page 217
	0239_Page 218
	0240_Page 219
	0241_Page 220
	0242_Page 221
	0243_Page 222
	0244_Page 223
	0245_Page 224
	0246_Page 225
	0247_Page 226
	0248_Page 227
	0249_Page 228
	0250_Page 229
	0251_Chapter 9 - Page 230
	0252_Page 231
	0253_Page 232
	0254_Page 233
	0255_Page 234
	0256_Page 235
	0257_Page 236
	0258_Page 237
	0259_Page 238
	0260_Page 239
	0261_References
	0262_Page 241
	0263_Page 242
	0264_Page 243
	0265_Page 244
	0266_Page 245
	0267_Page 246
	0268_Page 247
	0269_Page 248
	0270_Page 249
	0271_Page 250
	0272_Appendix 1
	0273_Page 252
	0274_Appendix II
	0275_Page 254
	0276_Page 255
	0277_Page 256
	0278_Page 257
	0279_Page 258
	0280_Appendix III
	0281_Page 260
	0282_Page 261
	0283_Page 262
	0284_Appendix IV
	0285_Page 264
	0286_Page 265
	0287_Page 266
	0288_Page 267
	0289_Appendix V
	0290_Page 269
	0291_Page 270
	0292_Page 271
	0294_Blank Page
	0295_Inside Back Cover
	0296_Back Cover

