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DISCLAIMER

The primary purpose in producing this report is to provide a review of
mercury, cadmium, sdenium and antimony as it relates to metd mining
effluents. The objective was to examine the chemica behaviour of the
metals under different process and environmenta conditions; trestment
technologies and mine effluent toxicity. The information provided is
based on the opinions of the authors and should not be construed as
endorsement in whole or in part by the various reviewers or the partners
in TIME (The Government of Canada, Provincid Governments, the
Mining Asociaion of Canada, contributing mining companies and
participating non-governmental organizations).

The user of this document should assume full responghbility for the
design of facilities or for any action taken as a result of the information
contained in this document. The authors, the Members of the
Toxicologicd Invetigations into Mining Effluents (TIME) Program and
Natura Resources Canada (through the TIME Program) make no
warranty of any kind with respect to the content and accept no liability
gther incidenta, consequentid, financid or otherwise arisng from the
use of this publication.
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Literature Review of Chemistry and Toxicity of Mercury, Cadmium,
Selenium and Antimony in Metal Mining Effluents

Abstract

CANMET, the Mining Association of Canada (MAC) and Environment Canada funded a review
of minor dementa condituents that may be of environmental concern in the context of metd mining
effluents. The objective of this work was to conduct a critica review of the literature for mercury,
cadmium, sdenium and antimony with respect to their chemica behaviour under different process
and environmenta conditions, their potentia contribution to mine effluent toxicity, and gpplicable
treatment technologies to reduce or diminate toxicity due to these four metds. The minerd
associations of each meta, and the mine types likely to release them, were discussed. Typicd
concentrations in mine effluents were compared to acutely toxic levels, with emphasis on levds
toxic to Daphnia magna and rainbow trout. Based on this review, and consdering the usud
chemicd characterigtics of mine effluents, the likely need for treatment was discussed for each
metal.  Factors that may influence trestment success were discussed, and typica remova
efficiencies were given, for the different treatment technologies that could be used to reduce the
effluent concentrations of these metds.

Analyse de la documentation sur la chimie et la toxicité du mercure, du
cadmium, du sélénium et de|’antimoine dans les effluents des mines de
métaux

Résumeé

CANMET, I'Asxociation miniére du Canada (AMC) et Environnement Canada ont  finance
I'andyze d’ @déments mineurs dans les effluents des mines de métaux qui peuvent étre preoccupants
pour I’environnement. |l sagissait d effectuer une andyze critique de la documentation reletive au
mercure, au cadmium, au sdénium et al’antimoine, sous les aspects suivants.  leur comportement
chimique lorsgu’ils sont soumis a différents procedés et a différentes conditions d’ environnement,
leur contribution possible ala toxicité de I’ effluent et les technologies de traitement pour réduire ou
diminer la toxicité amenée par ces quatre metaux. L’ auteur aborde les associations minerds de
chaque metd, ains que les types de mines susceptibles de les libérer. Les concentrations types des
effluents des mines sont comparés aux concentrations toxiques a effets aigus, particulierement chez
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Ref: 22069.1 iii



Literature Review of Environmental Toxicity of
Mercury, Cadmium, Selenium and Antimony in Metal Mining Effluents

Daphnia magna et chez la truite arc-en-cid. D’aorés I'andyse et compte tenu des
caractérigtiques chimiques habituelles des effluents des mines, I auteur envisage le besoin probable
de traitement dans le cas de chaque métd. |l examine les facteurs qui peuvent influer sur laréussite
du traitement et donne les rendements d’ dimination habituels des diverses techniques de traitement
qui pourraient étre utilisdes pour réduire les concentrations des métaLix visés dans les effluents,

Beak International Incorporated
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1.0 INTRODUCTION
1.1 Purpose and Scope of Review

In 1977, the Metal Mining Liquid Effluent Regulations (MMLER) were promulgated under The
Fisheries Act (EPS, 1977). In 1990, the government of Canada announced its intention to update
and drengthen these regulations.  In 1993, an Assessment of the Aquatic Effects of Mining in
Canada (AQUAMIN) was initiated to review the effectiveness of the existing regulaions and to
develop recommendations for the new regulations. Based on these recommendations
(AQUAMIN, 19964), those of the Aquatic Effects Technology Evaluation (AETE) program, and
dekeholder consultations, draft Meta Mining Effluent Regulations (MMER) were proposed in
1999 and gazetted in 2001.

The MMER (2001) would gpply to al metd mining and milling facilities that are used to produce a
metal concentrate or an ore from which a metad or meta concentrate may be produced and al

associated amndters, pdleizing plants, sntering plants, refineries, acid plants, and any smilar
operaion where any effluent from such an operation is combined with the effluents from mining and

milling.

As indicated above, the new MMER will set Authorized Levels for the discharge of certain metals
of environmental concern, specificaly arsenic, copper, cyanide, lead, nicke, zinc and radium-226.
No limits were established for a number of metas that are dso of environmenta concern.
However, the new MMER will require that dl metd mines in Canada produce effluent that is non-
acutdy lethal to rainbow trout when tested in accordance with the Environment Canada (1990a,
1996) Reference Method “EPS /RM/13”. Mine operators will adso be required to monitor the
acute lethdity of effluent to Daphnia magna in accordance with the Environment Canada (1990b)
Reference Method “EPS /RM/14”. It is anticipated that under the new MMER, the effects from
potentiadly deleterious metals without established Authorized Levels should be captured under the
requirement for non-acutely letha effluents.

The Toxicologica Investigations of Mining Effluents (TIME) Network was formed in 1999 to
address toxicological issues related to the proposed amendments to the MMER. The TIME
Network includes representatives from industry, federal and provincid governments, academia,
conaulting firms, environmenta norn-government organizations and norn-government organizations.

Beak I nternational Incorporated
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A key objective of the TIME Network is to foster research aimed a broadening the knowledge
base with respect to causes of and solutions to effluent toxicity and to disseminate the information.
As part of this objective, CANMET, the Mining Association of Canada (MAC) and Environment
Canada funded a review of minor eements that may be of environmental concern in the context of
meta mining effluents, incdluding mercury, cadmium, selenium and antimony. A better understanding
of the chemica behaviour, toxicity and treatability of these minor dements will assg industry in
conggtently producing non-acutely lethd effluents.

The overdl objective of this review is to provide Naturd Resources Canada (NRCan), the lead
agency for the study, with comprehensive, up-to-date information on the environmenta chemistry
and toxicity of mercury, cadmium, selenium and antimony, and to identify and evauate gppropriate
trestment technologies to asss the metd mining indudtry in meeting the MMER €effluent qudity
requirement for non-acutely lethd effluents. The specific study objective is to conduct a critica
review of the literature for mercury, cadmium, selenium and antimony with respect to their chemica
behaviour under different processes and environmenta conditions, their contribution to mine
effluent toxicity and applicable trestment technologies to reduce or diminate toxicity due to these
four metds. Based on an improved understanding of meta behaviour and associated toxicity, the
best process and treatment practices can be identified and evaluated to achieve metal mine industry
compliance with the new MMER.

Since this review is focused on mercury, cadmium, seenium and antimony in the context of metd
mining effluents, Section 1.2 outlines the minerad associations of these metas and the mine types
most likely to release them. Section 1.3 addresses the levels of these metds in mine effluents, and
the chemigtry of mine effluents in generad.  This chemica context is important to the subsequent
discusson of environmenta chemigtry (Section2), aguetic toxicity (Section3) and treatment
technologies (Section 4) for the four metals of interest. Section 5 presents conclusons and
recommendations arisng from this review.

1.2 Mineralogy and Mine Types Relevant to the Metals of I nterest

The four condtituents of concern in this study may have eevated concentrations in ores reldive to
typicd cruga abundances and both mining and milling ore can expose these condituents to
biogeochemica conditions that can cause leaching from the solids. The result can be eevated
concentrations of these condtituentsin mine and mill effluents

Beak I nternational Incorporated
Ref: 22069.1 12
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Mercury was historically used for gold extraction, however, this practice has since been abandoned
for more efficient methods. It is likey that no current mine operations use mercury in ther
processes. Mercury is often present in both gold and zinc ores, dthough it may be difficult to
detect in mine effluent. Because of its toxic nature and known &bility to biocaccumulate, low
mercury |loadings can pose arisk to recaiving environments.

Cadmium mineras are not common, however, cadmium can subdtitute for other heavy metds in
sulphide ores. For example, cadmium has been reported to subgtitute for zinc, lead and copper in
thelir respective sulphide ores.  Typicdly, this subgtitution occurs by isomorphic replacement
(replacement of a particular metal within the crystd lattice), however, smal inclusions of cadmium
sulphide minerds (e.g., Greenockite — CdS) can aso occur in ores of other base metals.

Sdenium resembles sulphur in many of its properties and often occurs together with sulphide
minerds that are milled a base metd mine operaions  Typicad sdenium minerds include
Klockmannite (CuSe), Stilleite (ZnSe) and Penrosaite (NLSe). Whereas these minerds are not
abundant, they can occur together with copper, zinc and nickd ores and selenium can be dissolved
during processing at the respective refining operations.

Antimony occurs in over one hundred known mineras, however, the most common is the minera
Stibnite (S,S;). Antimony is aso a chacophile, occurring with sulphur and heavy metals such as
copper, lead and silver. It is therefore common that anthropogenic sources of antimony include
gold mining, lead and copper smdting operations. Gold inclusions are commonly found in mineras
of antimony and gold effluents from these antimony-bearing gold refineries can have devaed
concentrations of this congtituent.

1.3 Representative Chemistry of Relevant Mine Effluents

The magor metas of concern to this study originate as trace eements or as secondary mineradsin
the ore. Subsequent milling and processing activities mohilize the dements from the ore minerds
into a solution phase.

The four metd/metdloids consdered here are released from gold mills and base-metd mills,
generdly in trace quantities. The following associaions with type of mining operation have been
noted:

Beak I nternational Incorporated
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mercury — historicaly used in gold recovery, and often present in both gold and zinc
ores,

cadmium —in zinc, lead and copper mines,

selenium —in copper, zinc and nicke mines; and

antimony —in gold and base meta mines.

A summary of mine effluent chemistry with repect to these four metas is provided in Table 1.1,
based on a U.S. EPA survey of mine stes (U.S. EPA, 1999) and a review of gold mine effluent
chemigtry by Smith and Mudder (1991). The effluents described in Table 1.1 have not been
subjected to treatment.

Table 1.2 provides representative concentrations of these four metals at individual operating mines
in Canada and the U.S,, based on data from BEAK (2000), AQUAMIN (1996b) and Smith and
Mudder (1991). Mogt of the effluents described in Table 1.2 have had some degree of treatment.

Table 1.3 provides a summary of the metd and other chemica characteristics of mine effluents,
based on data from Natural Resources Canada (NRCan, 1996, 1998). Again, most of these
effluents have received some degree of treatment. Effluent chemidiry data for the 23 individud
mines represented in Table 1.3 are listed in Appendix 1. These data provide a water qudity
context in which to consder the environmenta fate, toxicity and gpproaches to remova of mercury,
cadmium, seenium and antimony.

Trace dement data for mine effluents, particularly mercury data, is often reported as “less than”
detection limit. Mine effluent characterization for trace dements may require use of improved
sampling and/or andytica techniques. Hdl et al. (2001) and Brown et al. (1979) define
gppropriate sampling and andytica techniques for mercury.

Beak I nternational Incorporated
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TABLE1.1:

EFFLUENTS-SUMMARY DATA (valuesin mg/L)

CONCENTRATIONS OF SELECTED METALSIN VARIOUSUNTREATED MINE

Mine Source

Mercury

Cadmium

Selenium

Antimony

Average Concentrationsin
Process Sol utions from 26 Heap
Leaching Facilitiesin Nevada
(U.S. EPA, 1999)

1194+ 290

0.1+0.245

16+505

0.105+0.768

Meteoric Water Mobility Tests
on Waste Rock from 24 Heap
Leaching Facilitiesin Nevada
(U.S. EPA, 1999)

0.013+0.178

0.016+0.078

0.037 +£0.244

Copper Mine Tailings Pondsin
Arizona (U.S. EPA, 1999)

DL

0.407 +£0.875

DL

0.014 + 0.036

Range of Concentrationsin
Barren, Decant and Seepage for
Gold Mines (Smith and Mudder,
1991)

<0.0001-0.05

<0.005-0.02

<0.02-6.0

Effluent Limitation for Gold
Mines—NPDESU.S. EPA —CFS
40 Part 440.13 Subpart 1, 01 July
1987

(@) Maximum 24h

(b) 30 Day Average

0.002
0.001

DL = detection limit (not stated).

! value was reported as shown here, but was likely ny/L.

Beak I nternational Incorporated
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TABLE 1.2: CONCENTRATIONS OF SELECTED METALSIN VARIOUSFINAL MINE EFFLUENTS -
INDIVIDUAL MINES (valuesin mg/L)

Mine Source Mercury Cadmium Selenium Antimony

Mine A —Gold Mine NALMET

Toxicity Study (BEAK, 2000)

(@) Dec.16/99—Tota - 0.0017 0.0056 0.001 - 0.002

(b) Dec. 16/99 —Filtered - 0.0029 0.0039 0.0009

(c) Feb.10/00 - 0.0029 0.0071 0.0013

Mine B — Nickel-Cobalt Mine

NALMET Study (BEAK, 2000)

(@) Jan.24/00-Total 0.000096 0.0038 0.00491 0.0363

(b) Jan. 24/00 —Filtered - <0.0005 0.00467 0.0329

Gold Mine Tailings Pond Discharge -

(Confidential Data)

a) Mean+3SD 0.000052 + 0.0103 + 0.0095
0.000006

b) Min-Max 0.00002 - 0.003-0.06
0.00008

Gold Mine—Williams Lake 1993

(AQUAMIN, 1996)

(@ MeanxSD - - 0.363+0.137

(b) Min-Max - - 0.137-059

Gold Mine - Hemlo 1985

(AQUAMIN, 1996)

(@) Range 0.0005 - - 10-51

(b) Limit 0.0005 - 0.001

Hemlo Final Treatment Plant Effluent | 0.0012 —0.006 - - 1.0-37

1987

Hemlo Final Treatment Plant Effluent <0.0005 - - 0.2-0.6

1988

Hemlo Final Treatment Plant Effluent <0.0005 - - 0.3-05

1939

Hemlo Final Treatment Plant Effluent <0.0005 - - 0.15-0.6

1990

Hemlo Final Treatment Plant Effluent

1991

a) Mean <0.0005 - - 0.279

b) Min-Max. 0.101-0534

Hemlo Final Treatment Plant Effluent

1992

a) Mean+SD <0.0001 - 0.249 + 0.201

Hemlo Final Effluent

1993 <0.0001 - 0.074—-0.709

1994 <0.0001 - - 0.064—-0.57

Zn-Cu Mine (Lac Matagami Area)

(AQUAMIN, 1996)

a) Ruisseau Lalanne Stn i - 0.0047 - -

b) Ruisseau Verant Stn 15 0.0005

Beak I nternational Incorporated
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TABLE12:  CONCENTRATIONS OF SELECTED METALSIN VARIOUS FINAL MINE EFFLUENTS—

INDIVIDUAL MINES (valuesin mg/L)

Mine Source

Mercury

Cadmium

Selenium

Antimony

East Kemptville Tin Mine (1986)
Final Effluent (AQUAMIN, 1996)
a Mean+SD

b) Min-Max

0.006 + 0.004
0.002-0.027

Homestake Gold Mine RBC (Smith
and Mudder, 1991)

- Pilot Scale Influent

- Effluent

0.0023
<0.0001

Homestake Gold Mill (Smith and
Mudder, 1991)

- Pilot Scale Influent

- Activated Carbon Treated
Effluent

0.014
<0.005

! Data are derived from effluents that have received some treatment.
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TABLE 13 FINAL EFFLUENT CHARACTERISTICS FOR 23 CANADIAN MINES (bel ow-detection-

limit values were set to one-half of the detection limit for cal culating the mean)*

Standard
Parameters Units Mean Deviation Median Range n
pH 8.38 122 811 7.25-10.9 23
Conductivity mMho/cm 1959 957 1836 549-3614 21
Ammonia mg/L 43 55 185 <0.1-185 21
Alkalinity mg/L 139 206 50 6-900 23
Total Hardness mg/L 825 637 529 49-1980 23
TSS mg/L 6.26 5.7 5 <1-16 21
TDS mg/L 2344 2174 1660 500-9110 23
Chloride mg/L 897 110 897 819-974 2
Sulphate mg/L 3058 2207 4020 533-4620 3
Total Metals:
Antimony? ny/L 115 180 10.3 1.3-710 7
Calcium mg/L 318602 226413 308200 13000-745300 23
Cadmium ny/L 118 151 5 <1059 21
Magnesium mg/L 30797 33839 10190 3350-101100 23
Mercury® ny/L 2.2 24 <5 0.05-7 9
Seleniunt my/L 49 52 40 49110 4
Sulphur mg/L 1490 170 1490 1370-1610 2
Sodium mg/L 365462 804875 77000 8690-3090000 21
Dissolved Metals:
Antimony mg/L 129.3 127.2 9% <50-435 21
Calcium mg/L 344661 213988 314400 8673-676000 21
Cadmium ny/L 543 1.96 5 <10-14 21
Magnesium mg/L 31980 34685 10330 3000-97460 21
Mercury ngy/L 1 - <2 <2 4
Sodium mg/L 166956 283148 63100 120-1178000 21

Main Source: NRCan, 1996, 1998.

! Data are derived from effluents that have received some treatment.
2| ncludes n=2 mines from NRCan, plus n=5 minesfrom Table 1.2.
® Includes n=4 mines from NRCan, plus n=5 minesfrom Table 1.2.
* Includes n=2 mines from NRCan, plus n=2 minesfrom Table 1.2.
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2.0 CHEMICAL FATE
2.1 Mercury (HQ)

Mercury is generdly found a very low concentrations and is very reective in the environment.
Totd mercury leves are generdly less than 10 ng/g in crustd materias such as granites, feldspars
and clays (Davis et al., 1997), and in the range of 40 to 200 ng/g in soils and sediments thet are
not directly impacted by anthropogenic discharges. Generdly, the mgority of mercury in agquatic
sysems is in organic forms (about 95 to 99%) and is found in sediments rather than the dissolved
phase.

There are both naturd and anthropogenic sources of mercury to the environment. For example,
mercury is a trace component of many minerals and economic ore deposits for mercury occur as
native mercury and Cinnabar (HgS). Various indudtriad discharges, cod combusgtion and medica
waste incineration are important anthropogenic sources. Abandoned mines, where mercury was
used for extraction purposes, are also important sources.

211 General Fate Information

Inorganic mercury exigs in three known oxidation dates as dementa mercury (Hg°), as
mercurous ion (Hg") and as mercuric ion (Hg?*). The oxidation state of mercury in an agueous
environment is dependent upon the redox potentid, the pH, and the nature of the anions and other
chemica forms present with which mercury may form stable complexes (Reimers et al., 1974).
Mercurous compounds (Hg") are not common as they are rapidly oxidized to mercuric forms
(Hg?") by hydrolysis (Booer, 1944).

Figure 2.1 summarizes the key processes that may affect mobility of mercury and methylation of
mercury in receiving environments.  The presence of organic matter in the sediments can ether
enhance mercury mohility, by forming soluble organic complexes, or retard mobility, by creating an
environment conducive to precipitation of mercuric sulphides. The presence of iron oxyhydroxides
(precipitated from the seepage waters) at the sediment surface may aso scavenge mercury by
sorption onto the hydrated oxyhydroxide surface. In generd, the sediment water interface tends to
accumulate inorganic mercury, and both porewater and the water column are possible stes for
mercury methylation.

