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ABSTRACT

Ore bodies from which gold is mined are often composed of minerals containing sulfur, sellenium and tellurium. Mercury is
also associated with these three elements and is simultaneously dissolved during gold extraction. When cyanide salts are
used to extract gold, mercury cyanide complexes that form enhance mercury mobility and increase mercury concentrations
in groundwater. In one instance this resulted in mercury contamination of drinking water supplies where removal to an
acceptable level could only be achieved at an exorbitant cost. A combination of precipitation and adsorption are most often
used to achieve metal removal from waste streams. However, mercury removal is problematic because in addition to being
acutely toxic, mercury tends to be soluble in the presence of many common anions and soil materials, and compared to
other metals it is highly volatile. Further research into treating mercury contaminated waste streams and into the gold mining
process is needed.

RESUME

Les minerais desquels I'or est extrait contiennent du soufre, du sélénium et du tellure. Le mercure est aussi présent dans
ces minerais et se dissout durant le processus d'extraction de I'or. Quand les sels du cyanure sont utilisés pour extraire I'or,
les complexes de cyanure de mercure qui se forment augmentent le facteur de mobilité du mercure et haussent la
concentration de celui-ci dans la nappe phréatique. Dans un cas particulier, ceci a mené a la contamination de la réserve
d'eau potable, ou la décontamination aura été seulement possible a un colt exorbitant. Le précipitation et adsorption sont le

plus souvent utilisées pour décontaminer les eaux usées. Toutefois, I'enlévement du mercure est problématique car le
mercure a tendance a étre soluble en présence de plusieurs anions et minéraux communs et il est tres volatile. Plus de
recherche sur le traitement des eaux contaminées et le processus d'extraction de l'or est nécessaire.

1. INTRODUCTION

In the late 1980’s Canada was the third largest producer of
gold and most of the mills in Canada were using the
cyanidation process to extract, on average, about 7.1 g of
gold from each tonne of ore (Scott, 1989). Sodium and
potassium salts of cyanide are commonly employed in
mining operations to extract gold but these salts are not
selective and they also dissolve other elements in the ore
bodies (Scott, 1989). Sodium cyanide has been the single
most widely used solvent for extracting gold in recent times
(Matlock et al., 2002).

During gold (and silver) mining operations other elements
that are often present and also dissolved include copper,
lead, zinc, nickel, iron, cobalt and mercury (Boyle and
Smith, 1994). Cyanide forms complexes with all the above
elements, but the soluble mercury-cyano complexes are
some of the most stable and are especially difficult to
remove from mine waste effluents (Boyle and Smith, 1994;
Tassel et al., 1997; Gillis and Al, 1998; Matlock et al.,
2002).

Gold is associated with minerals containing sulfur, tellurium
and selenium (MUezzinoglu, 2003). Mercury occurs in
compounds with gold, silver and the platinum metals, it
forms sulphides, selenides and a telluride and it complexes
with antimony and arsenic. The most common mineral
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deposits of mercury are cinnabar (HgS), metacinnibar
(HgS) and livingstonite (HgSb4S7) (Jonasson and Boyle,
1971). Other chalconide minerals containing mercury
include tiemannite (HgSe) and coloradoite (HgTe) as
HgTe(ll) and HgTe(lll) (Yu et al, 1981). In soils, mercury
bonds with clays, organic matter and sesquioxides (Mitra,
1986), the highest mercury concentrations are observed in
clays and organic matter (Anderson, 1979), and the
mercury taken up by these soil fractions is not leached
under natural conditions (Steinnes, 1990).

Gold and mercury are two of the least abundant elements in
the earth crust (Schacklette and Boerngen, 1984) and
mercury is acutely toxic (Mercone et al.,, 1999).
Bioaccumulation of organo-mercury is significant as
mercury concentrations in fish may be 10° to 10’ times
greater than mercury concentrations in ambient waters
(Riddle et al., 2002) enabling mercury to move up the food
chain. Mercury has a high vapour pressure and most
compounds of mercury are volatile and are readily
volatilized. For example, air in equilibrium with liquid
mercury and cinnabar will contain 14 and 10 mg Hg/m?
respectively, while the maximum safe level of atmospheric
mercury is considered to be 0.05 mg Hg/m® (O'Neill, 1993).
It is evident that rapid and efficient removal of mercury from
waste streams needs to be a high priority (Monteagudo and
Ortiz, 2000), as does reducing the extent to which mercury
is being released into the environment. It is estimated that
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current gold mining techniques may be responsible for
extracting more mercury than they do gold (Korte and
Coulston, 1997). This is possible given that mercury
appears to be somewhat more abundant than gold
(Schacklette and Boerngen, 1984).

The first step in metal removal operations is commonly
metal precipitation (Brown et al., 2000) and metals may be
precipitated with the addition of sulphide, hydroxide or
carbonate species, removing the bulk of the metal from the
liquid phase. Mercury is usually soluble when it combines
with carbonate (Jonasson and Boyle, 1971) and both
mercury hydroxides, Hg(OH)" and Hg(OH). are quite
soluble in water (Cotton and Wilkinson, 1999). Of the
sulphide, hydroxide and carbonate minerals, the sulphides
are the most insoluble and for this reason metal sulphide
precipitation is most often used (Beszedits,1979). The
sulphides normally form stable compounds with mercury
under anoxic conditions, (Hutchison and Atwood, 2003)
however in the presence of mercury cyanide complexes
stable mercury precipitates cannot be obtained (Tassel et
al., 1997).