Beak I nternational Incorporated
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> Methylation ——
/ CH,HgCH,, (dimethyl mercury)

Hg (inorganic) + Bacteria CH;Hg (monomethyl mercury)
WATER COLUMN /
Demethylation
SEDIMENT SURFACE Inorganic H_g 'Dissolved «
Hg sorbed onto hydrous or precipitated Hg Dissolved as soluble
metal oxides or clays A organic iompl exes
v
Hg? + H,S = HgS + 2H- Hg°®

Precipitation of mercuric sulphide (metallic mercury)

SEDIMENTS

FAGURE 2.1: KEY PROCESSES THAT AFFECT THE SPECIATION AND MOBILITY OF MERCURY IN AQUATIC SYSTEMS.
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An important characterisic of mercury is its low solubility as a result of its high probability to
coagulate, i.e., to be removed from the soluble agueous phase. This can occur by a number of
physicochemical processes, e.g., precipitation as mercuric sulphide, co-precipitation with hydrated
iron and manganese oxides, complexaion with organic maiter. The solubilization/coagulation of
mercury depends on the forms of mercury present, on the amounts and nature of the organic and
inorganic matter present, as well as on the environmental conditions, e.g., pH, chloride levels.
Baogh et al. (1998) showed that total mercury levels in water are strongly correlated with tota
suspended solids concentrations, suggesting that mercury can remain suspended in the water
column attached to colloidal and particulate matter.

In aquatic systems, dissolved mercury can be partitioned between inorganic and organic forms and
this is largdy controlled by rates of methylation and demethylation by microorganisms (Pek and
Batha, 1998). Organic mercury can occur as an organomercuric sdt (RHgX), eg.,
methylmercuric chloride, or as an organomercuric compound (R;Hg), eg., dimethylmercury.
While the mgority of mercury in aguatic ecosystems is in the inorganic form (about 95 to 99 %)
(Krabbenhoft, 1996), organic mercury complexes remain important influences on the mobility and
bicavalability of mercury. Evidence suggests that, when dissolved mercury in natura water
systems exigs modly in organic forms, a high leve of mercury in fish tissues is observed (Gill and
Bruland, 1990). Mercury methylation is a biologicaly mediated process between dissolved
inorganic mercury and, primarily, sulphate reducing bacteria (Driscoll et al., 1994). The factors
that influence the amount of methyl mercury present in an aquatic system include the amount of
dissolved inorganic mercury and physicochemicd characterigtics of the aguatic system such as pH,
organic matter, dissolved sulphate and sediment sulphide (Pak and Bartha, 1998). For example,
mercury methylation activity in sediments was found to be pogtively corrdated with the leve of
organic matter (Driscoll et al., 1994). Thus, anaerobic zones such as the basins of smal lakes,
flooded forest soils and wetlands provide ided conditions for mercury methylation. However, the
stience of mercury methylation and dimethylation is not fully understood, and raes of
methylmercury formation are not readily predictable. The rdative abundance of methylated
mercury speciesis of particular concern since these compounds are highly toxic, they are the mgjor
form of mercury that accumulates in fish tissues, and they can enter the food chain by direct uptake
from solution (Driscoll et al., 1994).  Two aspects of chemica sructure confer the unique toxic
properties of methyl mercury. The bond between mercury and the methyl group is stable, with the
methyl group providing alipophilic character to the compound, while Hg(l1) has a tendency to bind
with sulfhydryl (or sdenol) groups (Craig, 1986; Carty and Maone, 1979). Consequently, methyl
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mercury is both membrane permesble and thiol reactive, properties which contribute to the toxicity,
the long biologica hdf-time, and the tendency toward bicaccumulation of mercury in aguetic
organisms.

The organomercuric sats exhibit properties and reactions smilar to those of inorganic mercuric
sdts, and thus do not bioaccumulate as well as methylmercury. The organomercuric compounds
other than methyl mercury species are generdly subject to abiotic environmenta degradation, being
voldile, thermdly ungtable and light sengtive, eg., decompostion by ultraviolet radiation to
elementa mercury and freeradicas.

212 Considerationsfor Mine Effluents and Receiving Waters

Mine effluent likely contains dissolved inorganic species of mercury. The behaviour of inorganic
mercury species is wel known and thermodynamic data are available. Figure 2.2 illudtrates the
dominant inorganic mercury species that occur under aerobic conditions (expected in mine effluent)
as a function of pH. Two mercury compounds are predominant: hydrated mercuric oxide
(HgO.H,0) at high pH and mercuric chloride (HgCh) at low pH. However, a high concentrations
of chlorides (and low pH), the very stable and water-soluble mercuric tetrachloride complex
(HgCly) will form.

The recalving environment has a variety of biogeochemica conditions that may influence the
behaviour of mercury. The Eh-pH diagram provided in Figure 2.3 illustrates how mercury will
respond to both aerobic and anaerobic conditions. The formation and dissolution of inorganic Hg-
solids is controlled by redox and pH conditions and redox conditions in particular occur over a
wide range in surface water environments. Under agrobic conditions, a lower pH, mercuric
chloride is the dominant solid, and a higher pH hydrated mercuric oxide is found. Waters in
equilibrium with these solids would have very high concentrations of mercury. For example, water
in equilibrium with mercury hydroxide Hg(OH), has mercury concentrations that range from
gpproximately 350 mg/L at pH 6 to gpproximately 75 mg/L a pH 8 to 11. Because mercury is
not found in effluents at concentrations near these leves, it is unlikely that solids precipitation will
affect mercury concentrations in mill effluent.
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FIGURE22 MAJOR INORGANIC SPECIES OF MERCURY AS A FUNCTION OF pH.
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Eh (Volts)

Hg" (1)

Hg(OH),° (ag)

FIGURE 2.3: Eh-pH DIAGRAM FOR THE MERCURY SYSTEM. DIAGRAM ADAPTED FROM DAVISet al. (1997).
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Under anaerobic conditions, mercury is stable in two forms: demental mercury and mercuric
sulphide. Mercury exhibits a very high affinity for sulphide in mildly reducing environments such as
sream and lake sediments, forming the rdatively insoluble mercury sulphide (HgS (9)) (Davis et
al., 1997; Wang and Driscoll, 1995). Typicd pore water concentrations range from
approximately 2 ng/L at pH 6 to several mg/L a pH values greater than 8.5. In highly anaerobic
systems, the mercuric sulphide may be reduced to dementa mercury and sulphide, whereas under
dkaline conditions with high levels of sulphides the more soluble mercuric disulphide complex

(HgS;?) may exist.
213 Interactions with Other Metals, including Adsor ption

Dissolved mercury sorbs strongly to sediment and suspended solids including organic materid and
Fe- or Mn-oxyhydroxides (Baogh et al., 1998). Gagnon and Fisher (1997) demonstrated that
the binding strength of mercury to sediments is very high a near neutrd pH vaues and that very
little desorption (less than 10%) occurs at lower or acidic pH vaues (pH <5). Therefore, the
increase in iron oxyhydroxides present on the sediment surface (resulting from precipitation of iron
and manganese from seepage waters) may be accompanied by a decrease in mercury mobility, due
to the tendency of inorganic mercury and mercury bound organic complexes to adsorb onto these
iron oxyhydroxide surfaces (Schutler, 1997).

There is a large body of literature demondrating the antagonism of sdenium towards mercury
toxicity in animas (Rudd et al., 1980). In spite of severd demongrations that selenium interacts
with Hg in surface waters (Rudd et al., 1980; Rudd et al., 1983; Bjornberg et al., 1988; Paulsson
and Lundberg, 1989), the mechanism(s) responsible for the interactions remain unknown (Pelletier,
1985). Sdenium may bind with mercury, mercury and selenium may become bound as insoluble
mercuric sdenide in sediments, making mercury unavailable for methylation, or selenium may cause
indirect effects (as a toxicant) inhibiting bacteridly mediated mercury methylation. One specific
hypothesis relates to this posshility; the methylation of sedimentary sdenium to dimethyl sdenide
may be dimulated by eevaed sdenium concentrations, which may in turn inhibit mercury
methylation. Because of the rdative infancy of the research fidd, there is little information available
in the literature with which to judge the relative merits of these potentid mechanisms.
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2.2 Cadmium (Cd)

Cadmium is a very rare dement in the Earth's crust (0.00002%) and occurs mainly as the sulphide
or carbonate in zinc ores. The average natural abundance of cadmium in the earth's crust has most
often been reported from 0.1 to 0.5 ny/g, but much higher and much lower vaues have dso been
reported depending on a large number of factors. Igneous and metamorphic rocks tend to show
lower values, from 0.02 to 0.2 ng/g, whereas sedimentary rocks have much higher vaues, from 0.1
to 25 ng/g (Cook and Morrow, 1995). Zinc, lead and copper ores, which are mainly sulphides
and oxides, contain even higher levels, 200 to 14,000 ny/g for zinc ores and around 500 ny/g for
typica lead and copper ores (Cook and Morrow, 1995).

Cadmium is a naturd, usudly minor congtituent of surface and groundwater. It may exist in water
as the hydrated ion, as inorganic complexes such as carbonates, hydroxides, chlorides or sulphates,
or as organic complexes with humic acids (Sauve et al., 1999). Large variations were reported for
the average cadmium contents of rainwater, fresh waters, and surface waters in urban and
industridized aress. Levels from 10 ng/L to 4000 ng/L have been reported in the literature
depending on the specific location and whether or not totd cadmium or dissolved cadmium is
measured (Elinder, 1985; WHO, 1992).

Compounds of cadmium, in contrast to those of zinc, appear to have little or no biologicd role.
Cadmium ions tend to accumulate up the trophic levels because very few living organisms have
evolved methods for regulating these ions.

221 General Fate Information

Cadmium may enter aguetic systems through weethering and eroson of soils and bedrock,
amospheric depostion or direct discharge from industrid operations. Much of the cadmium
entering fresh waters from industrid sources may be rapidly adsorbed by particulate matter, and
thus sediment may be a sgnificant snk for cadmium emitted to the aguatic environment (WHO,
1992). Once cadmium enters sediments, it can react with sulphur and form relatively insoluble
cadmium sulphide.  Partitioning of cadmium between the adsorbed-in-sediment State and
dissolved-in-water state is, therefore, an important factor in whether cadmium emitted to waters is
bicavalable. Soft water environments are of particular concern since bioavailability and aguatic
toxicity are enhanced in soft water.

Beak I nternational Incorporated
Ref: 22069.1 2.8



Literature Review of Environmental Toxicity of
Mercury, Cadmium, Selenium and Antimony in Metal Mining Effluents

222 Considerationsfor Mine Effluents and Receiving Waters

Solution pH is the main factor that controls cadmium solubility in aerated weters, such as mill

effluent or surface waters, and the totd level of cadmium in the solids associated with this water is
important also. Figure 2.4a provides the main dissolved cadmium species in agrated water as a
function of pH. All have a *2 oxidation state. The main dissolved species are Cd®* at pH values
below 8 and cadmium carbonate (CdCQO;) at pH values above 8. Cadmium sulphate (CdSO,) is
aminor species a pH vaues less than 9. The dissolved species cadmium disulphide (CA(HS),) is
dominant only in solutions with alow redox potentia and where dissolved sulphide is the dominant

sulphur ion (Figure 2.4b). Nether soluble nor total organic matter has much effect on soluble
cadmium, so the levels of cadmium in the pore water or surface waters can be predicted from a
relatively Smple mode based on only pH and tota content of cadmium in the sediment.

The pH and redox conditions aso influence potentid solids formation and this is shown in the Eh-
pH diagram provided in Figure 25. Cadmium hydroxide (Cd(OH),) solids tend to form a
relatively high pH vaues (pH > 10) and cadmium carbonate (CdCOs) solids can form in the pH
range of 8 to 11. Both solids exhibit amphoteric characterigtics (i.e., CdCO;s is stable in the pH
range 8 to 11, and Cd(OH); is stable in the pH range 11 to 13). The Cd(OH), solid is rdatively
soluble and is not expected to control cadmium concentrations in the receiving environment. By
contrast, the CdCO; solid can control cadmium concentrations to 10 to 20 mg/L at pH 6 and as
low as0.01 mg/L at pH 8.5.

Cadmium sulphides (CdS) are highly insoluble and can precipitate from solutions that have
dissolved sulphide (e.g., sediment pore water). Typica cadmium concentrations in water that isin
equilibrium with cadmium sulphide solids are near 0.1 ngy/L a pH 6 to lessthan 1 ng/L a pH 8.5
or greater. These sulphides can form over alarge pH range and precipitation is generdly limited to
availability of dissolved sulphide sulphur. Dissolution of sulphide solids requires oxidation and this
isunlikely after buria in sediments.
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MAJOR INORGANIC SPECIES OF CADMIUM AS A FUNCTION OF pH UNDER AERATED CONDITIONS (A) AND ANOXIC
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223 Interactions with Other Metals, including Adsor ption

Isomorphous replacement of Cd in cacite (CaCOs) lattice is an important factor that controls Cd
levels in natural waters and is particularly important in mine waters that are subject to trestment
with lime. Typicaly, dissolved cacium present from lime addition scavenges dissolved CO,(g) and
reacts to form calcium carbonate (CaCQOs). Precipitation of CaCQO; in tregted mine waters likdy
causes co-precipitation of cadmium carbonate or isomorphous replacement of cadmium according
tor

CaCO4(s) + Cd* U Cdco; + C&

The solubility of CdCOs(s) as a minor condtituent in the solid solution is reduced in comparison to
the solubility of pure CdCOs(s). If one consdered the solubility of CdCOs(s) done, one might
infer by neglecting the solid solution that the solution is undersaturated with respect to CdCOs.
Although the solubility of CaCOx(s) is not affected by Cd substitution, the solubility of CdCOs is
greatly reduced.

Adsorption and desorption processes are mgor factors that can control the concentration of
cadmium in natural waters. LeyvaRamos et al. (1997) studied the adsorption isotherm of
cadmium on activated carbon using a batch adsorber. The effects of temperature and solution pH
on the adsorption isotherm were invedigated by determining the adsorption isotherm a
temperatures of 10, 25, and 40°C and at initid pH vaues from 2 to 8. It was reported that the
amount of Cdo”* adsorbed was reduced about three times by increasing the temperature from 10 to
40°C. It was dso found that Cd?* was not adsorbed on activated carbon a pH 2 or lower and
that Cd** was precipitated out as cadmium hydroxide (Cd(OH),) a pH vaues above 9.
Maximum adsorption capacity was observed at pH 8 and the adsorption capacity was decreased
about 12 times by reducing the initid pH from 8 to 3. According to the cadmium speciation
diagram (Figure 2.5) the predominant species below pH 8is Cd?*. Thus, cadmium was adsorbed
on the activated carbon surface primarily as Cd?*.

Pickering (1980) summarized the sorption behaviour of cadmium ions onto surfaces of meta
oxides and clays. His work demongrated that cadmium is efficiently sorbed onto hydrous meta
oxides of iron, manganese and auminum. The sorption was reversble and a function of pH
whereby the amount sorbed increases with pH (Pickering, 1980). Similarly, the amount of
cadmium sorbed to clay materids increases with pH. Maximum sorption on clay surfaces occurs
at pH vaues near 8 (Pickering, 1980).
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FIGURE 25: En-pH DIAGRAM FOR THE Cd-C-S-O-H SYSTEM. TOTAL Cd 10°, C 10° S10°. ADAPTED FROM BROOKINS (1988).
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2.3 Selenium (Se)

Tota sdenium concentrations in natural waters have been reported to be in the range of 0.1 to 1.5
no/L (Demayo et al., 1979). Naturd seenium concentrations in solids range from 0.05 ng/g in
ultramafic to felsic igneous rocks, up to 0.08 ng/g in limestones and as high as 0.6 ngy/g in shdes
(Faure, 1991). Sdenium resembles sulphur in many of its properties and often occurs together
with or subgtituted for sulphur in soils and rocks. For example, selenide can subgtitute for sulphide
in pyrite and is known to accumulate to 300 ng/g in sedimentary pyrite.  Selenate can aso
subgtitute for sulphate in very hydrous sulphate sdts such as jarodte, but does not substitute for
sulphate in less hydrous sulphate sdts such as gypsum.

Anthropogenic sources of sdlenium include copper, lead and nickd refining and sulphuric acid
manufacturing. Sdenium is an essentid dement, with a recommended daily intake of 1.7 ng/kg
body weight for infants, and 0.9 ng/kg body weight for adults. Most of the natural human intake
arises from food (gpproximatdy 75%) with the remainder coming mainly from drinking water
(WHO, 1996).

231 General Fate Information

Sdenium exists in four oxidation states in the naturd environment - sdenide (S¢%), dementd
sdenium (S°), sdenite (S*) and sdlenate (S€°*).  Sdenium s often subject to non-eqilibrium
inorganic redox processes and biogeochemica cycling (White and Dubrovsky, 1994).
Biogeochemica processes tend to control sdenium cycling and organic forms of sdenium are
common in surface waters.  Organic forms of sdenium include sdeno amino acids, methyl
senides, methyl sdeninic esters, methyl sdenones, and methylsdenonium ions (Cooke and
Bruland, 1987). These organic compounds occur as products of bio-methylation and are more
voldile than inorganic forms of sdlenium (Atkinson et al., 1990). Bacterid sdenium methylation
occurs in temperate lake sediments (Chau et al., 1976) and is stimulated by organic carbon and
temperature (Chau et al., 1976; Doran, 1982, Thompson-Eagle and Frankenberger, 1990a,
1990b). In generd, slenium methylation is a detoxification process in dl biota, and microbid
methylation is an important pathway of the biogeochemica sdenium cycle (Doran, 1982).

The greatest proportion of total sdenium in lakes and dreams can normdly be found in the
sediments, reflecting a net remova of sdenium from the water column (Cutter, 1989; Lemly and
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Smith, 1987). Both abiotic and biotic factors determine sedimentation rates. The abiotic
sedimentation of sdenium is a function of pH, metd concentrations (Mn, Fe, and heavy metds),
and the prevadence of anion-scavenging sediments (Rudd et al., 1980; Lemly and Smith, 1987,
Cuitter, 1989; Besser et al., 1989), while biotic sedimentation relates to trophic dynamics and the
associated incorporation of selenium into biota, such as phytoplankton.

Cutter (1985, 1989) has examined sedimentary selenium by sequentid extraction of sediments.
The sdlenide (S&%) plus dementd sdenium (Se”) fraction (alculated as the difference between
‘totd' sdlenium and (selenite plus sdenate) accounted for more than 93% of sedimentary selenium
in five lakes. Sequentia extraction has also shown that more than 90% of the sedimentary selenium
was associated with organic matter and was identified as Se? plus Se°, while less than 10% of the
sedimentary selenium was associated with iron and manganese oxides (Cutter, 1989). Rudd et al.
(1980) studied sdenium scavenging by sediments and demondrated that selenium sedimentation
wes effectively hdted by sedling off the bottom of an experimental mesocosm from the sediments.
These results suggest further that selenium can be effectively scavenged by natural sediments and
that sediments are an important sink for seenium loadings from mining.

2.3.2 Congderationsfor Mine Effluents and Recelving Waters

It is expected that dissolved inorganic selenium will be prevdent in mine efluents and will likely
occur in both sdlenite (Se*) and sdenate (Se™) oxidation states. In generd, inorganic selenium
speciation is controlled by redox conditions, pH, complexation with metals and interactions with
solids such as sorption processes.  The inorganic species of sdenium are shown in the Eh-pH
diagram provided in Figure 2.6 which illusrates the approximate stability fidds for sdenate,
sdenite, demental Se and sdenide.  Sdlenate (Se0,%), predominates under akaling, oxidizing
conditions and this is shown in the upper area of the sdenium Eh-pH diagram (Faust and Aly,
1981; Robberecht and Van Grieken, 1982).
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FIGURE 2.6: Eh-pH DIAGRAM FOR THE Se-O-H SYSTEM. TOTAL Se10°®. ADAPTED FROM BROOKINS (1988).
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Under moderately oxidizing conditions, the sdenious acid species sdenite (SeO5*) and bisdenite
(HSeO3) predominate, the proportions of which vary with pH. Metd sdenite solids can
precipitate under these conditions. For example, a ferric-sdenite solid Fex(SeO3)s- 2H,0) can
precipitate and dissolved sdenium concentrations are in the range of 0.1 mg/L (pH 6) to 10 mg/L
(pH 8.5) in weter that isin equilibrium with these solids.

The largest gability fidd is for dementd sdenium, which covers a wide range of naturd waters.
Elementd sdenium (S€) is rdlatively stable a &l pH vaues in waters that are free of oxidizing and
reducing agents (Faust and Aly, 1981). Sdenide, primarily as hydrogen sdenide (HSe) can form
in environments with a large reservoir of free eectrons, such as organic rich sediments, that are
characterized by low Eh vaues.

2.3.3 Interactions with Other Metals, including Adsor ption

An important process regulating the dissolved concentration and mobility of inorganic selenium is
adsorption onto solid surfaces (Baistrieri and Chao, 1990). Sdenite (S&*) efficiently adsorbs
onto both iron and manganese oxides. Sorption tends to decrease with increasing pH and is further
inhibited by the presence of dissolved phosphate, slicate, and molybdate (Baligtrieri and Chao,
1990). By contrast, selenate (Se°*) sorbs weskly to clays and Fe-oxyhydroxides and does not
adsorb to manganese oxides. Moreover, sdlenate sorption is further limited by competitive effects
with sulphate at neutra pH. Therefore, sorption reactions can reduce concentrations of dissolved
sdenite but do not sgnificantly influence sdenate concentrations, particularly in sulphate rich
waters.

At low redox potentias, which may occur below the sediment-water interface, slenium can be
reduced to hydrogen sdenide (H,Se). However, if dissolved heavy metals are present under these
conditions, quite insoluble metal sdlenides can precipitate. Sillen and Martell (1971) reported the
solubility for severd metd sedlenides and their data suggest thet, in generd, meta selenides are very
insoluble.  Therefore, selenium concentrations would be expected to be less than 0.01 mg/L in
water that isin equilibrium with these solids.

2.4 Antimony (Sb)

Tota antimony concentrations in natural waters have been reported to be in the range of 0.01 to
1.1 ny/L (Takayanagi and Cossa, 1997; U.S. EPA, 1980a). Natura antimony concentrations in
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solidsarein the range of 0.2 ng/g (Anderson, 2000) to 0.7 ng/g (Pilarski et al., 1995). Antimony
is a chacophile, occurring with sulphur and heavy metal's such as copper, lead, slver and gold, and
has been reported to be associated with arsenic minerals at some gold mines. There are more than
100 naturdly occurring minerds of antimony; indudtridly, sibnite (S,S;) is the predominant ore of
interest.  Anthropogenic sources of antimony include gold mining, lead and copper smdting as well
as other smdting operations. The crustal abundance has been reported to be greatly exceeded
near such operations, e.g., up to 10 mg Sb/g was found near a copper smdlter and values of 5 to
260 ngy/g were found near lead smelting operations (Pilarski et al., 1995).

241 General Fate Information

Antimony can exig in severd oxidaion dates in naturd environments and is normdly found in
agueous solutions as the trivalent (Sb®) and pentavaent (So°*) forms  In this way, antimony is
superficidly amilar to arsenic, but its higher aomic number makes it dightly more metdlic than
arsenic and this characteridtic digtinguishes its geochemica behaviour from arsenic.

The Sb-H,O system is not completely understood because of alack of reliable free energy datafor
both Sb** and Sb°* spedies. It islikely that sorption reactions dominate the mohility of antimony in
surface waters and that dissolved antimony is partitioned between surface waters and lake and
dream sediments. Mohilization of antimony from sediments is more likely to occur in sediments
with low iron and manganese oxide content (Mok and Wai, 1990) and is more likely to occur at
relatively low or high (not moderate) pH vaues. Long term gability of antimony in mine wagte is
favoured at near neutral pH values (Mok and Wai, 1990).

24.2 Considerationsfor Mine Effluents and Recelving Waters

The inorganic species of antimony are shown in the Eh-pH diagram provided in Figure 2.7 and the
approximate stability fields are indicated for Sb** (i.e., species SbO*, Sb(OH)s, ShO, Sh,Ss,
HSh,S, and Sh,S,%) and Sb°* (i.e., species Sb,0s). The Sb™* oxidation state does not exist and
the compound shown as Sb,0, is a mixed oxide of the formula Sb’Sb"'0,.  The mgor inorganic
antimony species in rivers studied by Mok and Wa (1990) was the pentavaent species Sb,0s
(can dissociate to ShO3) and this species represents the predominant species expected in mine
effluents and surface water. In solutions of pH from 1 to 10, Sb,05 is astable Sb** species. More
dkaline solutions dissolve the oxide as SbO,". In neutrd and akaine solutions, Sb°* species exist
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as SbO;™ (Nishimuraet al., 2000). Antimony trioxide solids (Sb(OH)3) can precipitate. Aqueous
antimony concentrations in equilibrium with this solid are expected to be approximatdy 200 mg/L
in the pH range of natura waters (pH 6.5 to 8.5). This solid has an amphoteric nature and
dissolves as ShO" in extremdly acid solutions (pH <1).

Antimony tends to complex with sulphur species rather than CI, NH;" or HCOs and Sb-
complexes with these species are only important in solutions with very low sulphur concentrations
(Brookins, 1972). Dissolved Sb-S species include antimony trisulphide (Sh,S;), HSh,S,” and
Sh,S,* and these species can occur under highly reducing conditions such as organic rich sediment
pore water (Figure 2.7).

24.3 I nteractions with Other Metals, including Adsor ption

Iron and manganese oxyhydroxides have been reported to cause a mgor effect on concentrations
of heavy metdsin naturd waters. Typicdly, the interaction between these oxides and heavy metds
is atributed to adsorption, ion-exchange and/or co-precipitation (Inoue and Munemori, 1980).
Lintschinger et al. (1998) performed sequentia extractions on sediments and found that Sb was
bound to rdaively immobile Fe and Al oxides. Subgtantid amounts were dso bound to organic
solids.  Addition of Fe(lll) and Al(lll) sdts has aso been reported to cause sorption/co-
precipitation of Sb, and Meima and Comans (1998) report that leaching of Sb is controlled by
sorption to amorphous Fe/Al oxyhydroxides at neutra pH vaues. Humic acid was found to
adsorb Sb(I11) from solutions of Sb(OH); in accordance with Langmuir type isotherms (Pilarski et
al., 1995) and hydrous oxides of Fe/Mn and Al can sorb So(l11) in solutions with pH vaues <6
(Thanabdasingam and Pickering, 1990). These results suggest that antimony is largely affected by
sorption reactions with oxides of duminum, iron and manganese, as well as sorption reactions with
organic matter such as humic acid.
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FIGURE 2.7: Eh-pH DIAGRAM FOR THE Sb-S-H,O SYSTEM. DIAGRAM ADAPTED FROM BROOKINS (1986).
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3.0 TOXICITY

The compostion of indudrid effluents is typicaly complex, and the resultant toxicity of such
effluents is amilarly complicated. This generdity holds for mine effluents, the compostion of which
is afunction of source ores, the methods involved in ore processing, and pollution control methods
goplied before rdease of effluent. The contribution of individud metdlic condtituents to the overdl
toxicity of effluents may be reduced or enhanced in relation to these factors.

In totd, the toxicity of individud metd condituents of mine effluents could be influenced by
speciation, by non-meta condituents of the effluent (suspended and dissolved solids, ammonia,
anions, cations), and by interactions with other metds.  Of coursg, if the individud metas in
effluents are present below toxic threshold levels, the presence of these other condtituents (e.g.
cacium) a eevaed leves would indicate alarge margin of safety for toxicity in the effluents.

The toxicity of mine effluents is of interest in relaion to regulaory requirements for acute non-
lethdity and in relation to the potentia for chronic toxicity in the receiving environment. Regardless
of acute toxicity, there could be implications for the recalving waters, if metas accumulate
ubgtantidly in the near- or far-fidd environments.

Under conditions of acute exposure, the various metd sdts tend to involve smilar toxicity
mechaniams, resulting in a broad spectrum of physcd effects such as mucous proliferation at gill
surfaces (and the resultant asphyxiation due to impaired gas exchange across gill lamellag) (Dazdll
and MacFarlane, 1999). In contrast, the unique toxic characteristics of metas are often only
revedled during chronic exposure.  This review primarily condders acute toxicity issues regarding
mercury, cadmium, sslenium, and antimony in mine effluents. The primary focusis on two standard
freshwater toxicity testing organisms, rainbow trout (Oncor hynchus mykiss) and Daphnia magna,
athough other fish and invertebrate species have been considered to some extent.

The U.S. EPA (1986) water quality criteria documents provide a good database of acute (and
chronic) toxicity data The acute freshwater data for fish and invertebrates are included in
Appendix 2. These data have been supplemented by smilar data from literature cited in the
Cambridge Abstracts and AQUIRE databases, searched as far back as 1980. Only literature that
reported acute L C50 values based on a demonstrated dose response were included in this update.
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3.1 Mercury

311 General Toxicity Consderationsfor Mercury

Mercury is unique among the dements in its volaility. This mekes it quite mobile in the
environment. This mohility is further enhanced because it can be methylated biologicaly (primarily
by aguatic bacteria). Methylated Hg (MeHg) has unique chemica characterigtics (due to the
methyl group) that make it prone to bioaccumulate in animas and plants; in contragt, inorganic Hg
does not bicaccumulate.  Therefore, inputs of inorganic Hg from air into water, either from direct
deposition or via trangport through watersheds, can lead to increases in the concentrations of
methylated (organic) Hg in loca ecosystems.

Inorganic mercury compounds are expected to be the primary species in mine effluents. The
bicavailability and toxicity of inorganic ionic mercury to aqudic life can be influenced by hardness
parameters smilar to cadmium, as both metas are “soft” metd ions with a tendency to seek

aulfhydryl binding stes in biota (Williams et al., 1985). However, hardness is not normaly a
consderaion with mercury in the aguatic environment because of the relatively low concentrations
of mercury typicaly observed in naturd waters. In norma circumstances, methyl mercury is of
more relevance to toxicity. Inorganic mercury is not well absorbed relative to the short-chain akyl

mercurids such as methyl mercury (Kaiser and Tolg, 1980; Caty and Mdone, 1979), and

accumulates primarily in the liver and kidney. Targets of inorganic mercury toxicity include
proteins, which bind mercuric ions to sulfhydryl groups resulting in structurd and catalytic protein
impairment. Inorganic mercury is a centra nervous system and rend toxicant. In contrast, methyl

mercury iswell-absorbed across membranes and is efficiently accumulated by biota. The primary
target of methyl mercury toxicity is the centra nervous sysem (Kaiser and Tolg, 1980; Crag,

1986). Methyl mercury accumulates in muscle tissue where it binds to sulfhydryl groups of muscle
proteins.

The acute toxicity thresholds for inorganic mercury (typicaly as HgCh) in freshwater organisms
vary from gpproximately 5230 ng/L in crustaceans, to 60-800 ng/L in fish (Ramamoorthy and
Baddaloo, 1995). The no-observed-effect-levels (NOELS) for chronic toxicity of inorganic
mercury to freshwater invertebrates vary around 1 ng/L (Ramamoorthy and Baddaloo, 1995).
Totd Hg concentrations in fresh surface waters of North America are typicdly in the order of 2
ng/L (Wiener et al., 1990; Hurley et al., 1991), athough in mercury-polluted lakes, concentrations
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can reech 25 ng/L (Bloom and Effler, 1990). Thus, mercury concentrations are generdly well
below the acute threshold concentrations, and it is clear that mercury does not typicaly represent
an acute toxicity hazard for aguatic organisms.

Mercury toxicity can be dleviated by sdenium compounds in some circumdances. This
antagonism of sdenium towards mercury toxicity in animas has been well documented in the
toxicological literature (Rudd et al., 1980; Ebyl et al., 1969; Frost and Lish, 1976; Ohi et al.,
1976; Magos and Webb, 1980). The potentid for mercury-selenium antagonism could be of
importance in mine effluents.

312 Review of the Acute Toxicity Literaturefor Mercury

Characteridtic toxicity estimates from the early literature have been summarized by Armstrong
(1979) in terms of concentrations of mercuric chloride that kill or injure fish. An acute (4-day)
vaue of 200 ng/L. was provided for sticklebacks. It is not clear whether this value was for |ethdity
or injury (Armstrong, 1979). Appendix 2 presents a complete listing of freshwater acute toxicity
vaues

A range of acute vaues for inorganic mercury toxicity to freshwater fish, including more recent
literature, is provided in Table 3.1. 96-h LC50 estimates vary from gpproximately 17 ng/L to
amost 700 ng/L. This47-fold variation in toxicity likely reflects species differences in susceptibility
and differences in specific test conditions. The somewhat higher value (1,500 ng/L) for the 48-h
LC50 for one species of fish likely reflects the genera toxicologicd principle that toxicity is a
function of both exposure time and concentration or dose. For rainbow trout, the LC50 values
range from 155-420 ng/L.

Representative acute toxicity vaues for inorganic mercury to Daphnia magna and other
invertebrates are summarized in Table 3.2. For daphnid species, toxicity vaues are in the range of
1-15 ng/L. With respect to regulatory acute toxicity testing, it appears that Daphnia is 10-100
times more sengitive to mercury than rainbow trout.
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TABLE3.1: ACUTETOXICITY VALUESFOR MERCURY IN FISH

Species Endpoint Vaue Comments Ref.
Rainbow Trout 96-h LCq 155.1 ng/L Juveniles (mercuric chloride) 1
Rainbow Trout 96-h LCq 280 ng/L Juveniles (mercuric chloride) 2
Rainbow Trout 96-h LCs 220 ng/L Juveniles (mercuric chloride) 2
Rainbow Trout 96-h LCs 420 ng/L Juveniles (mercuric chloride) 3
Rainbow Trout 96-h LCs, 275 ng/L Juveniles (mercuric chloride) 4
Colorado squawfish, 96-h LCs 57-168 ng/L Larval and juvenile stages 5
bonytail,

razorback sucker

Common carp 96-h LCq, 160-770 ng/L Juvenilefish (3.5-6 g) 6
M osquitofish, 96-hr LCsy 52.62 ng Hg/L 7
golden shiner 16.75 g Hg/L

Anabas testudineus 96-hr LCs, 640 ng Hg/L Mercuric chloride 8
Freshwater Catfish 96-hr LCs, 300 ng/L Mercuric chloride 9
Etroplus maculates 96-hr LCs, 670 no/L Mercuric chloride 10
Common Guppy 96-hr LCsy 260 ng/L 11
Sarotherodon 48-hr LCy 1,500 ny/L Mercuric chloride 12
mossambicus

Channa marulius 96-hr LCs, 314 ny/L 13

1. Matidaet al. (1971), 2. MaclL eod and Pessah (1973), 3. Daoust (1981), 4. Lock and van Overbeeke (1981),

5. Buhl (1997), 6. Alam and Maughan (1995), 7. McCrary and Heagler (1997), 8. Sinhaand Kumar (1992),
9. Rgjan and Banerjee (1991), 10. Gaikwad (1989), 11. Khangarot and Ray (1987), 12. Naiduet al. (1984),

13. Khangarot (1981).
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TABLE 32: ACUTETOXICITY VALUESFOR MERCURY IN INVERTEBRATES

Species Endpoint Vaue(nyl) | Comments
Daphnia magna B °
Daphnia magna 48-hr LGy, 32 2
Daphnia magna 48-hr LGy, 15 2
Daphnia magna 48-hr LGy, 22 2
Daphnia magna 48-hr LGy 44 . <6hold 3
Daphnia magna 48-hr LCsy 44 . <24hold 3
Daphnia magna 48-hr LCs, 5.2-14.8 . 19dold 3
Daphnia pulex 48hr LCs, 22 2
Macrobrachium lammarrei 24-hr LCs 167 - Freshwater prawn

96-hr LCs, 95

1. Biesinger and Christensen (1972), 2. Canton and Adema (1978), 3. Bareraand Adams (1983),
4. Murti and Shukla (1984).
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Methylmercury is consderably more toxic to fish, with acute values for rainbow trout as low as 24
ny/L (Wobeser, 1973). No data are available regarding acute toxicity of methylmercury in
daphnids. Methylmercury is unlikely to be an important condtituent of mine effluents.

For comparison, chronic toxicity vaues for inorganic mercury range from <0.23 to 1.3 ng/L, with
fish showing the lower vaues (U.S. EPA, 19853). Chronic vaues for methylmercury range from
<0.04 ny/L to 0.67 ny/L for daphnids (Biesinger et al., 1982) and a brook trout value of 0.52
nyL (McKim et al., 1976) isin the same range.

Recent findings indicate that the whole body “critical body resdue’ (CBR) for chronic toxicity of
methylmercury to fish isin the range of 1 to 5 mg/kg (Niimi and Kissoon, 1994). If this esimate is
correct, it would mean that gpproximately one-haf of Ontario lakes have fish populations that may
be chronicdly mercury-sressed.  This is based on the findings of the Sportfish Contaminant
Monitoring Program (OME, 1993) that 706 of 1,357 sampling Sites have mercury levels in fish
muscle exceeding 1 mg/kg. Residue guidelines for protection of wildlife consuming fish (CCME,
1999) are approximately 30 times lower than the tissue levels that may be harmful to the fish
themsdves. The biomagnification of methylmercury through the riparian food chain is often of
particular concern in mercury-contaminated environments. A vast literature exigts on this topic,
which is outside the scope of this review.

313 Scale of Potential Toxicity Concern around End-of-Pipe

The effluent compaosition data in Table 1.3 includes only four mercury concentrations. These were
determined by I1CP, with rdatively high detection limits.  The average concentration in Table 1.3 is
4.4 ng/L (totd), but the true average concentration is likely much lower since three of the four
measured values were non-detects (mercury was assumed to be present a one-haf the detection
limit). On the badis of this limited information, the mercury concentration could be near the
threshold for acute toxicity for Daphnia magna. 1t would be gpproximately 50 to 100 times lower
than that of rainbow trout.

Suspended solids are in the range of 5 mg/L. Since the suspended solids in mine effluents can
serve as adsorptive surfaces for metals such as mercury (Section 2.1.3), the solids could act to
reduce effluent toxicity. The importance of this effect will depend upon the adsorptive properties of
the solids present in the effluent.
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The effluents are hard, with elevated calcium concentrations. This hardness would be expected to
act to minimize the bioavailability and toxicity of inorganic mercury ions. This could be relevant for
Daphnia toxicity (Brkovic-Popovic, 1990).