The soluble mercury-cyano complexes, such as Hg(CN):
and Hg(CN)4, increase mercury mobilization (Miller et al.,
1996; Gilliss and Al, 1998) and mercury concentrations in
groundwater, usually as Hg (Andren and Nriagu, 1979).
Mercury is also soluble when it combines with chloride,
nitrate, sulphate and some organic compounds (Jonasson
and Boyle, 1971).

The second step in metal removal operations is usually
adsorption, since water quality and drinking water quality
guidelines may not be achievable with precipitation alone
(Brown et al., 2000). Adsorption techniques are able to
achieve acceptable levels of metal removal and adsorption
is considered to be a promising technique. However,
adsorption has not become widely used because activated
carbon and ion exchange resins are expensive. This has
led to the search for more economical adsorbent materials
(Ho et al., 2002).

With the use of precipitation, followed by a polishing step
such as adsorption, it is ideal when the greatest possible
amount of metal removal can occur at the precipitation
stage. One problem encountered with the use of
adsorbents for final removal of excess mercury is that
mercury may be volatilized during regeneration of the
adsorbent (Matlock et al., 2002). However, if inexpensive
adsorbents are developed so that they can be safely
disposed of along with the mercury, then this might be an
alternative.

Two treatments for the removal of mercury released during
gold mining activities are reviewed and commented upon in
this paper. However, at present, there may not be a
method for removal of mercury after cyanide leaching of
gold that is economical and adequately protects the
environment, and the presence of mercury cyanide
complexes is a factor in this.
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2. TREATMENTS FOR MERCURY

One of the recent treatments proposed by Matlock et al.
(2002) for the removal of mercury from gold leachate
solutions, prior to removal of the gold, is the use of a
drpotassrum salt of 1,3-benzendiamidoethanethiol (BDET?).
BDET? is a soft base that reacts with soft acids such as
Hg?* and Cd** as predicted by the hard soft acid base
theory, but does not react with gold or erver It is also
reported to be effective in removal of Pb®* (Hutchison and
Atwood, 2003).

BDET? forms a chelatation complex that is able to remove
mercury from solution in the pH range of 0 to 14 and the
process occurs in a matter of minutes, with a concentration
of only 8 ppb of mercury remaining in solution. The
precipitate that forms is then removed in a subsequent
filtration step. BDET? also removes copper, and copper is
naturally more abundant than mercury. Therefore, when
copper is also present the total amount of mercury and
copper need to be determlned in order to know the
stoichiometric dose of BDET* requrred The reaction, in
water, is given below where Me* represents the divalent
metals that will react with the BDET® (Matlock et al., 2002).

K2C12H14N202S; (aq) + M?* (aq) —
C12H1aN202S:M(s) + 2K** (aq)

Since 2002, studies with BDET® have shown that it is
efficient at removing mercury from gold leachate solutions
after cyanidation, and the compound is now being marketed
at US$200 per gram (Atwood, 2003). Hutchison and
Atwood (2003) describe this technology as promising and
suggest that using ligands to precipitate mercury is one of
the most effective treatments. The fact that Matlock et al.
(2002) are proposing that the mercury be removed prior to
the gold would be protective of the environment. The long
term effectiveness of this technology may not yet be fully
known.

Hutchison and Atwood (2003) review a number of
techniques for the removal of mercury but only provide a
strong endorsement for the use of BDET? . In their review
they mention five compounds that complex mercury and all
of them contain at least one sulphide ligand. Much of the
literature on mercury draws attention to the association and
interaction of mercury with sulfur.

Veiga and Meech (1995) suggest that remediation of
sediments contaminated with mercury during gold mining
activities may be effectively accomplished with liming and
the addition of selenium. Their article is with respect to gold
mined in developing countries by burning amalgams rather
than by employing sodium or potassium cyanide to extract
the gold. In the absence of mercury cyanide complexes,
mercury may be more easily precipitated, however, this
technology raises the question as to whether selenium
might have a broader role in treating effluents containing
mercury cyanide complexes.

Selenium is in the same group of the periodic table as sulfur
and shares some similar properties with sulfur. Insoluble
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metal selenides are able to exist across a wide range of pH
under strongly reducing conditions and are dissolved under
oxidizing conditions (Séby et al., 2001). Species of mercury
and selenium are highly insoluble under anoxic conditions
and highly unstable in the presence of oxygen, and
transformations between the reduced and oxidized states
are rapid (Mercone et al. 1999). Selenium is also known to
lessen toxicity to mercury in mammals (Mercone et al.,
1999).

Sulfur is a major element in the earth’s crust and its
abundance is in the order of 1,600 mg/kg. Selenium is a
trace element that may have an average concentration in
soils of about 0.39 mg/kg, compared to a typical
background mercury concentration in soils of 0.09 mg/kg
(Schacklette and Boerngen, 1984)

Apart from the sulphides, hydroxides and carbonates for
precipitating metals, selenides and tellurides may also have
an important role (Buketov et al. 1964). While there is less
information on these latter two and less abundant groups of
compounds, the literature does indicate that they are more
insoluble than the sulphides. Table 1 shows the estimated
solubility product constants for compounds of mercury with
the sulphide, selenide and telluride ligands (Buketov et al.,
1964).