Although mercury concentrations in effluent are not likely to be toxic to effluent test organisms or to
biota in the receiving environment, depending on the mass release rate and the nature of the
receiving environment, mercury in the low ng/L range could produce a sgnificant loading of
mercury, which would ultimately add to the mercury pool of downstream systems.  This mercury
would be expected to add to the methylation capacity of these systems. Higher levels of methyl
mercury in fish could ultimetely result.

3.2 Cadmium

321 General Toxicity Consderationsfor Cadmium

Cadmium is a rare dement, with an average crusta concentration of 0.1-0.2 mg/kg (0.89-1.78
mmol/kg), 1/350 as common as zinc (Nriagu, 1980a). Cadmium and zinc are closdy related
chemicdly, and cadmium is typicdly found in zinc ores Thus, cadmium and zinc frequently
undergo geochemica processes together. Smelting has released cadmium to the atmosphere for
thousands of years (Elinder, 1985). However, it is only within this century that atmospheric
emissons of cadmium have dramaticaly increased (Elinder, 1985), so that anthropogenic sources
of amospheric cadmium may now exceed natural sources by gpproximately nine times (Nriagu,
1980&). Even in remote regions, cadmium concentrations have increased between 15- and 60-fold
in the last century (Nriagu, 1980b). In North American freshwaters, cadmium concentrations have
increased over the past two decades (Smith et al., 1987), indicating that cadmium pollution is not
uncommon on this continent.

Non-ferrous meta smelting contributes approximatdy 76% of the anthropogenic cadmium
emissons, while fossl fud combustion accounts for the remaining 24% (Nriagu, 1980b). Point
source emissions of cadmium are of obvious importance near smdters (Franzin et al., 1979,
Franzin, 1984; Harrison and Klaverkamp, 1990), but devated cadmium concentrations in the
water and sediments of remote lakes in eastern North America indicate that long-range
atmospheric trangport of cadmium is aso significant (Johnston, 1987; Smith et al., 1987). In either
case, the anthropogenic emissions of cadmium are usually associated with the release of nitrogen
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and sulfur oxides, and the subsequent acidification of poorly buffered recaeiving waters of the
Precambrian Shield. Because the cadmium concentration in freshweter is typicaly inversely reated
to pH (Breder, 1988; Stephenson and Mackie, 1988), cadmium may be retained for longer
periods in the water column of acidified lakes rdative to non-acidified lakes, in which cadmium is
normaly partitioned to the particulate phase and rapidly deposited to sediments (Breder, 1988).

The biocaccumulation of cadmium in terestrid and aguetic biota is well-documented, with
accumulation haf-lives in the order of years to decades (Eider, 1985; Norberg et al., 1985;
WHO, 1992) indicating that cadmium is excreted very dowly. Cadmium bioaccumulates primarily
in the kidney and liver (Nordberg et al., 1985), with the kidney being the target organ of chronic
toxicity (Kjellstrom, 1985; Foulkes, 1986), dthough in fish the gill is the target organ of toxicity
under conditions of acute waterborne exposure. Cadmium continues to increase in the aguetic
environment (Smith et al., 1987), is a priority pollutant in the United States, Canada, and Europe,
and is a dgnificant contaminant in Canadian lakes and aguatic biota (Yan et al., 1990; Bendell-
Young et al., 1986).

The toxicity and bioaccumulation of cadmium is a function of free ion activity (Sprague, 1985) and
is therefore affected by interactions with other inorganic dements particularly calcium, magnesum,
zinc, copper, and iron (Spivey-Fox, 1988), and humic substances. The classic example of these
interactions is the inverse reationship between cadmium toxicity and water hardness (Markich and
Jeffree, 1994; Halliset al., 2000). Cdcium is the primary ion responsible for the protective effect
of hardness, particularly with respect to acute exposure. The interactions between calcium and
metas such as cadmium and lead have long been known (Moriuchi, 1982), and the toxicity of
these metds ultimately involves the disruption of calcium metabolism.  The interactions of cadmium
with iron and zinc are secondary interactions, and since these are essentid metals themselves,
cadmium toxicity can indude imparment of the metabolism of these metds, induding anemia
(Schafer and Forth, 1985; Spivey Fox, 1988).

The nature of interactions between cadmium and other elements has led severd researchers to
propose that toxicity correlates better with tissue cadmium concentrations than with waterborne
cadmium levels (Borgmann et al., 1991; Davies, 1978; Connolly, 1985). If toxicity isrelated to the
action of cadmium at the cdlular levd, then toxicity will occur once tissue concentrations reach a
certain critica threshold level, dthough water qudity parameters (eg., hardness) will affect uptake
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kinetics. Obvioudy, in hard waters the toxicity threshold may never be reached, but in soft water
lakes with sgnificant cadmium loadings, chronic toxicity may occur.

Congdering the speciation of cadmium in effluent, the primary species of cadmium respongble for
toxicity is the free CoP* ion (Sprague, 1985). Any conditions promoting the remova of cadmium
ions from solution will reduce toxicity. Consequently, suspended and dissolved solids are
potentidly important factors in mine effluent toxicity.

322 Review of the Acute Toxicity Literaturefor Cadmium

A range of acute vaues for cadmium toxicity to freshwater fish and invertebrates is provided in
Tables 3.3 and 3.4. 96-h LCs edimates vary from approximately 1 ng/L to 8,000 ng/L for
rainbow trout depending on hardness and life stage. The range for daphnids is 1 to amost 500
ny/L. The hardness conditions of each test are noted wherever these conditions were reported.
Appendix 2 presents a complete listing of freshwater acute toxicity values.

The U.S. EPA (1986) has described the influence of hardness on acute toxicity criterion vaues for
aquatic life. Specificdly, the suggested criterion (C) isgivenin ny/L as.

C = gh128In(H)-3828

where H = hardness as mg/L CaCQO;. This relationship can be used to derive criteria a any two
hardness values. The ratio between these criteria provides an appropriate factor by which to
adjust the acute toxicity vaue for a particular fish or daphnid species, in order to estimate what the
toxicity value might be at a different hardness.

For comparison, chronic toxicity vaues for cadmium range from 0.2 to 5 ng/L for daphnids and
from 1.5 to 156 ng/L for sdmonid fishes (U.S. EPA, 1985). Chronic toxicity dso displays a
predictable hardness dependence, dthough the relationship takes a dightly different form than that
shown above for acute toxicity.

Campbd| (1995) discusses the free-ion activity model of meta toxicity in detail.
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TABLE3.3: TOXICITY VALUESFOR CADMIUM IN FRESHWATER FSH

Species Endpoint Vaue Comments Ref.
Colorado squawfish, | 96-h LCs 78-168 ng/L Larval and juvenile stages 1
bonytail, razorback
sucker
Rainbow Trout Incipient lethal | 6 ng/L at 187 hrs Non acclimated adult fish
leve (ILL) 122 g/l at 266 hrs Acclimated to 10.2 ng/L for 21 d 2
Rainbow Trout 96-hr LCsp 3.02ny/L 50 mg/L hardness (MQ)
6.12 ng/L 200 mg/L hardness 3
5.70 ng/L 400 mg/L hardness
Rainbow Trout 48-hr LCy 5.0ng/L Embryo-larval toxicity 4
Rainbow Trout 48-hr LCy 91-677 ng/L 20 mg/L hardness (Ca) 5
358 ng/L 80 mg/L hardness
3,693 ny/L 320 mg/L hardness
Rainbow Trout 96-hr LCsy 6-7 ny/L 6
Rainbow Trout 96-hr LOEC 1524 ny/L L owest effect concentration 7
Rainbow Trout 96-hr LCsp 10-20 ug/L and Early life stages 8
4,700-8,000 ngy/L
Rainbow Trout 1mo. LOEC 15nmy/L 7
2mo. LOEC 26 ng/L
19mo. LOEC 7.1ny/L
Rainbow Trout 1 mo. NOEC 0.7 ng/L 7
2mo. NOEC 14.8 ng/L
19 mo. NOEC 34 ny/L
Fathead Minnow 96-hr LCsy 60 no/L 290 mg/L hardness 9
Fathead Minnow 96-hr LCyo 4.8 ny/L 20 mg/L hardness 10

1. Buhl (1997), 2. Stubblefield et al. (1999), 3. Davieset al. (1993), 4. Daveet al. (1981), 5. Cdamari et al. (1980),
6. Kumadaet al. (1973), 7. Goettl et al. (1976), 8. Van Leeuwenet al. (1985), 9. Schubauer-Berigan et al. (1993),

10. Suedd et al. (1997).
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TABLE34: TOXICITY VALUESFOR CADMIUM IN INVERTEBRATES

Species Endpoint Value Comments Ref.
Anodonta 48-hr LCyy 57 mg/L Juvenile mussels 1
imbecilis
Daphnia pulex | 48-hr LCs, 78 my/L 2
Daphnia 48-hr LCy 265-350 no/L Varying food levels
carinata 96-hr LCsp 110-480 ngy/L 50 mg/L hardness 3
Echinisca 48-hr LCyq 345-460 ng/L
triserialis 96-hr LCsy 58-340 ng/L
Hydropsyche 96-hr LCsp 520 mg/L Whole range of
angustipennis invertebrate organismsin 4
Gammarus 96-hr LCyy 20 /L between thisrange
pulex
Daphnia magna | 48-hr LCs 24-40 ng/L Without sediment
18-31 ny/L 5
Hyalellaazteca | 96-hr LCs, 8ny/L
10-dLCq <2.8 and <6.0 ny/L
96-hr LCs 74 my/L With sediment
10-d LGy 80 ngy/L
Daphnia magna | 48-hr EC;, 23-164 ng/L Varying ages 6
Daphnia magna | 48-hr LCs, 39 ny/L Tested in water
91 ny/L Tested in awater-sediment 7
surry
Daphnia magna | 48-hr LCs, 69 ny/L 8
Daphnia magna | 48-hr LCq, 3B nylL @ 20°C
0.009 mg/L @ 26°C 9
Daphniapulex | 48-hr LCq 0.042mg/L @ 20°C
0.006 mg/L @26°C
Macrobrachium | 24-hr LCy, 374 g CdCl,/L Freshwater prawn 10
lammarrei 96-hr LCs, 195 ny/L
Daphnia magna | 28-d ECs, 0.002 mg/L Growth inhibition (Chronic) 11
Daphnia magna | 48-hr LCs, 65 ny/L 45 mg/L hardness (Ca) 12
Daphnia magna | 96-hr LCs, 12.7 ngy/L 78 mg/L hardness 13
Daphnia magna | 48-hr LCy 120 ng/L 170 mg/L hardness 14

Beak I nternational Incorporated

Ref: 22069.1

311



Literature Review of Environmental Toxicity of
Mercury, Cadmium, Selenium and Antimony in Metal Mining Effluents

TABLE34: TOXICITY VALUESFOR CADMIUM IN INVERTEBRATES

Species Endpoint Vaue Comments Ref.
Daphnia magna | 48-hr LCs, 360 ny/L 10 mg/L hardness 15
Ceriodaphnia 48-hr LCs 350 ng/L 290 mg/L hardness 16
dubia

Ceriodaphnia 48-hr LCy 63.1ny/L 20 mg/L hardness 13
dubia 96-hr LCsy 16.9 ny/L

Ceriodaphnia 48-hr LCy 78.2 ng/L 81 mg/L hardness 17
dubia

Hyalellaazteca | 96-hr LCs, 190 ngy/L 50 mg/L hardness 18
Hyalella azteca | 96-hr LCs, 2.8 ny/L 20 mg/L hardness 13

1. Kaélerand Zam (1991), 2. Roux et al. (1993), 3. Chandin (1988), 4. Williamset al. (1985),
5. Nebeker et al. (1986a), 6. Nebeker et al. (1986b), 7. Schuytemaet al. (1984), 8. Dave et al. (1981),

9. Lewisand Horning (1991), 10. Murti and Shukla (1984), 11. Enserink et al. (1991),
12. Biesinger and Christensen (1972), 13. Suedel et al. (1997), 14. Taylor et al. (1998), 15. Fargasova (1994),

16. Schubauer-Berigan et al. (1993), 17. Nelson and Roline (1998), 18. Schiekat et al. (1992).
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323 Scale of Potential Toxicity Concern around End-of-Pipe

Cadmium toxicity is inversdy related to both water hardness and cacium concentrations.
Therefore, pH control using lime would be expected to reduce cadmium toxicity. Alternatively, the
toxicity of agueous cadmium can be enhanced by ammonia (Gargiulo et al., 1996). Therefore,
snce ammonia can be a rdaively important contributor to mine effluent toxicity, such interactions
could enhance toxicity under certain specific conditions.

Based on the effluent compostion from Table 1.3, the average cadmium concentration in a typica

mine effluent is11.8 ng/L (total) or 5.43 ny/L (dissolved). This average includes bel ow-detection
limit data and could be a high estimate of cadmium concentrations in such effluents. Nonetheless, if

compared with the toxicity vaues of Tables 3.3 and 3.4, this vaue is in the range of the acute
toxicity thresholds of both rainbow trout and Daphnia magna in soft water. However, the

effluents are hard, with an average hardness of 825 mg/L. This hardness would be expected to

act to minimize the bioavailability and toxicity of cadmium ions. Consdered as a component of a
whole effluent, the cadmium concentrations &t the indicated levels would be toxic in soft water, but

not in a typicad mine effluent. Furthermore, the cadmium released in an effluent, after dilution in a
soft recelving water, is not likely to become acutely toxic, because the cadmium concentration is

reduced as the hardness is reduced.

Suspended solids are in the range of 5 mg/L. Since the suspended solids in mine effluents can
serve as adsorptive surfaces for metals such as cadmium (Section 2.2.3), the solids could act to
reduce effluent toxicity. The limited datain Table 1.3 and Appendix 1 indicate that cadmium could
be gpproximatdy 50% particulate-bound in the effluents. The suspended solids would supplement
the toxicity reduction due to hardness.

3.3 Salenium

331 General Toxicity Considerationsfor Selenium

Sdenium is a metdloid dement, dassfied in Group VIA of the chemica periodic table, in the
period below the non-metal sulfur (S) and above the metal tellurium (Te). As a consequence of its
position between these two related dements, selenium shares severd chemical properties with
them, especidly with sulfur. The shared properties mean that selenium and sulfur can be chemicaly
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interchangeable in many circumstances. This interaction between sulfur and sdenium is thematic,
and is critica to understanding the toxicity of seenium in effluents and freshwaters.

Inorganic selenium speciation is controlled by redox conditions, pH, solubility, sorption processes,
and complexation with metdls. Sdenate (SeO,?) is the predominant inorganic selenium species
under akaline, oxidizing conditions (Faust and Aly, 1981; Robberecht and Van Grieken, 1982).
Under moderately oxidizing conditions, the sdenious acid species sdenite (SeO5%) and bisdenite
(HSeO3) predominate (the proportions varying with pH).

For comparison with the redox reactions of sdenium, sulfur behaves differently from sdenium in
severd ways. Mogt importantly, sulfite is not thermodynamicdly likdy. As a result, the sulphate
gability fied is large, and encompasses ranges of pH and Eh over which sdenium exids as both
sdenate and sdenite. Therefore, the potential competitive interactions between inorganic sulfur and
selenium are limited to those between sulphate and sdlenate. No such interaction exigts for selenite.
However, an additiona process that is cgpable of regulating the toxicity of inorganic seenium is
adsorption on solid surfaces, with selenite adsorbing on both iron and manganese oxides, while
sdenate is only weakly adsorbed on iron oxides and does not adsorb at al on manganese oxides
(Bdidrieri and Chao, 1990). Taken together, these processes demondirate that selenium toxicity in
effluents could vary considerably according to both the speciation of selenium and the presence of
other factors (solids and sulphate) that could further influence bicavailability and toxicity. Selenium
and mercury are antagonistic with respect to toxicity (Sec.3.1.1).

Congdering the whole effluent, potentid toxic interactions of slenium could be influenced by: (2)
basic bicavailability issues (rdlated to speciation); (2) competition between sulfur and sdenium
andogues, and (3) binding of metas (cadmium and mercury) to sdenium to form complexes that
remove both meta and sdlenium from solution.

3.3.2 Review of the Acute Toxicity Literaturefor Sdenium

Some acute toxicity vaues for fish exposed to sdenium are presented in Table 3.5. Sdenate is
found to be generdly less toxic than sdenite. The role of aqueous sulphate concentretions in the
differentia toxicity of these selenium species has not been adequately researched. Acute vaues for
rainbow trout range from 4.2 to 32.3 mg/L, however acute vaues as low as 1 mg/L are reported
for fathead minnows (Hdter et al., 1980) and other values as high as 88 mg/L have been reported.
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TABLE 35: ACUTETOXICITY VALUESFOR SELENIUM IN FRESHWATER FISH (vauesin mg/L)

Species Endpoint Value Comments Ref.
Etroplus maculates 96-hr LCs, 10.7 Selenium oxide 1
Arctic Grayling 96-hr LCsy 34.3 Sodium selenite (juvenile) 2
100 Sodium selenate (alevin)
Rainbow Trout 96-hr LCs 9 Sodium selenite (juvenile) 2
32.3 Sodium selenate (juvenile)
Rainbow Trout 96-hr LCsy 42 Selenite 8
45 Selenite
Rainbow Trout 96-hr LCsy 125 Selenite 9
Rainbow Trout Chronic 7.2 Selenite
lethality 82 Selenite 10
88 Selinite
Coho Salmon 96-hr LCs, 78 Sodium selenite (juvenile) 2
74 Sodium selenate (juvenile)
Coho Salmon 96-hr LCs, 78 Sodium selenite (juvenile) 3
325 Sodium selenate (juvenile)
Chinook Salmon 96-hr LCsy 138 Sodium selenite (fry) 3
115 Sodium selenate (fry)
Colorado Squawfish 96-hr LCs 14 Sodium selenite (fry) 4
66 Sodium selenate (fry)
Colorado Squawfish 96-hr LCsy 20.7 Sodium selenite (fry) 5
83 Sodium selenate (fry)
Colorado Squawfish 96-hr LCsp 12.8 Sodium selenite (larva) 6
24.6 Sodium selenate (larva)
Bonytail Chub 96-hr LCyo 19 Sodium selenite (fry) 4
55 Sodium selenate (fry)
Razorback Sucker 96-hr LCyo 15 Sodium selenite (fry) 4
48 Sodium selenate (fry)
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TABLE 35: ACUTETOXICITY VALUESFOR SELENIUM IN FRESHWATER FISH (vauesin mg/L)

Species Endpoint Vaue Comments Ref.

Razorback Sucker 96-hr LCsy 137 - Sodium selenite (juvenile) 6
138 - Sodium selenate (juvenile)

Razorback Sucker 96-hr LCsy 113 - Sodium selenite (fry) 4
159 - Sodium selenate (fry)

Flannelmouth Sucker 96-hr LCs 191 - Sodium selenite (fry) 7
26.9 - Sodium selenate (fry)

Fathead Minnow 96-h LCy 1.0 11

Bluegill 96-h L Cs 285 12

1. Gaikwad (1989), 2. Buhl and Hamilton (1991), 3. Hamilton and Buhl (1990), 4. Hamilton (1995),

5. Hamilton and Buhl (1997a), 6. Buhl and Hamilton (1996), 7. Hamilton and Buhl (1997b),

8. Adams (1976), 9. Goettl and Davies (1976), 10. Hodson et al. (1980), 11. Halter et al. (1980),

12. Cardwell et al. (1976).
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A range of acute toxicity values for invertebrates exposed to seenium is presented in Table 3.6.
The values for daphnids range from 0.43 to 5.3 mg/L. Hdter et al. (1980) reported acute toxicity
to the amphipod Hyal€ella azteca at sdenium concentrations as low as 0.34 mg/L. Appendix 2
presents a complete listing of freshwater acute toxicity values.