Table 1. Estimated solubility product constants of selected
compounds.

Compound | Solubility Product Reference
Constant, Ksp

HgS 20x10> Jackson, 1986

HgSe 32x10% Buketov et al., 1964

HgTe 25x107"° Buketov et al., 1964

The literature does not appear to contain any reference to
the ability of selenium to precipitate mercury in the
presence of the soluble mercury-cyano complexes.
However, this is an area where research could be
undertaken. Veiga and Meech (1995) suggest that the
removal of mercury with selenium could be inexpensive.
Reactions with inorganic compounds also tend to be rapid
and result in the formation of stable products.

Alternatively, research into the use of complexes or
chelates containing selenium or tellurium ligands might be
considered for removal of mercury given the highly
insoluble nature of these ligands.

3. CURRENT CONSIDERATIONS

When sodium or potassium cyanides are used to extract
gold from ore bodies, the mercury that is released forms
stable and soluble complexes with cyanide and the
presence of these complexes make the mercury more
difficult to precipitate. Modifications to the gold extraction
process could minimize the environmental and health risks.

Gold mining goes back as least far as 4000 B.C. when large
pieces of gold could be extracted with relatively primitive
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methods and tools, and with minimal disturbance to the
environment (Miezzinoglu, 2003). Increasingly however,
gold is being mined from ores that are of a lower grade or
from ores where the gold is more strongly bonded, because
these are the main sources of gold remaining (Miller et al.,
1996). In recent times amalgamation and cyanidation have
been used to extract this gold but these technologies have
adverse environmental effects. Amalgamation results in
excessive mercury emissions and is now illegal in many
countries (Korte and Coulston, 1997). Cyanidation has
been banned in the Czech Republic and in the US State of
Montana, while Turkey and Greece have been discouraging
its use and other US states are considering restricting its
use (Mulezzinoglu, 2003; O,Reilly et al., 2003; Haiduc,
2005). Some industrial accidents including the gold mine
tailings pond overflow into a tributary of the Danube River in
2000 has prompted this more critical view of the process
(Miezzinoglu, 2003).

It has been suggested that the cost to benefit ratio for gold
mining is currently slightly greater than 1. This, however,
does not account for “costs” associated with any
environmental impacts (Muezzinoglu, 2003). One tonne of
ore may yield from 2.8 and 21.3 grams of gold (Scott, 1989;
Warhurst, 1999; Miiezzinoglu, 2003). The large amounts of
waste ore then require land for disposal (Korte and
Coulston, 1998). As lands for agriculture, water resources
and forests become increasingly scarce a greater need for
prioritization of land use will develop and more efficient land
use strategies will be necessary (Mlezzinoglu, 2003).

The cyanide salt requirement needs to be greater than that
amount consumed by the gold alone, since other metals
present in the ore will also react with the cyanide
(Miezzinoglu, 2003) and a large amount of the cyanide
used escapes into the atmosphere (Korte and Coulston,
1998). Other metals extracted by cyanide leaching include
iron, copper, zinc, cadmium, silver and nickel, and the latter
four metals all form highly soluble complexes with cyanide
(Miezzinoglu, 2003).

In the 1970s when there were a number of mercury
poisonings due to the consumption of food products
contaminated with methyl mercury, this alerted the world to
the dangers of mercury pollution and a decline in mercury
production and use followed (O’'Neill, 1993). However,
mercury being emitted into the environment from industrial
processes may not have decreased since “despite rigorous
controls”, between 1987 and 1992 the amount of mercury
entering the atmosphere and surface and ground waters
increased 114% (Blackman, 1996). Although cyanide
leaching is a chemical process, the gold mining industry is
not bound by the same controls that apply to processes
within the chemical industry (Korte and Coulston, 1998).

4. CONCLUSIONS

From a survey of the literature on the removal of mercury
from gold mining wastes, the cyanide leaching method does
not appear to be of overall benefit. In addition, the removal
of mercury from waste streams following the formation of
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the soluble mercury-cyano complexes, is not easily
accomplished. Use of the BDET? ligand to precipitate
mercury has received some support, but it would be too
costly for widespread use. The price of gold is currently
US$641 per ounce or the equivalent of US$22.65 per gram.
The equation for the reaction of BDET® with mercury
indicates that 1.8 grams of BDET® will react with one gram
of mercury, assuming that no other metals present react
with the BDET?. If for every gram of gold that is extracted,
one gram of mercury is released into the environment, the
cost of removing this mercury becomes US$360 for each
gram of gold obtained.

Sulfur, selenium and tellurium seem to be natural choices
for precipitating mercury. Sulfur however, does not work
when the soluble mercury cyanide complexes are present
and there does not appear to be enough research done on
selenium and tellurium to know if they could be used.

If the environmental costs of using cyanide salts for
extracting gold are factored into the total costs, then the
gold cyanidation process could be, or could soon become,
economically unviable.

References

Anderson, A. (1979) Mercury, In: Trace Elements in the
Terrestrial Environment, Springer-Verlag, New York.
Andren, A. W. and Nriagu, J. O. (1979) The Global Cycle of
Mercury, In: The Biogeochemistry of Mercury in the
Environment, Editor: Nriagu, J. O., Elsevier/North-

Holland Biomedical Press, New York.

Atwood, D. A. (2003) Mercury removal in gold cyanide
process, Minerals and Metallurgical Processing,
20(4):211-212.

Beszedits, S. (1979) Mercury Removal from Effluents and
Wastewaters, In: The Biogeochemistry of Mercury in the
Environment, Editor: Nriagu, J. O., Elsevier/North-
Holland Biomedical Press, New York.

Blackman, Jr., W. C. (1996) Basic Hazardous Waste
Management, ond ed., CRC Press, Inc., Boca Raton,
Florida, USA.

Boyle, D. R. and Smith, C. N. (1994) Mobilization of
Mercury from a Gossan Tailings Pile, Murray Brook
Precious Metal Vat leaching Operation, New Brunswick,
Canada, International Land Reclamation and Mine
Drainage Conference and the Third International
Conference on the Abatement of Acidic Drainage,
Pittsburgh, PA, April 24-29.

Brown, P. A., Gill, S. A., and Allen, S. J. (2000) Metal
removal from wastewater using peat, Water Research,
34(16):3907-3916.

Buketov, E. A., Ugorets, M. Z. and Pashinkin, A. S. (1964)
Solubility Products and Entropies of Sulphides,
Selenides, and Tellurides, Russian Journal of Inorganic
Chemistry, 9(3):292-294.

Cotton, F. A. and Wilkinson, J. (1999) Zinc, Cadmium and
Mercury, In: Advanced Inorganic Chemistry, 6" ed.,
Wiley, New York.

1121

Gillis, M. L. and Al, T. A. (1998) Controls on the Mobility of
Mercury from Gossan Pile Tailings, Atlantic Geology,
34(1):683.

Haiduc, |. (2005) Environmental hazards of chemical
processes involved in the extraction of gold from mineral
ores.
http//portal.isiknowledge.com/portal.cgi/wos?SID=A4PN
dm4g3Nab7Ci5FK9 (accessed on 2 June 2006).

Ho, Y. S., Porter, J. F., and McKay, G. (2002) Equilibrium
isotherm studies for the sorption of divalent metal ions
onto peat: copper, nickel and lead single component
systems, Water, Air, and Soil Pollution, 141:1-33.

Hutchison, A. R. and Atwood, D. A. (2003) Mercury
pollution and remediation: the chemist’'s response to a
global crisis, Journal of Chemical Crystallography,
33(8):631-645.

Jackson, E. (1986) Hydrometalurgical Extraction and
Reclamation, Ellis Horwood, England.

Jonasson, I. R. and Boyle, R. W. (1971) Geochemistry of
Mercury, In Proceedings of Symposium, Mercury in
Man’s Environment, Ottawa.

Korte, F. and Coulston, F. (1997) Some Considerations on
the Impact on Ecological Principles in Practice with
Emphasis on Gold Mining and Cyanide, Ecotoxicology
and Environmental Safety, Environmental Research,
Section B, 41:119-129.

Matlock, M. M., Howerton, B. S., Van Aelstyn, M. A,
Nordstrom, F. L. and Atwood, D. A. (2002) Advanced
Mercury Removal from Gold Leachate Solutions Prior to
Gold and Silver Extraction: A Field Study from an
Active Gold Mine in Peru, Environmental Science &
Technology, 36:1636-1639.

Mercone, D., Thomson, J., Croudace, L. W. and Troelstra,
S. R. (1999) A Coupled Natural Immobilization
Mechanism for Mercury and Selenium in Deep-sea
Sediments, Geochimica et Cosmochimica Acta,
63(10):1481-1488.

Miller, J. D., Alfaro E., Misra, M. and Lorengo, J. (1996)
Merrcury Control in the Cyanidation of Gold Ores, In:
Pollution  Prevention for Process Engineering:
Proceedings of Technical Solutions for Pollution
Prevention, Engineering Foundation, New York, NY,
USA.

Mitra, S. (1986) Mercury in the Ecosystem, Trans Tech
Publications, New York, NY, USA.

Monteagudo, J. M. and Ortiz, M. J. (2000) Removal of
inorganic mercury from mine waste water by ion
exchange, Journal of Chemical Technology and
Biotechnology, 75:767-772.

Miezzinoglu, A. (2003) A review of environmental
considerations on gold mining and production, Critical
Reviews in Environmental Science and Technology,
33(1):35-71.

O'Neill, P. (1993) Mercury, In: Environmental Chemistry, 2™
Ed., Chapman & Hall, London, England.

O'Reilly, J. W., Dicinoski, G. W., Miura, Y., and Haddad, P.
R. (2003) Separation of thiosulfate and the
polythionates in gold thiosulfate leach solutions by
capillary electrophoresis, Electrophoresis, 24;2228-
2234.

Riddle, S. G., Tran, H. H., Dewitt, J. G. and Andrews, J. C.
(2002) Field, Laboratory, and X-ray Absorption



Sea to Sky Geotechnique 2006

Spectroscopic Studies of Mercury Accumulation by
Water Hyacinths, Environmental Science & Technology,
36:1965-1970.

Schacklette, H. T. and Boerngen, J. G. (1984) Element
Concentrations in Soils and other Surficial Materials of
the Conterminous United States, U. S. Geological
Survey Professional Paper 1270.

Scott, J. S. (1989) An Overview of Gold Mill Effluent
Treatment. Proceedings of Gold Mining Effluent
Treatment Seminars, Vancouver, British Columbia,
February 15-16.