For comparison, chronic toxicity tests involving long-term exposure to selenite have shown
increased mortality and deformities in rainbow trout a concentrations as low as 0.13 mg/L (Goettl
et al., 1976). Some field studies have suggested developmentd effects on fish at even lower levels
of sdenium, in asociation with a phytoplankton food chain (Cumbie and Van Horne, 1978).
Multigeneration experimental stream studies with fish (Hermanutz et al., 1992) and experimental
pond studies with invertebrates (Crane et al., 1992) seem to confirm such effects at selenium
concentrations in the order of 0.01 mgy/L.

3.33 Scale of Potential Toxicity Concern around End-of-Pipe

Toxicity of sdenium in the immediate receiving environment and in regulatory testing would be
influenced by a number of factors. Typicd interactions for sdenium in the aguatic environment
involve pH (Brix et al., 2001a) and sulphate, at least with respect to sdenate toxicity (Brix et al.,
2001b). These are common condderations for ambient freshwaters as well as effluent. In
addition, there is a potentid for meta-Se interactions in mine effluent, athough a quantitative
edimate of the degree of interaction is not possible from the limited data available in the literature a
thistime,

Based on the effluent composition from Table 1.3, the average selenium concentration is 92 ng/L
(0.092 mg/L) (total). In comparison with the toxicity values of Tables 3.5 and 3.6, thisvaueisin
the order of 50- and 5-fold below the acute toxicity thresholds of rainbow trout and Daphnia
magna (respectively). Therefore, selenium is not expected to make an important contribution to
acute toxicity in these tests.

Suspended solids are in the range of 5 mg/L. Since the suspended solids in mine effluents can
serve as adsorptive surfaces for selenite (Section 2.3.3), the solids could act to reduce effluent
toxicity. The importance of this effect will depend upon the adsorptive properties of the solids
present in the effluent.
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TABLE 3.6: ACUTE TOXICITY VALUES FOR SELENIUM IN INVERTEBRATES (valuesin mg/L)

Species Endpoint Vaue Comments Ref.
Daphnia magna 48-hr LGy 0.68 selenite Adults 1

0.75 selenate

0.55 selenate Juveniles

72-hr LCsy 1.4 selenate Eggs and embryos
Daphnia magna 48-hr LCyy 0.430 2
Daphnia magna 48-hr LCyy 0.710 3
Daphnia magna 48-hr LCy 53 Selenate 4
145 Species mean value

Daphnia magna 48-hr LCy 101 Selenate 5
Hyalella azteca 48-hr LGy 0.34 Sodium selenite 7
Daphnia magna 48-hr LGy 12 Selenous acid 8
Daphnia magna 48-hr LCyy 043 Selenous acid 9
Ceriodaphnia dubia 48-hr LGy 192 Selenate 6

1. Johnston (1987), 2. LeBlanc (1980), 3. Halter et al. (1980), 4. Dunbar et al. (1983), 5. Brooke et al. (1985),

6. Brix et al. (2001a), 7. Hdter et al. (1980), 8. Kimball (unpubl.), 9. U.S. EPA (1980b).
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3.4 Antimony
34.1 General Toxicity Condderationsfor Antimony

Antimony is a medloid in Group VB of the chemica periodic table. It is one period below
arsenic, and asis the case with selenium and sulfur, antimony and arsenic have chemica smilarities.
For instance, both eements are known to be biomethylated in the environment and appear to act
competitively with respect to toxicity (Andrewes et al., 2000). Reativdy little information is
avalable regarding antimony toxicity to freshwater organiams, dthough the limited toxicologicd
information that exigts for mammals likely has generd relevance for agquatic biota (Gebel, 1997). It
is possible that the most important characteristic of antimony in the context of mine effluents is its
potential to competitively inhibit arsenic toxicity due to the smilarity of these two eements.

34.2 Review of the Acute Toxicity Literaturefor Antimony

Few data exig for antimony toxicity. The available data indicate that antimony is not a particularly
potent toxicant to fish (Table 3.7). The 96-h LCs, edtimate varies from 21.9 to 35.5 mg/L, based
on two tests involving fish. Chronic data for rainbow trout exposed over a 28-day period indicate
the median lethd concentration may be as low as 600 ng/L (0.6 mg/L), while amilar data for
fathead minnows indicate a somewhat higher vdue.

For Daphnia magna, acute toxicity occurs in the range of 9-20 mg/L antimony, with a high
estimate of 530 mg/L in one study (Table 3.8). Chronic test data for Daphnia magna (28-day life
cycle exposure) indicate measurable toxic effects at 5.4 mg/L antimony.

34.3 Scale of Potential Toxicity Concern around End-of-Pipe

Based on the effluent compostion from Table 1.3, the average dissolved antimony concentration is
129 ng/L (0.129 mg/L). In comparison with the toxicity vaues of Tables 3.7 and 3.8, thisvalue is
in the order of 50- to 100-fold below the acute toxicity thresholds of both rainbow trout and
Daphnia magna. Therefore, antimony is not expected to make an important contribution to acute
toxicity in these tests. Where arsenic is a concern, interactions of antimony to reduce arsenic
toxicity could be relevant.
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TABLE 3.7: TOXICITY VALUES FOR ANTIMONY IN FRESHWATER FISH (vauesin mg/L)

Species Endpoint Value Comments Ref.

Oreochromis mossambicus 96-hr LCs, 355 - 3-day-old larvae 1

Rainbow Trout 28-dLCy 0.580 2

Rainbow Trout 28-dLCy 0.660 3

Fathead Minnow 96-hr LCsy 21.9 - embryo larval test 4

Fathead Minnow 28-dCV 16 - _embryo larval test 4

1. Linand Hwang (1998), 2. Birge (1978), 3. Birge et al. (1980), 4. Kimball (unpublished).

TABLE 3.8: TOXICITY VALUESFOR ANTIMONY IN INVERTEBRATES (valuesin mg/L)

Species Endpoint Vaue Comments Ref.

Daphnia magna 48-hr LCq 530 1

Daphnia magna 64-hr LCs, 19.8 Antimony trichloride 2

Daphnia magna 48-hr LCy 9 Antimony potassium tartarate 3

Daphnia magna 48-hr LGy 188 Unfed 4
121 Fed

Daphnia magna 28-dCV 54 Lifecycletest 4

1. LeBlanc (1980), 2. Anderson (2000), 3. Bringman and Kuhn (1959), 4. Kimball (unpubl.).
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Suspended solids are in the range of 5 mg/L. Since the suspended solids in mine effluents can
serve as absorptive surfaces for eements such as antimony (Section 2.4.3), the solids could act to
reduce effluent toxicity. The importance of this effect will depend upon the adsorptive properties of
the solids present in the effluent.
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4.0 TREATMENT TECHNOLOGIES
4.1 I ntroduction

4.1.1 Potential Technologies Available

As part of the revised MMLER studies, SENES (1999) recently completed an evaluation of Best
Available Technologies (BAT) for gpplication to mine Stes in Canada, incuding BAT for the
control of mercury and cadmium. More recently, BEAK undertook a review of mine effluent
treetment options based on Toxicity Identification Evauation/Toxicity Treatment Evauation
(TIE/TTE) invedtigetions of effluents from two mines as part of the Non-Acutely Lethd Mining
Effluent Technologies (NALMET) Program for Environment Canada (BEAK, 2000).

Alternative trestment technologies for the remova or reduction of mercury, cadmium, sdenium
and/or antimony include:

precipitation, e.g., oxidation, reduction, sulphide co-precipitation, coagulation/settling;

adsorption, eg., ferrihydrite, activated aumina, ferric oxyhydroxide, pesat, resn,
activated carbon, lanthanum oxide, zeolite, slicagd;

ion exchange, eg., resns, proprietary reagents,

membrane processes, e.g., reverse oamos's, emulsion liquid membranes, nanofiltration;
reduction processes, e.g., ferrous sdts, iron reduction;

conventiona weater treatment, e.g., lime softening/ferric coagulation/filtration;

biologica processes, eg., Pseudomonas stutzeri bacteriaimmobilized dginate
enzymes, bacterid inoculum, Clostridium bacteria, biological anaerobic reactors; and
passve trestment, eg., utilizing the iron (co-precipitation/adsorption) and sulphide
(metd species transformation by sulphate-reducing bacteria) present in acid rock
drainage (ARD).

The evauation of an gppropriate trestment technology is founded on the knowledge of the chemical
behaviour of the metal and the efficacy of the treatment to reduce the meta concentration and/or
transform it to alesstoxic form.

The key to efficent metads removd is to convert the metds, if bound, to a form amenable to
conventiona trestment, or take advantage of the unique characteristics of a specific metal complex.
In gold mine effluents, nearly dl heavy metds are present in cyanidation wastewaters in varying
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concentrations (Smith and Mudder, 1991). As a result of those concentrations and the effluent
discharge Strategy, trestment may or may not be required.

In addition to knowledge of the metal behaviour and species occurrence, trestment success will
depend on the site-gpecific characterigtics of the individual wastewater to be treasted. Treatment
optimization will aso usudly reguire Ste-specific trestability testing.

4.1.2 Rule of Thumb Concerning Treatment Technologies

The remova of dl four metas from a single effluent presents some difficulties. Based on current
technology, mercury is removed by sulphide or cdomd (H.Cl,) precipitation under reducing
conditions. Sdlenium is aso generdly removed under reducing conditions. Cadmium is removed
by co-precipitation with zinc/iron, dthough it could adso probably be removed by sulphide
precipitation. However, antimony is removed by precipitation of ferric antimonite aong with ferric
hydroxide (and ferric arsenate) under oxidizing conditions. There are other technologies that may
be gpplicable to dl four metals, eg., ion exchange. However, these technologies may have
limitations, such as high concentrations of iron and/or magnesum in the effluent.

4.1.3 Screening Leve Information Summarized in the 1980s

Smith and Mudder (1991) provided a summary of the various treatment processes and remova
efficienciesfor the various metals. These are presented in Tables 4.1 to 4.5 and were taken from a
U.S. EPA publication (Denit et al., 1984).

In addition, Table 4.6, from Smith and Mudder (1991), presents a summary of actua effluent data
from five mines treating moderate to high srength acid mine drainage (AMD) originating from
various base meta recovery processes. The results indicate that very good removd is achievable
using lime precipitation when the metds are present in their free forms.

Beak I nternational Incorporated
Ref: 22069.1 42



Literature Review of Environmental Toxicity of
Mercury, Cadmium, Selenium and Antimony in Metal Mining Effluents

TABLE4.1  WASTEWATER TREATMENT OPTIONS AND PERFORMANCE DATA SUMMARY -
MERCURY || REMOVAL

Initial Concentration

(mg/L) Final Concentration Removal
Treatment Technology pH (mg/L) (%)
Sulphide - 0.3-50.0 0.01-0.12 -
Sulphide 100 100 18 9%.4
Sulphide/Filter 55 16.0 0.04 9
Sulphide/Filter 40 36.0 0.06 9.8
Sulphide/Filter 58-80 0.3-6.0 0.01-0.125 87-99.2
Ferrite Coprecipitation/Filter - 60-74 0.001-0.005 9.9
Activated Carbon - 0.01-0.05 <0.0005 -
Activated Carbon/Alum - 0.02-0.03 0.009 -
Activated Carbon - 0.06—-0.09 0.006 -
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TABLE42.  WASTEWATER TREATMENT OPTIONS AND PERFORMANCE DATA SUMMARY -
BERYLLIUM AND CADMIUM REMOVAL

Initial Final
Concentration Concentration Removal
Treatment Technology pH (mg/L) (mg/L) (%)
Beryllium -
Lime/Filter 115 01 0.006 94
Cadmium -
Lime (260 mg/L)/Filter 100 5.0 0.25 95
Lime (600 mg/L)/Filter 115 5.0 0.10 98
Lime Softening 5-6.5 044-10 0.008 92-98
Lime/Sulphide 85-11.3 03-10 0.006 93+
Ferrous Sulphide (Sulphex) 85-9.0 40 <0.01 99+
Ferrite Coprecipitation/Filter Neutral 240 0.08 99+

TABLE43: WASTEWATER TREATMENT OPTIONS AND PERFORMANCE DATA SUMMARY -
SELENIUM AND THALLIUM REMOVAL

Initial Concentration
(mg/L) Final Concentration Removal
Treatment Technology pH (mg/L) (%)
Selenium -
Ferric Chloride/Filter 6.2 01 0.03 75
Ferric Chloride/Filter 6.2 0.05 0.01 80
Alum/Filter 6.4 05 0.26 48
Ferric Sulphate 55 0.10 0.02 82
Ferric Sulphate 70 0.10 0.03 75
Lime/Filter 115 05 03 35
Lime/Filter 115 0.06 0.04 38
Thallium -
Lime/Filter 115 05 02 60
Ferric Chloride/Filter 6.2 0.6 04 30
Alum/Filter 6.4 0.6 04 31
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TABLE4.4:

WASTEWATER TREATMENT OPTIONS AND PERFORMANCE DATA SUMMARY -
ANTIMONY AND ARSENIC REMOVAL

Initial Final
Concentration Concentration Removal
Treatment Technology pH (mg/L) (mg/L) (%)
Antimony -
Lime/Filter 115 0.6 04 28
Ferric Chloride/Filter 6.2 05 0.2 65
Alum/Filter 6.4 0.6 0.2 62
Arsenic -
Lime Softening - 0.2 0.03 85
Sulphide/Filter 6-7 - 0.05 -
Lime (260 mg/L)/Filter 100 5.0 10 80
Lime (600 mg/L)/Filter 115 5.0 14 72
Ferric Sulphate 5-75 0.05 0.005 0
Ferric Sulphate 6.0 5.0 05 0
Lime/Ferric Chloride/Filter 103 30 0.05 98
Activated Alumina (2 mg/L) 6.8 04-10 <04 96 — 99+
Activated Carbon (3 mg/L) 31-36 04-10 <40 63-97
Ferric Chloride - 0.3 0.05 98
Ferric Chloride - 06-0.9 <0.13 -
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TABLE45: ACHIEVABLE LONG-TERM AVERAGE EFFLUENT CONCENTRATIONS FOR SELECTED TECHNOLOGIES (vauesin mg/L)

Ferrite
Sulphide + Filter [ Coprecipitation Soda Ash + Soda Ash +

Lime+ Settling Lime+ Filter + Filter Settling Filter Alum
Antimony, Sb 08-15 04-0.8
ArsenicV, As™ 05-10 05-10 0.05-0.1
Beryllium, Be 0.1-05 0.01-0.1
Cadmium, Cd 01-05 0.05-0.1 0.01-0.1 <0.05
Copper, Cu 05-10 04-0.7 005-05 <0.05
Chromium I11, Cr*® 01-05 0.05-05 0.01
Lead, Pb 03-16 0.05-0.6 005-04
Mercury 11, Hg 0.01-0.05 0.20 04-08 01-06
Nickel, Ni 02-15 01-05 0.05-05 <0.01
Silver, Ag 04-0.8 02-04 0.05-0.2
Selenium, Se 02-10 01-05
Thalium, Tl 02-10 01-05 0.2-05
Zinc, Zn 05-15 04-12 0.02-12 0.02-05

Ferric Chloride

Activated Carbon

Bisulphite Reduction

Lime/FeCl, + Filter

ArsenicV, As”™ 0.05-05 0.3 0.02-01
Chromium VI, Cr*® 01 0.05-05

Mercury 11, Hg 0.01

Silver, Ag 0.05-0.1

Selenium, Se 0.05-01

Thallium, Tl 0.7
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TABLE4.6: SUMMARY OF PERFORMANCE OF SOME AMD TREATMENT SYSTEMSUSING LIME PRECIPITATION!

50" Percentile Effluent Concentrations®

90" Percentile Effluent Concentrations®

Chemical Chemical

Parameter’ Mine A Mine B MineC MineD MineE | Parameter | MineA MineB MineC MineD Mine E
SS 16.2 184 - - - SS A 112 - - -
pH 9.1 9.3 10.8 94 9.8 pH 9.3 112 114 11.2 10.2
O, - 1,890 - - - SO, - 2,250 - - -
D.As 0.001 0.0025 - - - D.As 0.250 0.0055 - - -
T.As 0.001 0.0072 - - - T.As 0.250 0.050 - - -
D.Cu 0.024 0.0090 0.004 - - D.Cu 0.092 0.120 0.012 - -
T.Cu 0.059 0.063 0.015 0.045 004 T.Cu 0.20 0.32 0.040 0.27 0.08
D.Fe 0.050 0.030 - - - D.Fe 0.110 0.080 - - -
T.Fe 162 0.426 - - 0.22 T.Fe 363 348 - - 149
D.Zn 0.016 0.005 0.010 - - D.Zn 0.060 0.120 0.050 - -
T.Zn 0.20 0.048 0.17 0.68 031 T.Zn 0.36 0.680 0.50 16.7 121
D.Al 0.87 0.430 - - - D.Al 141 331 - - -
T.Al 105 114 - - - T.Al 122 433 - - -
D.Cd 0.010 0.0005 - - - D.Cd 0.010 0.0023 - - -
T.Cd 0.015 0.0005 - - - T.Cd 0.040 0.0050 - - -
D.Cr 0.010 - - - - D.Cr 0.025 - - - -
T.Cr 0.025 - - - - T.Cr 0.070 - - - -
D.Po 0.025 - - - - D.Po 0.082 - - - -
T.Po 0.082 - - 0.12 0.24 T.Po 0.170 - - 0.161 043

L All units are mg/L except pH.

2D indicates dissolved and T indicates total metals.
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4.2 Mercury
421 Overview of Technologiesfor Mercury

Based on knowledge of its chemica behaviour, mercury can be removed from agueous media by
precipitation as the sulphide, by use of ion exchange resins, by reduction and separation as metdlic
mercury, and by sorption on proteins (organic matter). Numerous studies have investigated the use
of various scavenging materids for the remova of mercury from water, eg., polyamine-
carbohydrates (Masii and Friedman, 1972), walnut expeller meal or peanut skins (Friedman and
Waiss, 1972), hydrous manganese oxides (Lockwood and Chen, 1973), starch xanthate-cationic
polymer complex (Swanson et al., 1973), peat moss (Coupa and Lalancette, 1976), cellulose
derivatives (Gasparrini et al., 1976), raw and aged bark (Henderson et al., 1977), iron sulphide
mineras (Brown et al., 1979) and polysulphides (Findlay and McLean, 1981).

4.2.2 Treatment of Mercury in Gold Mill Effluents

Very low effluent limits are normdly applied for mercury. Mercury is bound in a rdaively week
complex with cyanide and has a great affinity for sulphide and activated carbon, both of which form
the basis of primary remova processes (Smith and Mudder, 1991). Effluent levels of <0.005 mg/L
are achievable in the case of activated carbon. With regards to sulphide trestment, one approach
isto utilize a commercidly available reagent (i.e., Degussals TMT), which reduces effluent mercury
levels into the range of <0.001-0.002 mg/L, while eiminating the problems associated with
handling and feeding of sodium sulphide. The Degussa reagent has been shown to be effective in
removing mercury from cyanidation wastewaters, but only after cyanide destruction.

4.2.3 Treatment of Mercury in Other Mine Effluents

Mercury is commonly found in zinc ores as mercury commonly replaces zinc in the sphaerite
dructure. Acid mine drainage from such mines rardly if ever contains mercury, and it gppears that
mercury may not mobilize even when the sphaerite with which it is associated decomposes.  |If
mercury is in solution, as it is in some acidic industrid effluents, it is generdly removed with the
dudge from a lime neutrdization plant; however, the effluent may require secondary trestment with
sulphide to precipitate any resdua mercury. Ion exchange resin has aso been proposed for this

polishing step.
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Of more ggnificance is the mercury associated with the zinc metal concentrates and their
processing to refined metd (which may be a mine site activity). The bulk of the mercury will end
up in acidic effluents from roagting. The remova of mercury as cdomd (Hg.Cl,) is the standard
technology for these gas streams. Wesak acid bleed streams can be treated for mercury removal
with sulphide precipitation or ion exchange resin absorption.

It is interesting to note thet, in the hydrometadlurgica trestment of zinc concentrates containing
mercury in autoclaves, the mercury ends up in the solid residue while the zinc dissolves, suggesting
that mercury does not reedily mobilize in sulphuric acid despite the sgnificant solubility of dl
mercury sulphates. Mercury appears to form jarosites which may be the reason for this lack of
lubility.

4.2.4 Summary of Performancefor Mercury

Table 4.1 indicates that sulphide precipitation generaly achieves 95% to 99% remova of mercury
when the initia concentration isin the 10'sof mg/L range. Filtration is effective ensuring continuous
effective remova in the 99 to 99.9% range when coupled with sulphide precipitation.

Activated carbon has a specia niche when applied to relatively low levels of mercury (0.01-
0.09 mg/L) in the influent to an activated carbon unit. Activated carbon aone or in combination
with dum is able to achieve an approximate 90% removd, ddivering effluent concentrations in the
order of <0.0005 to 0.01 mg/L.

4.3 Cadmium

4.3.1 Overview of Technologiesfor Cadmium

Various trestment technologies have been shown to be effective in the remova of cadmium from
mine effluent, including chemicd precipitation, adsorption, ion exchange and ultrafiltration.

4.3.2 Treatment of Cadmium in Gold Mine Effluents

Cadmium is very important from an aguatic life and toxicity viewpoint and very low cadmium limits
may be imposed on atreated discharge.

Beak I nternational Incorporated
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With regards to trestment, cadmium is considered in the free form in solution, since the cadmium
cyanide is virtudly non-exigent (Smith and Mudder, 1991). As a result, conventiona trestment
processes (i.e., lime precipitation and addition of ferric sdts and sulphides) will remove cadmium
effectively, yidding effluent levels in the range of 0.01-0.10 mg/L. The upper end of this range
could be toxic in typicd effluents, while even the lower end could be toxic in soft water. Generdly,
effluent hardness will provide sufficient protection againgt acute cadmium toxicity, but this should be
verified during pilot studies. While hardness may be reduced in a softwater receiving environment,
the cadmium concentration is adso reduced, by the same dilution that lowers the hardness.

4.3.3 Treatment of Cadmium in Other Mine Effluents

Cadmium is dmogt invariably found in zinc ores, and therefore in effluents from zinc mines. Zinc is
removed by one of the lime neutrdization processes such as HDS where zinc may be co-
precipitated with gypsum and iron and other metd hydroxides. Cadmium is generdly co-
precipitated. Some clarification of the treated effluents, i.e, removd of findy suspended solids,
may be required to meet discharge sandards. Soluble cadmium associated with runoff from zinc
concentrate storage facilities (where total meta loadings have been modest) has been treated by
ion exchange resin.

4.3.4 Summary of Performance for Cadmium

The peformance data summarized from the early 1980s (Table 4.2) concentrate on three
processes. lime precipitation, lime precipitation with sulphide precipitates, and iron hydroxide co-
preci pitation.

Lime precipitation has a varying level of peformance achieving a range of 0.01 to 0.25 mg/L
cadmium in the effluent when the influent concentration ranges from 1 to 10 mg/L Cd. Careful
control of pH, dong with filtration clarification of the treated effluent to remove findy suspended
solids, or polishing ponds, may be required to guarantee performance a the lower end of the
range.

Sulphide precipitation or lime in combination with sulphide achieves effluent concentrations in the
range of 0.006 mg/L.
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Iron co-precipitation in combination with filtration achieved greater than 99% remova and an
effluent concentration of the order of 0.01 mg/L when the influent concentration was four orders of
magnitude larger.

4.4 Sdenium

4.4.1 Overview of Technologiesfor Selenium

Knowledge of the species of sdenium present in the effluent is critica for identifying the appropriate
trestment method. Selenate, Se™, is the predominant species in oxygenated waters and ARD but
is not readily removed regardiess of the trestment technology employed. The key to successful
trestment is to reduce selenate to sdlenite, Se™*, by chemical or biological processes. Sdenite is
then amenable to removal by sorption processes.

MSE and Montana Tech (1999) and Twidwell et al. (2000) recently undertook an extensive
review of the literature to identify potentid technologies for the remova of sdenium from a variety
of wagtewaters, including mine effluents. A number of technologies were identified as having
promise for gpplication to mine wastewaters for the remova of sdenium to the low ng/L range,
eg., lessthan 10 ng/L. Some of these technologies have been demongrated at full scale, while
others have yet to be proven.

4472 Treatment of Sdlenium in Gold Mill Effluents

Sdlenium may appear in cyanidation wastewaters in levels ranging from about 0.02-5.0 mg/L. It
may be present as a cyanate salt smilar to thiocyanate.

There are two primary forms of sdenium including sdenite and sdenate (Smith and Mudder,
1991). Although sdenite is readily removed through conventiond precipitation and ferric sat
addition, sdlenate is very difficult to remove. In order to promote sdenate remova it must first be
reduced to the selenite form. There are severd processes available including reduction with sulphur
dioxide, reduction with metallic zinc and iron, or ferrous sdts, and microbid reduction. The use of
biological systems has been studied intensvely by the U.S. Bureau of Mines and others, and has
been shown to be effective in remova of sdenium. In addition, some promise has been
demondrated in the remova of seenium (including selenate) using ion exchange resins and slica gd
sysems, but further sudies are required. The importance of sdenium from a water quality
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standpoint, and the gpproach to slenium removad, requires a detailed and thorough investigation on
adte-specific basis.

4.4.3 Compar ative Evaluation of I nnovative Technologies

Recent interest in lowering the U.S. drinking water objective for seenium (from 0.05 to 0.01 mg/L)
has sparked a pardld interest in developing innovative technologies for better remova of seenium
from wastewaters. Conventiona technologies, such as precipitation with ferric sdts, can generdly
achieve £0.1 mg/L in mine effluents (Table 4.3). A variety of newer technologies was evaluated by
MSE and Montana Tech (1999) in terms of their ability to consstently achieve a <0.01 mg/L
objective. Relative costs were also evaluated and compared to those of conventiona technologies.

Appendix 3 provides a detalled synopss of this evaluation. The overdl concluson was that
technologies do not yet exist that can be rated as generaly achieving the more stringent objective,
However, a number of technologies were found to show promise of possibly meeting this objective
(Table 4.7). Those that have been demondrated at full scde include bacteria reduction to
eementa sdenium, or reduction to sdenide, with subsequent precipitation, reduction using
elementd iron, adsorption to ferric oxyhydroxide and peet resin, adsorption to ferrihydrite, and
nanofiltration. Other technologies, such as talored ion exchange and solvent extraction/liquid
membrane methods, show promise but have not been demonstrated at full scae.

Operating and capitd codts of these technologies were evaluated on a relative scae, snce
operating costs are highly dependent on production rates and other variables (Table 4.8). All were
consdered by MSE and Montana Tech (1999) to be cost-competitive with conventiona
technologies. The values shown in Table 4.8 are unitless and represent a relative comparison of
cost.

Beak I nternational Incorporated
Ref: 22069.1 412



Literature Review of Environmental Toxicity of
Mercury, Cadmium, Selenium and Antimony in Metal Mining Effluents

TABLE4.7.  SOLUTION TREATMENT TECHNOLOGIES POTENTIALLY APPLICABLE TO MINING
INDUSTRY WASTEWATERS'

Technology for
Solution Treatment

Studies

Lab

Pilot

Industry

Comments

OXIDATION

Oxidation of Se (1V) to Se (V1) isimportant for some of
the subsequent removal technologies. Effective
oxidation has been demonstrated; however, the
oxidizing reagents are expensive. Effortsto find low-
cost treatment technologies and lower cost oxidizing
reagents (for use at ambient temperatures) need to be
continued.

REDUCTION

Reduction of Se (V1) to Se(1V) (for adsorption
technologies) or to selenide (for metal selenide
compound formation) isimportant for some of the
subsequent removal technologies. Conditions for
successful reduction are known and are well
characterized in the literature. Bacteria, ferrous
hydroxide, ferrous sul phate, iron, aluminum, zinc,
sulphur dioxide and hydrazine have been used as
reductants.

PRECIPITATION

Selenate

The precipitation of selenates as atreatment technol ogy
isineffective because of the relatively high solubility of
metal selenates.

Selenite

The precipitation of metal selenites as amine water
treatment technology is not appropriate because the
solubility of metal selenitesisnot low enough to
achieve the very low Se discharge requirements.

Selenide

The reduction of selenate and selenite species with the
subseguent precipitation of metal selenidesis promising
as amine water treatment option.

$O

The reduction of Se (V1) and se (1V) speciesto Se’ by
bacterial processesis promising asamine water
treatment option.

ADSORPTION

Ferrihydrite

Amorphous ferric hydroxide precipitation has been
extensively investigated. Selenium (1V) is effectively
removed at pH <~8. Thistechnology is not effective for
Se (VI). Therefore, reduction of the Se (V1) prior to
adsorption is often required. The presence of other
agueous species in the solution to be treated may
influence the removal of Se (1V).
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TABLE4.7.  SOLUTION TREATMENT TECHNOLOGIES POTENTIALLY APPLICABLE TO MINING
INDUSTRY WASTEWATERS'

Technology for
Solution Treatment

Studies

Lab

Pilot

Industry

Comments

Alumina

Selenium (1V) is adsorbed effectively by alumina.
Selenium (V) adsorption is nearly complete (for
concentrations up to 4 ppm Seusing 3.3 g/L Al,Os) at
pH levels between 3-8. Selenium (V1) adsorption by
aluminais poor.

Selenium (V1) adsorption drops off rapidly with
increasing pH and islessthan 50% at pH 7. Sulphate
and carbonate adsorption significantly interferes with Se
(VI) adsorption.

Application of Se adsorption by aluminamay be a
problem in gold heap leach effluents because of the
presence of dissolved silicaand, in some cases, the
presence of cyanide.

Ferric
Oxyhydroxide//Peat/
Resins

HW-FIX isaUSBM development that shows promise
for Se (1V) removal. The adsorptionis not as effective
for Se (VI).

This technology shows promise for application to mine
waters.

Activated Carbon

Activated carbon adsorption iswidely used in treatment
of groundwater and as point-of-use treatment of
drinking waters for organic adsorption. It isnot very
effective for adsorbing Se.

ION EXCHANGE (IX)

lon exchangeis used for treatment of drinking water and
groundwater for metals, Asand Seremoval. Selenium
removal is accomplished by using a strong base anion
IX resin. Selenium (V1) is extracted much more
effectively than Se (V). Theextraction of Se(VI) isa
function of sulphate concentration.

Tailored resins show good selectivity for Sein the
presence of sulphate; however, only laboratory studies
have been performed, and further laboratory studies (on
mine waters) are recommended.

SOLVENT
EXTRACTION (SX)

Solvent extraction has been investigated on a pilot scale
for treating gold heap leach solution effluents. The
results were encouraging; however, the technology has
been applied at only one site. Further laboratory test
work should be conducted.
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TABLEA4.T:

INDUSTRY WASTEWATERS'

SOLUTION TREATMENT TECHNOLOGIES POTENTIALLY APPLICABLE TO MINING

Technology for
Solution Treatment

Studies

Lab

Pilot

Industry

Comments

REVERSE OSMOSIS
(RO)

Reverse osmosisis extensively used for removing
inorganic contaminants from drinking water and
groundwater. It has not been applied industrialy to
mine waters. Reverse osmosis may require extensive
pre-treatment of mine waters to remove solids and to
lower the concentration of TDS. Otherwise, extensive
membrane fouling may occur. It isdoubtful that RO will
ever be applied to mine waters.

EMULSION LIQUID
MEMBRANES

Pilot studies have shown that Se (V1) is extracted rapidly
even in the presence of sulphate at all pH values >2.
Selenium (IV) extraction isinfluenced by the presence of
sulphate (i.e., the rate of extraction is decreased).

Thistechnology shows much potential for application
to mine waters; however, it requires further test work to
answer questions concerning the presence of multiple
anionic species, presence of suspended solids, etc.

NANOFILTRATION

X (for
sulphate)

Nanofiltration appears to be a potential technology for
treating some |ow metal-containing Se-bearing mine
waters.

Nanofiltration technology shows good potential for
application to mine waters; however, it requires further
test work to answer questions concerning the presence
of multiple anionic species, presence of suspended
solids, etc.

REDUCTION
PROCESSES

Ferrous Hydroxide

The Bureau of Reclamation has developed a process for
treating Se surface and agricultural waters.

Thistechnology does not appear to be applicable (at a
reasonabl e cost) to mine waters.

Fe

The successful use of Fe as areductant is based on the
reduction of Sein the presence of Cuions.

Further test work is required to determine the final Cu
content achievablein the treated effluent water and to
delineate the applicable pH range.

Thistechnology shows promise for application to mine
waters.
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TABLE4.7.  SOLUTION TREATMENT TECHNOLOGIES POTENTIALLY APPLICABLE TO MINING

INDUSTRY WASTEWATERS'

Technology for Studies

Solution Treatment Lab | Pilot | Industry | Comments

BIOLOGICAL X X Bacterial reduction of Se aqueous speciesto Se” has

REDUCTION been shown to be apotential candidate for treating mine
waters.
Bench scale work has been successful in reducing 620
ppb Se (V1) to <10 ppb Se for nine months of operation.

CONVENTION

WATER

TREATMENT

Lime Softening/Ferric X X The BAT for treating Se-bearing drinking and

Coagulation/Filtration groundwaters are listed by EPA to include ferric
coagulation-filtration [removals = 40%-80% for Se (1V);
<40% for Se (VI)] and lime-softening [removals = 40%-
80% for Se (IV); <40% for Se (VI)]. However, the
application of these unit operations to mine waters has
not been made.
Achieving Seremoval to regulated discharge
concentrations by these technologiesis not likely
unless the Se concentrations are already near the
required discharge requirements.

! Adapted from MSE (1999).
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TABLE4.8. COMPARATIVE COSTS OF ALTERNATIVE TECHNOLOGY FOR SELENIUM REMOVAL'

Technology Name

Reliability

Technical
Feasibility

Technical
Innovation

Operating
Costs

Capital
Costs

Biological Reduction

Elemental Selenium Precipitation

Elemental Iron Reduction

Selenide Precipitation

Reduction

Ferric Oxyhydroxide/Peat/Resins

Nanofiltration

Ferrihydrite Adsorption

lon Exchange

Solvent Extraction

Reverse Osmosis

Alumina Adsorption

W | W W (W W W)W

NN W W W W W W (W

NN N NN (W W N WD

N IN NN N [N W W W (W~

N IN NN W (W W W w | w |~ w

Lime Softening/Ferric
Coagulation/Filtration

Oxidation

Ferrous Hydroxide Reduction

Activated Carbon

Selenite Precipitation

Selenate Precipitation

= R NN N W

= RN W W W

=R N W IN N

W W N PN

W W W N W N

! Adapted from M SE (1999).

Note: Refer to Appendix 3 for description of factors
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4.5 Antimony
45.1 Overview of Technologiesfor Antimony

Gannon and Wilson (1986) have undertaken an extengve review of the treetment technologies
gpplicable to the remova of antimony from agueous solutions.

4.5.2 Treatment of Antimony in Gold Mill Effluents
The discussion in this section is extracted from Smith and Mudder (1991).

Arsenic and antimony are classfied as metdloids and tend to exhibit smilar chemica properties
(Smith and Mudder, 1991). They can occur in gold ores as the free dements, as the smple
sulphides (orpiment, As,Ss; redgar, As,S,; sibnite, Sb,S;), and as arsenides or sulpharsenides of
slver, cobalt, nickd, copper, lead and iron. The principal minerds of concern in cyanidation are
the smple sulphides and the sulpharsenide of iron, arsenopyrite (FEASS).

Orpiment, redlgar and stibnite dissolve in akaline solution to form thicarsenite and thiocantimonite
initidly, which convert to the arsenite and antimonite with time (Smith and Mudder, 1991).
Arsenopyrite itsdlf isdmost completely insoluble in dkai cyanide leach solutions, but where the ore
has been roasted the arsenic is converted to the highly soluble arsenious oxide and converts to
arsenite ion on dissolution. Neither arsenite nor antimonite undergo oxidation in leaching and hence
these are the principa dissolved forms present in the barren bleed or CIP leach durry.

None of the forms resulting from reactions between arsenite ion and metdlic ions are sufficiently
insoluble for use in meeting environmentd criteriafor mining effluents. Attempts have been made to
control arsenic in effluents by additions of large excesses of lime, but this practice may not be
suitable, due both to the high solubility of calcium arsenite and, in the case of cacium arsenate, the
potentia for increased solubility as pH decreases in solution (Robins and Tozawa, 1982). The use
of excess lime (5:1 over soichiometric) and cacination have enabled cacium arsenate precipitates
to meet leach test requirements.

Arsenate compounds provide more suitable precipitates, those formed with copper, lead, nickel
and zinc being paticularly insoluble. Stoichiometric ferric arsenate is relatively soluble but the
solubility decreases as the iron to arsenic ratio is increased. It has been shown that basc ferric
arsenates with molar ratios of 4 or more (weight ratios of 3 or more) give 100 to 1,000 times lower
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solubilities of arsenic over the pH range 3 to 7, and provide environmentally stable forms (Krause
and Ettel, 1985). The current practice is to treat for cyanide remova, followed by addition of
ferric ion for remova of arsenic. In conjunction with aeration, ferrous ion can be used for arsenic
removdl.

Much less is known about antimony remova than arsenic remova, and at present there istoo little
information on the actua species present in antimony solutions. Antimony chemistry resembles that
of bismuth more than that of arsenic. Solutions of both +3 and +5 antimony readily hydrolyse
when diluted or partly neutralized, and precipitate either as the oxides or basic sdts. The sdts of
both metals, with the exception of their sodium sdts, are only sparingly soluble. Parker et al.
(1979) reported that lime precipitation will not remove antimony levels bedlow 1.0 mg/L. If this
leve is achieved, it is likey sufficent to diminate acute toxicity from antimony. As in the case of
arsenic, precipitation appears to be more effective in the presence of ferric hydroxide. It is not
known whether iron antimonite or antimonate compounds are formed or whether the iron
hydroxide precipitate Smply adsorbs the hydrolysed antimony compounds.

Current practice a gold mills in Canada is to employ the same precipitation/co-precipitation
reaction with iron hydroxides asis used in the case of arsenic. Theiron is added as ferric sulphate
or as pickling liquor and pH is controlled between 7.5 and 85. An attimony mine in New
Brunswick subgtitutes ferric chloride and a pH of 4.5, to remove lead, arsenic and antimony from
itstailings pond overflow. After settling, the pH isreadjusted to 7.0 (St. Pierre, 1977).