Séby, F., Potin-Gautier, M., Griffaut, E., Borge, G. and
Donard, O. F. X. (2001) A critical review of
thermodynamic data for selenium species at 25°C,
Chemical Geology, 171:173-194.

Steinnes, E. (1990) Mercury, In: Heavy Metals in Soils,
John Wiley and Sons, New York.

Tassel, F., Rubio, J., Misra, M, Jena, B. C. (1997) Removal
of Mercury from Gold Cyanide Solution by Dissolved Air
Flotation, Minerals Engineering, 10(8):803-811.

Veiga, M. M. and Meech, J. A. (1995) Gold Mining Activities
in the Amazon: Clean-up Techniques and Remedial
Procedures for Mercury Pollution, Ambio, 24(6):371-
375.

Warhurst, A. (1999) Mining, minerals processing, and
extractive metallurgy: An overview of the technologies
and their impact on the physical environment, In
Environmental Policy in Mining: Corporate Strategy and
Planning for Closure, Lewis Publishers, Boca Raton.

Yu, S., Spain, I. L., and Skelton, E. F. (1981) Crystal
structures and phase transformation of mercury
chalconide minerals at high pressure, Proceedings of
the Geological Society of China, 24:21-27.

1122



	Pages892-996.pdf
	Paper 95.pdf
	1.  INTRODUCTION
	4.  CONCLUSIONS
	REFERENCES

	Paper 502.pdf
	POLYETHYLENE GEOMEMBRANES SURFACE TEXTURE
	SHEAR-STRENGTH PROPERTIES
	Definitions
	Designing with shear strength properties - Overview
	Specification of interface shear strength properties

	EXPERIMENTAL PROGRAM
	Geomembrane – geotextile interfaces
	Geomembrane –soils interfaces
	Geomembrane – sand interface
	Geomembrane – clay interface


	DISCUSSION
	Factors influencing the shear resistance
	Peak versus residual shear strength

	CONCLUSIONS
	RECOMMENDATIONS
	REFERENCES

	Paper 288.pdf
	5. REFERENCES

	Paper 536.pdf
	INTRODUCTION
	METHODOLOGY
	RESULTS AND DISCUSSION
	Preliminary filtration tests

	5. ACKNOWLEDGEMENTS

	Paper 347.pdf
	INTRODUCTION
	METHODOLOGY
	MSW Characterization for Elastic Properties and Proportions
	Finite Element “Unit Cell”
	Stochastic Modelling using the Monte Carlo Method
	Interpretation of Results

	RESULTS AND DISCUSSION
	CONCLUSIONS

	Paper 452.pdf
	INTRODUCTION
	REMEDIAL ACTION PLAN
	Previous Use of Permanganate
	Permanganate Injection Configuration
	Permanganate Demand

	OPERATIONAL RESULTS
	Operational Results - 2004
	Operations Modifications
	Operational Results – 2005

	CONCLUSIONS
	ACKNOWLEDGEMENTS

	Paper 399.pdf
	INTRODUCTION
	VIBRATION IMPACT ASSESSMENT CRITERIA
	FIELD MEASUREMENTS
	Site Conditions
	Measuring Equipment/Procedures
	Pre-Construction Measurements
	Construction Measurements

	DISCUSSION
	ACKNOWLEDGEMENTS

	Paper 292.pdf
	INTRODUCTION
	THEORETICAL BACKGROUND
	DIELECTRIC BASED PROBES
	MATERIALS USED AND TESTING METHODS
	TEST RESULTS
	Calibration for CS616 probes
	Calibration for ML2x and SM200 probes
	Comparison between measured and predicted water content
	Soil density effect
	Temperature effect
	Electrical conductivity

	FIELD APPLICATIONS
	CONCLUSIONS
	ACKNOWLEDGEMENTS

	Paper 296.pdf
	ABSTRACT
	INTRODUCTION
	METHODOLGY
	BONE CREEK SITE
	Regional Geology
	Surficial Geology and Terrain
	Groundwater Conditions

	CENTENNIAL SITE
	Regional Geology
	Surficial Geology and Terrain
	Groundwater Conditions

	FOUNDATION CONDITIONS
	CONCLUSIONS
	ACKNOWLEDGEMENTS

	Paper 245.pdf
	INTRODUCTION
	SURFICIAL GEOLOGY
	Clearwater Formation (Clay Shale)
	McMurray Formation (Oil Sand)

	TEST FILL
	Introduction
	Configuration
	Instrumentation
	Construction and Monitoring Program

	FOUNDATION PERFORMANCE
	Slope inclinometers
	Piezometers
	Survey
	Performance Summary

	ACKNOWLEDGEMENTS
	REFERENCES

	Paper 320.pdf
	INTRODUCTION
	SITE DESCRIPTION
	Site Location and History
	New Silo Layout and Loading Conditions
	Soil Conditions

	SETTLEMENT OF EXISTING STRUCTURES
	Survey Data
	Evaluation of Settlement Data

	SETTLEMENT ANALYSIS METHODOLOGY FOR PROPOSED NEW CEMENT AND FLY ASH SILOS
	Settlements due to Elastic Compression
	Settlements due to Primary Consolidation
	Secondary Consolidation Settlement