An dternative technology for deding with arsenic and antimony is pretreatment of the mill feed.
Examples of this practice are the process employed at the Sunshine Minein Idaho (Jackson, 1980)
and dso once used a Equity Siver Mines in British Columbia (Dayton, 1982). Arsenic and
antimony were preeached a these operations with sodium sulphide and sodium hydroxide
solutions. Through precipitation, arsenic at levels of 5-10 mg/L can be reduced to <0.20 mg/L.
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4.5.3 Treatment of Antimony in Base Metal Mine Effluent

The solubility of antimony (and arsenic) is not directly related to cyanide (unlike mercury and some
other metas) and thus the treatment of base metd effluents is essentidly the same as for gold mill
effluents. Very often AMD solutions will contain antimonites and arsenites (dong with the more
oxidized species), as well as ferrous and ferric iron and other base metals. Trestment by liming for
metal precipitation and aeration for oxidation of ferrous iron to ferric and antimonites/arsenites to
antimonates/arsenates will usualy result in very sgnificant remova. Depending on the metd species
and rdios, it may be possble to essentidly remove dl arsenic and antimony, as in most instances
aufficient iron will be present in the effluent to exceed the minimum ratios (4:1). lon exchange or
secondary precipitation with iron can be used to complete the arsenic/antimony removad if

necessary.
454 Summary of Performancefor Antimony in the Early 1980s

Performance data summarized for the early 1980s provide only a fair level of performance for
antimony (removal efficiencies in the range of 30-60%) but these data are based on relaively low
influent concentrations (0.5-0.6 mg/L). The gpplicable treatment processes (Table 4.4) are dl
precipitation based.

4.6 Relative Treatment Cost

SENES (1999) evauated technologies available for tregting liquid effluents. This study included a
summary of BAT ratings and cost for specific technologies. The BAT ratings were based on:

a comprehensve sudy of BAT gpplicable to the mining sector for the Ontario
Municipa/Indugtrid Strategy for Abatement (MISA) (Kilborn, 1991);

the liquid effluent guiddines that were established by the Ontario MOE (Ontario
Regulation 560/94);

work completed by AQUAMIN (1996); and

new data collected SENES (1999).

Treatment costs are dependent on severd factors, including the untreated congtituent concentration
and the level to which a congtituent must be treated to in the effluent. The available information on
treatment costs are based on successful treatment to “sub-mg/L”, but not necessarily to sub-0.1
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mg/L levels. Additiondl research is required to validate treatment ratings a sub-mg/L levels that
may, for example, be required for some congtituents such as mercury.

SENES (1999) defined anticipated technologica performance in terms of treatment efficiency and
costs of the technologies for three basic categories:

low cost (eg., smple technologies such as lime addition/sedimentation),
moderate cost (e.g., granular mediafiltration), and
high cost (e.g., advanced technologies such asion exchange).

Capitd and operating codts for available technologies are provided in Table 4.9. This information
is based on low, moderate and high cost technologies to provide a relative comparison of cods.
The cogs are highly variable. In addition, other factors not accounted for in Table 4.9 may have an
even larger influence on treatment cogts (SENES, 1999). For example, water management costs
(eg., storage to modulate highly variable flows, outsde water sources such as mine water or
lagoon water requiring trestment) may have a sgnificant impact on capitad and operating cods.
The results show that both capita and operating costs for advanced technol ogies are approximeately
three to four times higher than capitad and operating costs for smple technologies.

SENES (1999) aso provided costs estimates for “add-on” technologies that are potentidly
cgpable of developing a non-toxic effluent where specific toxicants are known (see Table 4.10).
The technologies were sdlected to treat the following condtituents:

pH adjustment — toxicity caused by alow pH;

ammonia remova — a pilot scale invedtigation was used for the basis of coding, the
technology stream uses a zeolite adsorption unit followed by a biologica nitrification/
de-nitrification set of units;

improved lime trestment involving coagulaion as a key technology, to achieve further
metals reduction (the metals are presumed to be Cu, Pb, Zn, Ni — metals evaluated by
SENES in the BAT review);

activated carbon for removal of toxicity of metas, and

polishing pond to reduce toxicity from cyanide and associated metds in Gold Mill
effluents such as Cu, Cd and Zn.
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TABLE4.9: CAPITAL AND OPERATING COSTS OF REPRESENTATIVE ADD-ON TECHNOLOGIES
FOR 1999 TIMEFRAME"

Capital Cost | Operating Cost Total Cost($/n? of effluent)
Flow Rate (n/d) 6 ($/a) 10a/10%% | 30a/10%
Low Cost:
1,000 586,000 81,000 0.48 0.39
5,000 1,310,000 288,000 0.27 0.23
25,000 2,929,000 1,144,000 0.16 0.16
Moderate Cost:
1,000 1,162,000 116,000 0.84 0.66
5,000 2,678,000 334,000 042 0.34
25,000 7,020,000 1,194,000 0.26 0.21
High Cost:
1,000 960,000 192,000 0.95 0.81
5,000 2,962,000 796,000 0.70 0.61
25,000 9,138,000 3,674,000 0.57 0.51
! Adapted from SENES (1999).

210 a/ 10% - assumes 10 year operating life, 10% financing.
¥30a/ 10% - assumes 30 year operating life, 10% financing.

TABLE4.10: CAPITAL AND OPERATING COSTS FOR REPRESENTATIVE ADD-ON TECHNOLOGIES
TO REDUCE TOXICITY FOR A PLANT TREATING 10,000 n/d WITH A DESIGN FLOW
OF 25,000 nv/d*
Capital costs Operating Costs
Technology (&) (%) Reference
pH adjustment 100,000 (approx.) 100,000 (approx) Estimated (SENES, 1999)
Ammoniaremoval 4,400,000 (approx.) 1,880,000 (approx) CANMET (1995)
Improved lime treatment 2,930,000 500,000 (approx.) MISA (1991)
Activated carbon adsorption 12,300,000 630,000 MISA (1991)
Polishing pond (six month 4,500,000 73,000 Estimated (SENES, 1999)

retention time)

! Adapted from SENES (1999).
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These results show that capital costs and operating costs for add-on technologies are highly

variable and dependent on the particular parameter that requires treetment. Very little data exists
to provide BAT ratings for condtituents of interest in this study (e.g., Hg, Cd, Se, Sb). In addition,

significant research and development and/or full scale operating data are required to provide a
bass for defining a BAT rating for innovative trestment technologies, if ultra low effluent levels
(<0.01 mg/L, or 0.01 to 0.1 mg/L) are required to ensure that the effluent is non-toxic with respect
to Cd, Hg, Seand Sh.
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50 CONCLUSIONS AND RECOMMENDATIONS
51 Conclusions

Table 5.1 summarizes the information from preceding sections regarding typica ming/mill effluent
concentrations of mercury, cadmium, sdenium and antimony, in relation to background
concentrations and acutely toxic concentrations. Table 5.2 summarizes the information from
Section 4.0 regarding the effluent concentrations that are generdly achievable for these condtituents
using different trestment technologies. The conclusions are outlined below for each condtituent.

5.1.1 Mercury

Mercury is often associated with gold and zinc ores, and has been used historically as a reagent in
gold recovery operations. It has been found in find mineg/mill effluents a concentrations ranging
from 0.05 to 7 ng/L (totd). When found in effluents, it is likdy present as a mercuric hydroxide
complex (a high pH) or as a mercuric chloride complex (at low pH). Dissolved concentrations are
low, ether due to the absence of Hg in the ore and mill leaching solutions, or due to the strong
tendency of mercury to coagulate, eg., by co-precipitation with hydrated Fe/Mn oxides if this
treatment processis utilized. Thereisaneed for better data on mercury concentrations in ming/mill
effluents

Acutely toxic concentrations for inorganic mercury are in the range of 155 to 420 ng/L for rainbow
trout, and 1 to 15 ng/L for daphnids. Mercury and sdenium are antagonigtic with respect to
toxicity. The higher concentrations of mercury in mine effluents may be in the range associated with
acute toxicity to dagphnids. However, dissolved concentrations are unlikely to reach toxic levels.
The mercury concentrations in mine effluents are not within the range associated with acute toxicity
to rainbow trout.

Mercury is generdly removed from mine effluents by sulphide precipitation under reducing
conditions. Thisis often followed by filtration. The combined approach can generaly achieve <0.1
mg/L mercury concentrations in effluent. Ferrite co-precipitation followed by filtration has dso
been used with success. Activated carbon can be used when influent concentrations of mercury
are beow 0.1 mg/L, and can generdly achieve order of magnitude mercury reductions.
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TABLES.1: MILL EFFLUENT CONCENTRATIONS COMPARED TO TOXICITY THRESHOLDS

Mercury Cadmium Selenium Antimony

Background 2-25 ng/L 10-4,000 ng/L 0.1-1.5ng/L 0.01-1.1nmy/L
Concentrations (fresh
water)
Mine/Mill Effluent 0.05-7 nmg/L <10-59 ngy/L 0.005-0.11 mg/L 0.001-0.71 mg/L
Concentrations (see Total (n=9) Total (n=21) Total (n=4) Total (n=7)
Table 1.3) <2ny/L <10-14 ng/L <0.05-0.44 mg/L

Dissolved (n=4) Dissolved (n=21) Dissolved (n=21)
Acute Toxicity 1-15ng/L 1-500 no/L 0.43-5.3 mg/L 9-20 mg/L
Threshold - daphnids inorganic hardness-dependent

mercury
Conclusion — daphnids - -
Within Within Threshold Below Threshold Below Threshold

Threshold Range Range Range Range
Acute Toxicity 155-420 ng/L 1-8,000 ny/L 4.2-32.3 mg/L 21.9-355mg/L
Threshold inorganic hardness-dependent
- rainbow trout mercury
Conclusion — rainbow Below Threshold Within Threshold Well Below Well Below
trout Range Range Threshold Range Threshold Range
Adequacy of Canadian Inadequate Adequate, asaFirst Inadequate Adequate, asaFirst

Mine Datato
Characterize the
Effluents

Approximation

Approximation
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TABLES.2: RATING OF DIFFERENT TREATMENT TECHNOLOGIES

(based on datafrom Table 4.5)
Achievable Mine Effluent Concentrations for Constituents®
Mercury Cadmium Selenium Antimony
Technology (Hg) (Cd) (Se) (Sh)
Lime + settling Sub mg/L mg/L mg/L
Lime + filter 0.1 mg/L mg/L mg/L
Sulphide + filter Sub 0.1 mg/L Sub 0.1 mg/L
Ferric co-precipitation + filter Sub mg/L Sub 0.1 mg/L
Soda ash + settling mg/L
Sodaash + filter Sub mg/L
Alum
Ferric Chloride 0.1 mg/L
Activated Carbon 0.01 mg/L
Bisulphite reduction
Lime/FeCl, + filter

! Technologies without arating had insufficient data to define generally achievable effluent concentrations for

these constituents.
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512 Cadmium

Cadmium is associated with sulphide ores of base metd's such as copper, zinc and lead. It has
been found in find ming/mill efluents at concentrations ranging from <0.01 to 0.06 mg/L. When
found in effluents, it is mainly present as a cadmium carbonate complex (at pH above 8) or as free
ion (a pH below 8). Dissolved concentrations are reduced by adsorption on Fe/Mn oxides or Al
oxides.

Acutely toxic concentrations for cadmium are highly dependent on hardness, ranging from 1 to
8,000 ny/L for rainbow trout (various life stages) and from 1 to dmost 500 ny/L for daphnids.
Other invertebrates display higher values. The free ion (Cd?") is mainly responsible for aguatic
toxicity. The lowest acute values in the literature are associated with soft water test systems, and
the highest acute vdues are associated with hard water test systems. Based on fish and
invertebrate test results, the U.S. EPA criterion to prevent acute toxicity is 1.8 ng/L cadmium a a
hardness of 50 mg/L (as CaCOs) and 42 ng/L cadmium at a hardness of 825 mg/L (the average
hardness of mine effluent). The average concentration of cadmium in effluent is 54 nylL
(dissolved) or 11.8 ng/L (tota). Therefore, in most effluents, cadmium is unlikely to make an
important contribution to effluent acute toxicity. Nor is cadmium released in effluents likely to be
acutdly toxic in soft receiving waters after dilution to ambient hardness, because the same dilution
reduces the cadmium concentration.

Cadmium is generdly removed from mine effluents by using lime to promote precipitation, followed
by filtration, or sulphide precipitation. Ferrite co-precipitation followed by filtration has aso been
used with success, as has ferrous sulphide precipitetion with or without filtration. These
technologies are generdly able to achieve £0.1 mg/L cadmium concentrations in effluent.

513 Selenium

Sdenium is associated with sulphide ores of base metds such as copper, zinc and nickd. It has
been found in find mine/mill effluents & concentrations ranging from 0.07 to 0.11 mg/L. When
found in effluents, it is mainly present as selenite (at low pH) or sdlenate (at high pH). Dissolved
concentrations are reduced at low pH by adsorption of sdenite on Fe/Mn oxides. On the other
hand, selenate is not gppreciably adsorbed.

Beak I nternational Incorporated
Ref: 22069.1 54



Literature Review of Environmental Toxicity of
Mercury, Cadmium, Selenium and Antimony in Metal Mining Effluents

Acutely toxic concentrations of sdenium are in the range of 4.2 to 32.3 mg/L for rainbow trout,
athough vaues as low as 1 mg/L have been reported for fathead minnows. Acute vaues for
daphnids range from 0.43 to 5.3 mg/L. All these vaues are above the typica range of selenium
concentrations in mine effluents. Therefore, selenium is unlikely to contribute gppreciably to effluent
acute toxicity. Sdenium and mercury are antagonistic with respect to toxicity.

Sdenium can be removed from mine effluents by using lime to promote precipitation, followed by
filtration, or by precipitation with ferric sdts (sulphate or chloride), which dso may be followed by
filtration. The ferric st methods can generdly achieve £0.1 mg/L sdenium concentrations in
effluent. All conventiond trestments will mainly remove sdenite. Mog of the sdenae in the
effluent will remain. Thus, selenium removd efficiencies are typicaly low (35 to 80%) using these
conventiond methods. A number of technologies under development, eg., nandfiltration, ion
exchange resns and emulsion liquid membranes, show promise for remova of seenate, but are as
yet unproven.

514 Antimony

Antimony is often found in gold ores, and aso in sulphide ores of base metds, such as copper and
lead. It has been found in find ming/mill effluents a concentrations ranging from <0.05 to 0.435
mg/L (dissolved) or as high as 0.71 mg/L (tota). Concentrations above 1 mg/L have been
historicaly associated with some gold mining operations. When found in effluents it is likely to be
mainly in the pentavdent form (S,0s or SbO3). Dissolved concentrations are reduced by
adsorption on Fe/Mn oxides or Al oxides.

Acutely toxic concentrations of antimony are in the range of 22 to 36 mg/L for fish, and 9 to 20
mg/L for dagphnids, athough the toxicity database is smal. All these concentrations are above the
typica range of concentrations in mine effluents.  Therefore, antimony is unlikely to contribute
gopreciadly to effluent acute toxicity.

Antimony remova from mine effluents has not been widdy sudied. There is a need for basic
information on the species present and their prevdence under different effluent conditions. In
theory, the same preci pitati on/co-preci pitation methods that are used for arsenic removal should be
effective for antimony. Alum precipitation followed by filtration, and ferric chloride trestment
followed by filtration, have been moderately successful in removing antimony to levels of 0.2 mg/L.
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With remova efficiencies of 60 to 65%, there is congderable room for improvement; however, a
target of 1 mg/L islikely sufficient to avoid acute toxicity due to antimony.

5.2 Recommendations

A number of data limitations have been identified where additiona research would help to improve
the current ate of knowledge with respect to the minor metas that were the subject of thisreview.
These data limitations and research areas are briefly outlined below.

The aguatic toxicity database for antimony is limited. While there have been severd dudies
invalving Daphnia magna and rainbow trout, it would be useful to explore the sengtivities of
other invertebrates, and other fish species and life stages, and to confirm that the antimony
soecies tested are the same as those found in mine effluents. Speciation in mine effluents is not
well characterized, as noted below.

The knowledge of antimony species in mine effluents is limited and generdly based on
inference. Empirica studies on speciation in mine effluents would be useful, and would help to
inform the development of optima trestment technologies.

The conventiona mine effluent trestment technologies have been only moderately successful for
antimony and sdenium. In the case of sdenium, this is due to the difficulty of removing
sdenate. Research focused on improved treatment technologies for these two e ements would
be useful, particularly in Stuations where environmenta issues relevant to these dements have
been identified.

There is a need to develop a more comprehensive database of trace eement concentrations in
mine effluents, particularly for mercury and sdenium.  Effluent toxicity data should be included
in this database to facilitate exploration of chemigtry-toxicity relationships.