	ANALYSIS RESULTS FOR PROPOSED CEMENT AND FLY ASH SILOS
	CONSTRUCTION
	CONCLUSION

	Paper 395.pdf
	INTRODUCTION
	BEARING CAPACITY EQUATIONS FOR CRAWLER CRANES
	Basic Dimensions
	Simplifications
	Proposed Bearing Capacity Equations

	CASE STUDY
	Subsoil Conditions
	Crane and Mats Layout
	Field Observation
	Crane Track Pressure Determination
	Computer Modelling
	Bearing Capacity Calculation

	CONCLUSION
	ACKNOWLEDGEMENTS


	Pages997-1111.pdf
	Paper 463.pdf
	Paper 463.pdf
	INTRODUCTION
	History of Development and Natural Hazard Impacts
	Site Conditions Prior to 1987

	EVOLUTION OF AVALANCHE /DEBRIS FLOW EVENTS
	Increase In Events That Impacted the Railway
	Avalanche and Debris Flow Path in 1984 Prior to Defence Works
	Flow Path Modification Prior to 1984 Due to Frozen Cap Wasting

	AVALANCHE HAZARD CHARACTERIZATION
	Observed Avalanches and Impact on the Railway
	The Design Avalanche

	DEBRIS FLOW HAZARD CHARACTERIZATION
	Design Flow Events
	Design Debris Flow

	AVALANCHE AND DEBRIS FLOW DEFENCE WORKS
	Design Requirements
	Selected Design of Channel
	Construction

	PERFORMANCE OF THE DEFENCE WORKS
	INFLUENCE OF CLIMATE CHANGE
	CONCLUSIONS
	ACKNOWLEDGEMENTS


	Paper 256.pdf
	INTRODUCTION
	SLOPE STABILTY MANAGEMENT MODEL
	SLOPE STABIILITY ANALYSES
	Topography and surface geometry
	Stratigraphy or layers of different materials
	Engineering properties of materials for each layer
	Hydraulic conditions in the layers (porewater pressure)
	Sensitivity Analysis

	INSTRUMENTATION
	RISK MANAGEMENT SYSTEM
	FUTURE PLANNING
	SUMMARY

	Paper 552.pdf
	INTRODUCTION
	DESCRIPTION OF DECANT SYSTEM
	INFLOW EVENT
	MECHANISM FOR INFLOW
	NATURAL PLUGGING OF CRACKS
	WATER QUALITY MONITORING
	DECISIONS
	CONCLUSION

	Paper 376.pdf
	INTRODUCTION
	THERMAL PROPERTIES
	Thermal Conductivity
	Heat Capacity

	AIR BUFFER
	EMBANKMENT
	Effect of Air Permeability
	Effect of Thermal Conductivity
	Effect of Air Boundary Conditions

	CONCLUSIONS
	ACKNOWLEDGEMENTS

	Paper 383.pdf
	INTRODUCTION
	TEST METHOD AND MATERIAL
	SALINITY REDISTRIBUTION
	STRENGTH AND SALINITY DISTRIBUTION
	CONCLUSION
	ACKOWLEDGEMENTS

	Paper 546.pdf
	INTRODUCTION
	Objectives

	ARD GENERATION AND MITIGATION
	ARD Generation
	Common ARD mitigation measures

	CASE STUDIES
	Characteristics of Polymers and Polyethylene (PE) and Polypropylene (PP) Geosynthetics
	Characteristics Geosynthetic Clay Liners (GCLs)
	Case Studies of Field Installations of Geosynthetics to Mitigate ARD
	LLDPE Capping of ARD waste rock
	HDPE Cover System over Tailings
	Use of PE in Heap Leaching
	GCL Cover on Apache Tailings
	GCL Cover on Zortman Landusky Suprise Pit (Olsta and Friedman 2002)

	Case Studies regarding the Performance Evaluation of Geosynthetics to Mitigate ARD
	Effects of synthetic ARD on Polymer Properties (Gulec et al. 2004, 2005)
	Performance of a Soil Cover Systems containing GCLs in a temperate climate (Melchoir 2002)
	Performance of a soil cover systems containing a GCL in a humid climate (Renken 2006)
	GCL desiccation below a geomembrane (Southen 2005)
	Metal Migration in GCLs (Lange et al. 2004)


	DISCUSSION
	SUMMARY

	Paper 197.pdf
	INTRODUCTION
	MATERIALS TESTED
	LARGE SCALE DRYING TESTS
	Test Setup
	Results
	Gold Tailings
	Silicate Tailings


	SMALL SCALE DRYING TESTS
	Test Setup
	Test Results
	Gold Tailings
	Silicate 1
	Silicate 2


	SHRINKAGE TESTING
	Test Procedures
	Results

	INTERPRETATION OF RESULTS
	CONCLUSIONS


	Pages1112-1220.pdf
	Paper 534.pdf
	INTRODUCTION
	SITE LOCATIONS
	TESTS AND MEASUREMENTS
	RESULTS AND DISCUSSION
	CONCLUDING REMARKS

	Paper 539.pdf
	INTRODUCTION
	DESCRIPTION OF THE SAMPLER
	DESCRIPTION OF THE FLUME
	Flow characteristics in the flume
	Description of the sample holder
	Description of sampling sites
	Sediment deposit samples were collected at two locations in Hamilton Harbour (Figure 6).
	Testing of sediment cores in the flume
	The sediment cores were tested in the flume for erosional stability and erodibility.  To begin the test, a sediment core sampl
	Figure 8.  Concentration of eroded sediment as a function of time for different shear stress steps- core from Site 1.
	Figure 9 Concentration of eroded sediment as a function of time for different shear stress steps-core from Site 2.

	RESULTS AND DISCUSSION
	Critical shear stress and average erosion rates
	The data shown in Figures 8 and 9 are useful for determining the critical shear stress for erosion of the top layer of the sed
	(1)
	Dry density profiles and depths of erosion
	To examine the variability in the density profiles of the sediment deposits, density measurements were made for the two cores 
	Figure 11. Dry density profiles for the two sediment deposit samples.
	The density in the top 5 mm of the deposit was not measured because of the limitation of the instrument and hence it has to be
	Table 1:  Summary of computed results for Site 1
	Shear stress
	Dura-tion
	Amo-unt
	Den-sity
	Depth
	Cum
	0.21
	30
	2.21
	0.39
	0.0002
	0.0002
	0.27
	50
	10.4
	0.40
	0.0008
	0.0010
	0.33
	50
	6.62
	0.41
	0.0005
	0.0015
	0.39
	50
	10.4
	0.42
	0.0009
	0.0024
	0.46
	70
	6.20
	0.43
	0.0005
	0.0029
	Table 2:  Summary of computed results for Site 2
	Shear stress
	(Pa)
	Dura-tion
	(min)
	Amo-unt
	(gm)
	Den-sity
	(g/cc)
	Depth
	(mm)
	Cum
	(mm)
	0.21
	30
	3.90
	0.39
	0.0003
	0.0003
	0.27
	50
	3.00
	0.40
	0.0002
	0.0005
	0.33
	50
	0.47
	0.40
	0.0000
	0.0005
	0.39
	50
	8.00
	0.40
	0.0007
	0.0012
	0.46
	80
	119
	0.43
	0.0097
	0.0109
	From these two tables we can see that the computed depth of erosion values are only a fraction of a millimetre and are signifi

	SUMMARY AND CONCLUSIONS
	A new sampling device to collect undisturbed sediment cores in a water body was deployed in Hamilton Harbour, Ontario, Canada.

	ACKNOWLEDGEMENTS

	Paper 537.pdf
	INTRODUCTION
	WATERSHED INTEGRATED APPROACH
	RESULTS
	DISCUSSION AND CONCLUSIONS
	ACKNOWLEDGEMENTS

	Paper 559.pdf
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS AND DISCUSSIONS
	Adsorption Characteristics
	Adsorption Capacity for Zn in ARD
	Adsorption and Desorption Kinetics

	pH Stability of Cliniptilolite
	Performance of Clinoptilolite  in Cyclic Desorption/ Adsorption with EDTA and NaCl
	Morphology Study of Clinoptilolite before and after Cyclic Adsorption/Desorption
	Exploration of a Slurry Bubble Column for Heavy Metal Capture and Regeneration
	Adsorption Tests
	Desorption Tests


	CONCLUSIONS AND RECOMMENDATIONS
	ACKNOWLEDGEMENTS

	Paper 172.pdf
	INTRODUCTION
	LANDFILL CAPS AND CLOSURES
	DESIGN IN LANDFILL CAPS
	The bentonite Component
	The geotextile components
	The geosynthetic Clay liner

	HYDRAULIC PROPERTIES
	Gas Permeability

	SHEAR STRENGTH
	LONGTERM
	SUMMARY
	REFERENCES

	Paper 268.pdf
	INTRODUCTION
	INFILTRATION SPECIMENS
	MIP AND SEM SPECIMEN PREPARATION
	SEM  AND MIP RESULTS
	SEM Results
	MIP Results

	DISCUSSION AND INTERPRETATION
	Change in Pore Size Distribution
	Evidence for Decreasing Conductivity

	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

	Paper 284.pdf
	INTRODUCTION
	INTERNAL INSTABILTY ASSESSMENT METHODS
	2.1	LUBOCHKOV (1965)
	2.2	KEZDI (1969), LOWE (1975) & SHERARD (1979)
	2.3	DE MELLO METHOD (1975)
	2.4	KENNY & LAU (1985, 1986)
	BURENKOVA (1993)
	COMPARISON OF THE DIFFERENT METHODS
	INTERNAL INSTABILTY ANALYSIS OF SOME ALLUVIAL SEDIMENTS
	SUMMARY AND CONCLUSION
	REFRENCES

	Paper 379.pdf
	INTRODUCTION
	PROJECT OVERVIEW
	SITE SELECTION AND APPROVALS
	Regulatory Approvals

	FIELD PROJECT DESIGN CONSIDERATIONS AND CONSTRUCTION DETAILS
	FUTURE WORK AND OPERATIONAL DETAILS
	Liner Sampling

	SUMMARY AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

	Paper 526.pdf
	INTRODUCTION
	Statement of the Issue at-hand
	Case History Involving a Preliminary Cover Design

	NUMERICAL MODEL FOR PRELIMINARY COVER DESIGN
	Model Description
	Modeling Software
	Model Inputs

	CLIMATIC INPUTS FOR THE NUMERICAL MODELS
	Precipitation
	Evaporation

	MATERIAL PROPERTIES FOR THE NUMERICAL MODELS
	Soil Properties

	RESULTS OF THE NUMERICAL MODEL SIMULATIONS
	IMPORTANCE OF THE RELATIONSHIP BETWEEN ALL UNSATURATED SOIL PROPERTY FUNCTIONS
	CHALLENGES OF THE PRELIMINARY MODELING EXERCISE
	DISCUSSION OF THE RESULTS OF THE NUMERICAL MODELING EXERCISE
	CONCLUSIONS OF THE STUDY

	Paper 371.pdf
	INTRODUCTION
	COMPARISON OF THE TWO METHODS
	The Method of Kezdi
	The Method of Kenney and Lau
	Synthesis of the Methods

	APPLICATION OF THE METHODS
	Gap-graded Soils
	Widely-graded Soils

	DISCUSSION
	CONCLUSIONS

	Paper 209.pdf
	INTRODUCTION
	OVERVIEW
	The multilaminate concept
	Sampling planes
	Soil anisotropy
	Bonding and destructuration affect

	MULTILAMINATE CONSITUTIVE MODEL
	Elastic behaviour
	Sampling planes
	Microstructure tensor
	Yield surface and potential function
	Hardening rule

	IMPLEMENTATION INTO PLAXIS
	CODE CALIBRATION
	Spatial integration framework
	Effect of model parameters

	CONCLUSION
	ACKNOWLEDGEMENTS


	Pages1221-1344.pdf
	Paper 189.pdf
	INTRODUCTION
	METHODOLOGY
	RESULTS AND DISCUSSION
	CONCLUSION
	ACKNOWLEDGEMENTS
	REFERENCES

	Paper 204.pdf
	1.  INTRODUCTION
	2.  INHERENT ANISOTROPY
	4.1.	Post liquefaction �(� and �(� Relationships
	4.2.  Comparison of Post�liquefaction Correlations
	4.3.	Pre liquefaction �(� and �(� Relationships
	5.1.   J-Pit
	5.2.  Sullivan Mines


	Paper 352.pdf
	INTRODUCTION
	DETAILS OF THE CASE STUDY
	FINITE ELEMENT BACK ANALYSIS
	Assumptions
	Simulation of Construction Stages
	Details of the Back Analyses

	RESULTS
	Analysis CAL-D
	Analysis CAL-S
	Analysis SIM-O
	Analysis SIM-M
	Analysis SIM-NT
	Analysis SIM-C

	PARAMETRIC STUDY
	Effect of Change in Soil Stiffness
	Effect of change in stiffness of retaining wall

	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

	Paper 409.pdf
	INTRODUCTION
	NUMERICAL SIMULATION
	USED PROGRAM
	DEFINITION OF SHEAR BAND STRUCTURE
	INTERPRETATION OF CHARTS

	EXPERIMENT DETAILS
	RESULTS AND DISCUSSION
	SAMPLE GRADING
	AVERAGE GRAIN DIAMETER
	PARTICLE ECCENTRICITY
	POROSITY
	LOADING RATE
	CONFINING PRESSURE

	Conclusion
	References

	Paper 490.pdf
	2.1	Model Box Culvert
	Centrifuge Test Procedure
	3.	CENTRIFUGE TEST RESULTS
	4.	DISCUSSION
	CONCLUSIONS

	Paper 565.pdf
	7.	CONCLUSIONS
	8.	ACKNOWLEDGEMENTS

	Paper 500.pdf
	1 	INTRODUCTION

	Paper 362.pdf
	INTRODUCTION
	METHODOLOGY
	RESULTS
	Aquifer sensitivity
	Aquifer vulnerability

	CONCLUSIONS

	Paper 331.pdf
	INTRODUCTION
	WELL VULNERABILITY
	VULNERABILITY MAPS FOR MULTIPLE WELLS
	VULNERABILITY MAPS FOR THE MANNHEIM WELL FIELD
	CONCLUSIONS
	ACKNOWLEDGEMENTS

	Paper 135.pdf
	INTRODUCTION
	OKANAGAN VALLEY
	AQUIFER VULNERABILITY
	DRASTIC
	DRASTIC Characteristics
	Depth to Water
	Net Recharge
	Aquifer Media
	Soil Media
	Topography
	Impact of Vadose Zone
	Hydraulic Conductivity
	DRASTIC Vulnerability Rating

	Discussion and Ongoing Work
	Validation of Vulnerability Maps
	Alternate Vulnerability Models - AVI

	APPLICATION OF VULNERABILITY MAPS IN A SUSTAINABLE COMMUNITY DESIGN PROCESS
	
	The Smart Growth on the Ground Process
	Land Use Allocation Model (LUAM)


	ACKNOWLEDGEMENTS
	REFERENCES

	Paper 342.pdf
	INTRODUCTION
	BACKGROUND
	Geographic setting

	Figure 1. Geographic setting of the Toluca Basin with respect to the State of Mexico and the Republic of Mexico.
	Climate
	Precipitation
	Temperature
	Evapotranspiration
	Infiltration

	Geology
	Population density

	HYDROGEOLOGY AND GROUNDWATER EXPLOITATION
	Regional flow
	Groundwater extraction
	Water balance in the Toluca Valley
	Regional depletion of groundwater levels and reversal of vertical hydraulic gradients

	LAND SUBSIDENCE
	Background of subsidence in the Toluca Valley
	Theory
	Ongoing work

	CONCLUSIONS
	ACKNOWLEDGEMENTS
	References