Improved sampling and analytical techniques may be needed to adequately characterize effluent
concentrations of mercury. Much of the avallable data are censored a a level above the
lowest acute toxicity threshold values.
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Efforts to reduce or diminate effluent toxicity a particular mine/mill sites should be focused on
the condtituents or classes of condituents most likely to contribute to the problem, as
determined by TIE/TTE studies.
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TABLEAL11l: DETAILED EFFLUENT CHEMISTRY DATA FOR 23 MINE/MILL OPERATIONS

Parameters: Units: 1 2 3 4 5 6 7 8 9 10 11 12
pH 89 91 7.95 109 9.62 9.29 10.23 847 731 811 8.96 7.46
Conductivity nmvho/cm 1911 1565 2824 1100 1076 846 1038 1424 1836 1714
Ammonia mg/L 185 145 848 379 <0.1 04 01 13 3.06 391
Alkalinity mg/L 350 456 900 81 50 4 11 44 62 329 30 56
Total Hardness mg/L 114 60 0 724 1429 405 507 417 469 517 356 726
TSS mg/L 2 15 16 <1 1 7 3 2 1 <1
TDS mg/L 7880 9110 1300 1380 2668 784 896 660 84 908 1660 1361
Chloride mg/L 974 819
Sul phate mg/L 4020 4620 533
Total Metals:
Antimony ng/L 25 <5
Calcium ny/L 19500 13000 25900 330900 | 489600 | 147700 | 237900 | 177800 | 187100 | 155800 | 338700 | 308200
Cadmium ny/L 59 <10 <10 <10 <10 <10 3 <10 <10 <10
Magnesium ny/L 15900 6800 8080 4895 101100 9330 4520 3350 15850 46300 94820 3680
Mercury ny/L <7 <7 7
Selenium ny/L 74 110
Sulphur ngy/L 1370000 | 1610000
Sodium ny/L 2470000 | 3090000 | 448000 77000 168800 46900 23200 8690 20200 112500 16550 93170
Dissolved Metals:
Antimony ny/L <50 <50 109 <50 253 <50 205 76 9% <50
Calcium ny/L 24600 284000 | 487900 | 145000 | 237200 | 162000 | 199200 | 151300 | 338000 | 314400
Cadmium ny/L <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
Magnesium ny/L 7600 3280 97460 8440 4286 3000 16000 44560 90200 3688
Mercury ngy/L <2 <2 <2
Sodium ny/L 460000 63100 162600 45600 18950 7090 22100 106900 16200 91440
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TABLEAL11l: DETAILED EFFLUENT CHEMISTRY DATA FOR 23 MINE/MILL OPERATIONS

Parameters: Units: 13 14 15 16 17 18 19 20 21 2 23
pH 807 6.61 8.06 751 6.91 6.26 891 9.88 9.65 7.25 7.33
Conductivity nMho/cm| 1054 2514 3160 2240 2590 3614 3091 549 3330 723 2051
Ammonia mg/L 0.96 0.1 4.69 294 153 <0.1 10.1 <0.1 128 0.32 185
Alkalinity mg/L 83 0 47 56 45 15 44 283 50 6 36
Total Hardness mg/L 529 1293 1980 1204 1102 1211 2151 49 1850 352 1449
TSS mg/L <1 <1 <1 <1 8 14 5 11 14 <10 9
TDS mg/L 844 2424 2928 2160 2484 3468 3148 500 3280 540 2728
Chloride
Sulphate
Total Metals:
Antimony ngy/L
Calcium ny/L 226600 | 572600 | 745300 | 491100 | 500600 | 414800 | 663000 13320 592900 97930 577600
Cadmium ny/L <10 A <10 <10 <10 <10 <10 <10 <10 36 <10
Magnesium ny/L 10190 7075 73560 27100 6290 73800 67110 6916 83480 25600 7595
Mercury ng/L <7
Selenium ny/L
Sulphur ngy/L
Sodium ny/L 19090 91540 59200 31740 20430 67400 95580 | 1162000 | 154700 13240 115700
Dissolved Metals:
Antimony ng/L <50 187 163 <50 385 321 135 435 <50 125 <50
Calcium ny/L 225300 | 599000 | 676000 | 443000 | 519000 | 456000 | 672300 8673 621000 | 105700 | 568300
Cadmium ngy/L <10 <10 <10 <10 <10 <10 <10 14 <10 <10 <10
Magnesium ny/L 10330 6281 65100 23200 5733 77700 69160 6754 94030 27720 7058
Mercury ngy/L <2
Sodium ny/L 18450 86320 56300 32100 201000 | 668000 87610 | 1178000 | 172200 12000 120
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Site
Site
Site
Site
Site
Site
Site
Site
Site

Site 10
Site 11:
Site 12:
Site 13
Site 14
Site 15:
Site 16:
Site 17:
Site 18:
Site 19:
Site 20:
Site 21:
Site 22:
Site 23:

Untreated Effluent, Cobalt/Nickel and Precious Metal Refinery
Untreated Effluent, Cobalt/Nickel and Precious Metal Refinery
Bit Mine

Lead/Zinc Mine
Nickel/Copper Mine
Nickel/Copper Mine
Nickel/Copper Mine
TinMine
Copper/Zinc Mine
Gold Mine
Lead/Zinc Mine
Nickel/Copper Mine
Zinc Mine
Copper/Zinc Mine
Gold Mine

Uranium Mine

Gold Mine
Lead/Zinc Mine
Copper Mine
Nickel/Copper Mine
Gold Mine

Uranium Mine

Gold Mine
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TABLEA2.1: ACUTETOXICITY OF MERCURY TO FRESHWATER FISH AND INVERTEBRATES

LC50/EC50

Species M ethod* Chemica Duration (hr) (my/L)** Reference
IAmphipod, Gammarussp. SSM Mercuric nitrate 10 Rehwoldt et al ., 1973
Bluegill (juvenile), Lepomis macrochirus S U Mercuric chloride 160 Holcombe et al ., 1983
Bonytail chub, Gila elegans S Mercuric chloride 9% 61 Buhl, 1997
Brook trout (juvenile), Salvelinus fontinalis FT,M  |Methylmercuric chloride &4 McKim et al., 1976
Brook trout (yearling), Salvelinus fontinalis FT,M  |Methylmercuric chloride 65 McKimet al., 1976
Caddisfly, (unidentified) SM Mercuric nitrate 1,200 Rehwoldt et al ., 1973
Caddisfly, Hydropsyche betteni S U Mercuric chloride 2,000 \Warnick and Bell, 1969

Ethylmercuric p-toluene
Channel catfish (juvenile), I ctalurus punctatus S U sufonanilide 51 Clemens and Sneed, 1959
Channel catfish (juvenile), I ctalurus punctatus S U Ethylmercuric phosphate 49 Clemens and Sneed, 1959
Channel catfish (juvenile), I ctalurus punctatus S U Phenylmercuric acetate 1,966 Clemens and Sneed, 1959
Channel catfish (juvenile), I ctalurus punctatus S U Phenylmercuric acetate 28 Clemens and Sneed, 19583, 1959
Channel catfish (juvenile), | ctalurus punctatus S U Pyridylmercuric acetate <176 Clemens and Sneed, 1958b
Channel catfish (juvenile), I ctalurus punctatus S U Pyridylmercuric acetate 224 Clemens and Sneed, 1958b
Channel catfish (juvenile), I ctalurus punctatus SuU Pyridylmercuric acetate <153 Clemens and Sneed, 1958b
Cladoceran, (<24 hr old), Daphnia magna S U Mercuric chloride 44 Barera and Adams, 1983
Cladoceran, (<6 hr old), Daphnia magna S U Mercuric chloride 44 Bareraand Adams, 1983
Cladoceran, (1-9 day old), Daphnia magna S U Mercuric chloride 5.2-14-8 Bareraand Adams, 1983
Cladoceran, Daphnia magna S Mercuric chloride 1 20 Janssen and Persoone, 1993
Cladoceran, Daphnia magna S Mercuric chloride 24 30 Janssen and Persoone, 1993
Cladoceran, Daphnia magna S Mercuric chloride 43 10 Janssen and Persoone, 1993
Cladoceran, Daphnia magna SuU Mercuric chloride <44 /Anderson, 1948
Cladoceran, Daphnia magna S U Mercuric chloride 5 Biesinger and Christensen, 1972
Cladoceran, Daphnia magna S U Mercuric chloride 3177 Canton and Adema, 1978
Cladoceran, Daphnia magna S U Mercuric chloride 1478 Canton and Adema, 1978
Cladoceran, Daphnia magna S U Mercuric chloride 2180 Canton and Adema, 1978
Cladoceran, Daphnia pulex S U Mercuric chloride 2217 Canton and Adema, 1978
Climbing perch, Anabus testudineus S Mercuric chloride 9% 640 Sinhaand Kumar, 1992
Coho salmon (juvenile), Oncorhynchus kisutch R M Mercuric chloride 240 Lorzet al., 1978
Colorado squawfish, Ptychocheilus lucius S Mercuric chloride 9% 57 Buhl, 1997
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LC50/EC50
Species M ethod* Chemica Duration (hr) (my/L)** Reference
Common carp, Cyprinus carpio R Mercury 9% 160 IAlam and Maughan, 1995
2-Methoxy ethyl mercuric
Common carp, Cyprinus carpio R U chloride 139 Das and Misra, 1982
Common guppy, Poecilia reticulata 9% 260 Khangarot and Ray, 1987
Crayfish (male, mixed ages), Faxonella clypeatus R M Mercuric chloride 20 Heit and Fingerman, 1977; Heit, 1981
Crayfish, Orconectes limosus SM Mercuric chloride 50 Boutet and Chaisemartin, 1973
Damselfly, (unidentified) SM Mercuric nitrate 1,200 Rehwoldt et al., 1973
Fathead minnow, Pimephales promelas FT,M  |Mercuric chloride 168 Snarski and Olson, 1982
Fathead minnow, Pimephales promelas FT,M  |Mercuric chloride 150 Cdl et al.., 1983
Fathead minnow, Pimephales promelas SSM Mercuric acetate 40 Curtiset al., 1979; Curtisand Ward, 1981
Fathead minnow, Pimephales promelas SM M ercuric thiocyanate 115 Curtiset al., 1979; Curtisand Ward, 1981
Golden shiner, Notemigonus crysoleucas 9% 16.75 McCrary and Heagler, 1997
Goldfish, Carassius auratus S U Phenylmercuric lactate 82 Ellis, 1947
Guppy (116-157 mg), Poecilla reticulata R, U Mercuric chloride 30 Deshmukh and Marathe, 1980
Guppy (362-621 mg), Poecilla reticulata R, U Mercuric chloride 535 Deshmukh and Marathe, 1980
Indian catfish, Heteropneustesfollilis Mercuric chloride 9% 300 Rajan and Banerjee, 1991
Mayfly, Ephermerella subvaria S U Mercuric chloride 2,000 \Warnick and Bell, 1969
Midge, Chironomussp. SSM Mercuric nitrate 20 Rehwoldt et al ., 1973
Mosquitofish (female), Gambusia affinis S U Mercuric chloride 180 Joshi and Rege, 1980
M ethoxy ethyl mercuric
Mosquitofish (female), Gambusia affinis S U chloride 910 Joshi and Rege, 1980
Mosquitofish (female), Gambusia affinis S U Phenylmercuric acetate 37 Joshi and Rege, 1980
Phenylmercuric acetate
Mosquitofish (female), Gambusia affinis SuU (Ceresan) 44 Joshi and Rege, 1980
Mozambique tilapia, Tilapia mossambica S U Mercuric chloride 1,000 Qureshi and Saksena, 1980
Pearlspot, Etroplus maculates S Mercuric chloride 9% 670 Gaikwad, 1989
Rainbow trout (2 mos), Salmo gairdneri FT,M  |Mercurous nitrate 330 Hale, 1977
Rainbow trout (juvenile), Salmo gairdneri R U Mercuric chloride 155.1 Matidaet al., 1971
Rainbow trout (juvenile), Salmo gairdneri FT,U |Mercuricchloride 280 MacL eod and Pessah, 1973
Rainbow trout (juvenile), Salmo gairdneri FT,U |Mercuricchloride 220 MacL eod and Pessah, 1973
Rainbow trout (juvenile), Salmo gairdneri FT,M  |Mercuric chloride 275 L ock and van Overbeeke, 1981
Rainbow trout (juvenile), Salmo gairdneri R, U M ethylmercuric chloride 25 Matidaet al., 1971
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Species Method*  |Chemica Duration (hr) (my/L)** Reference
Rainbow trout (juvenile), Salmo gairdneri R, U Methylmercuric chloride 42 \Wobeser, 1973

Lock and van Overbeeke, 1981; Lock et al .,

Rainbow trout (juvenile), Salmo gairdneri FT,M  |Methylmercuric chloride 24 1981
Rainbow trout (juvenile), Salmo gairdneri R,U Phenylmercuric acetate 5 Matidaet al., 1971
Rainbow trout (larva), Salmo gairdneri R U M ethylmercuric chloride 24 \Wobeser, 1973
Rainbow trout, Salmo gairdneri FT,U |Mercuricchloride 420 Daoust, 1981
Razorback sucker, Xyrauchen texanus S Mercuric chloride 9% 20 Buhl, 1997
Sar other odon mossambicus Mercuric chloride 48 1500 Naidu et al., 1984
Shrimp, Macrobrachium lammarrei R Mercuric chloride 24 167 Murti and Shukla, 1984
Shrimp, Macrobrachium lammarrei R Mercuric chloride 9% 9% Murti and Shukla, 1984
Snail (adult), Amnicola sp. SM Mercuric chloride 80 Rehwoldt et al ., 1973
Snail (embryo), Amnicola sp. SM Mercuric nitrate 2,100 Rehwoldt et al., 1973
Snail, Aplea hypnorum S U Mercuric chloride 370 Holcombe et al., 1983
Snake-head catfish, Channa marulius Mercuric chloride 9% 314 Khangarot, 1981
Stonefly, Acroneuria lycorias S U Mercuric chloride 2,000 \Warnick and Bell, 1969
Tubicid worm, Stylodrilus heringianus R, U Mercuric chloride 140 Chapman et al., 1982a
Tubificid worm, Branchiura sower byl R, U Mercuric chloride 80 Chapman et al ., 1982a
Tubificid worm, Limnodrilus hoffmeisteri R U Mercuric chloride 180 Chapman et al., 19823, b
Tubificid worm, Quistadrilus multisetosus R, U Mercuric chloride 250 Chapman et al ., 1982a
Tubificid worm, Rhyacodrilus Montana R,U Mercuric chloride 240 Chapman et al ., 1982a
Tubificid worm, Spirosper ma ferox R U Mercuric chloride 330 Chapman et al., 1982a
Tubificid worm, Spirosperma nikol skyl R U Mercuric chloride 500 Chapman et al., 1982a
Tubificid worm, Tubifex tubifex R U Mercuric chloride 140 Chapman et al., 19823, b
Tubificid worm, Varichaeta pacifica R, U Mercuric chloride 100 Chapman et al., 1982a
\Western mosquitofish, Gambusia affinis 9% 52.62 McCrary and Heagler, 1997
\Worm, Nais sp. SM Mercuric nitrate 1,000 Rehwoldt et al., 1973

*  S=dtatic, R=renewal, FT =flow-through, M = measured, U = unmeasured.
** Results are expressed as mercury, not as the chemical.
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TABLEA22: ACUTETOXICITY OF CADMIUM TO FRESHWATER FISH AND INVERTEBRATES

Hardness

(mg/L as | Duration | LC50/EC50
Species Method* [Chemical CaCOs) (hr) (ny/L)** |Reference
IAmphipod, Echinogammar us tibal di 240 9% 1100  |Pantani et al. 1997
IAmphipod, Gammarusitalicus 240 9100  [Pantani et al. 1997
IAmerican eel, Anguilla rostrata SM 55 820 Rehwoldt et al., 1972
IAmphipod, Gammar us pseudolimnaeus S M [Cadmium chloride 55-79 544  |Spehar and Carlson, 1984a, b
IAmphipod, Gammar us pseudolimnaeus S M [Cadmium chloride 39-48 68.3  [Spehar and Carlson, 19844, b
IAmphipod, Gammarus pulex FT  |Cadmium 9% 20 \Williams et al ., 1985
IAmphi pod, Gammarus sp. S U 50 70 Rehwoldt et al ., 1973
IAmphipod, Hyalella azteca 50 9% 190 Schlekat et al ., 1992
IAmphipod, Hyalella azteca S Cadmium chloride 20 48 56 Suedel et al., 1997
IAmphipod, Hyalella azteca S Cadmium chloride 20 9% 28 Suedel et al., 1997
IAmphipod, Hyalella azteca 9% 8 Nebeker et al., 1986a
IAmphipod, Hyalella azteca 9% 74 Nebeker et al ., 1986a
IAmphipod, Hyalella azteca S M |Cadmium chloride 55-79 285 Spehar and Carlson, 1984a, b
Banded killifish, Fundulus diaphanus SM 55 110 Rehwoldt et al., 1972
Bluegill, Lepomis macrochirus S,U [Cadmium chloride 20 1940 |Pickering and Henderson, 1966
Bluegill, Lepomis macrochirus FT,M |Cadmium chloride 207 21,100 |Eaton, 1980
Bluegill, Lepomis macrochirus S M |Cadmium chloride 18 3860 |Bishop and Mcintosh, 1981
Bluegill, Lepomis macrochirus S M [Cadmium chloride 18 2800 [Bishop and Mclntosh, 1981
Bluegill, Lepomis macrochirus S M [Cadmium chloride 18 2260 |[Bishop and Mclntosh, 1981
Bluegill, Lepomis macrochirus S M [Cadmium chloride 55-79 8810  [Spehar and Carlson, 1984a, b
Bonytail chub, Gila elegans S Cadmium chloride 199 9% 148 Buhl, 1997
Brook trout, Salvelinus fontinalis FT,M |Cadmium chloride 474 5080 |Holcombeet al., 1983
Brook trout, Salvelinus fontinalis S M |Cadmium sulphate 42 <15 Carroll, et al., 1979
Brown trout, Salmo trutta S M  |Cadmium chloride 55-79 151 Spehar and Carlson, 1984a, b
Brown trout, Salmo trutta S M  |Cadmium chloride 39-48 14 Spehar and Carlson, 19844, b
Bryozoan, Lophopodella carteri S U 190-220 150 Pardue and Wood, 1980
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Hardness

(mg/L as | Duration | LCSO/EC50
Species Method* [Chemica CaCOs) (hr) (my/L)** |Reference
Bryozoan, Pectinatella magnifica S U 190-220 700 Pardue and Wood, 1980
Bryozoan, Plumatella emarginata SU 190-220 1,090  |Pardue and Wood, 1980
Caddisfly, (unidentified) S U 50 5400 [Rehwoldt et al., 1973
Caddisfly, Hydropsyche angustipennis FT  |Cadmium 9% 520000 [Williamset al., 1985
Channel catfish, I ctalurus punctatus S M |Cadmium chloride 55-79 7940  |Spehar and Carlson, 1984a, b
Chinook salmon (alevin), Oncor hynchus tshawytscha FT,M |Cadmium chloride 23 >26 Chapman, 1975, 1978
Chinook salmon (juvenile), Oncor hynchus tshawytscha FT,M |Cadmium chloride 25 141 Chapman, 1982
Chinook salmon (juvenile), Oncor hynchus tshawytscha FT,M [Cadmium sulphate 20-22 11 Finlayson and Verrue, 1982
Chinook salmon (parr), Oncorhynchus tshawytscha FT,M |Cadmium chloride 23 35 Chapman, 1975, 1978
Chinook salmon (smolt), Oncor hynchus tshawytscha FT,M |Cadmium chloride 23 >29 Chapman, 1975, 1978
Chinook salmon (swim-up), Oncor hynchus tshawytscha FT,M |Cadmium chloride 23 18 Chapman, 1975, 1978
Cladoceran, Ceriodaphnia dubia 290 48 350 Schubauer-Berigan et al., 1993
Cladoceran, Ceriodaphnia dubia S Cadmium chloride 20 48 63.1 Suedel et al., 1997
Cladoceran, Ceriodaphnia dubia S Cadmium chloride 20 9% 169 Suedel et al., 1997
Cladoceran, Ceriodaphnia dubia S cadmium nitrate 81 24 132 Nelson and Roline, 1998
Cladoceran, Ceriodaphnia dubia S cadmium nitrate 81 438 782 Nelson and Roline, 1998
Cladoceran, Ceriodaphnia reticulata S U 45 66 Mount and Norberg, 1984
Cladoceran, Ceriodaphnia reticulata S M [Cadmium chloride 55-79 129 Spehar and Carlson, 1984a, b
Cladoceran, Daphnia carinata R Cadmium chloride 50 48 265 Chandin, 1988
Cladoceran, Daphnia carinata R Cadmium chloride 50 9% 110 Chandin, 1988
Cladoceran, Daphnia magna S Cadmium chloride 170 48 36 Baird et al., 1991
Cladoceran, Daphnia magna S Cadmium chloride 78 48 264 Suedel et al., 1997
Cladoceran, Daphnia magna S Cadmium chloride 78 9% 127 Suedel et al., 1997
Cladoceran, Daphnia magna S Cadmium chloride 250 1 410 Janssen and Persoone, 1993
Cladoceran, Daphnia magna S Cadmium chloride 250 24 1900 Janssen and Persoone, 1993
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Hardness

(mg/L as | Duration | LCSO/EC50
Species M ethod* [Chemica CaCOs) (hr) (ng/L)** |Reference
Cladoceran, Daphnia magna S Cadmium chloride 250 48 970 Janssen and Persoone, 1993
Cladoceran, Daphnia magna S Cadmium chloride 170 418 120 Taylor et al., 1998
Cladoceran, Daphnia magna S Cadmium chloride 170 48 125 Taylor et al., 1998
Cladoceran, Daphnia magna S Cadmium chloride 170 418 131 Taylor et al., 1998
Cladoceran, Daphnia magna S Cadmium chloride 170 48 134 Taylor et al., 1998
Cladoceran, Daphnia magna 10 48 360 Fargasova 1994
Cladoceran, Daphnia magna S Cadmium sulphate 240 48 1880 |Khangarot and Ray, 1989a
Cladoceran, Daphnia magna S Cadmium chloride 74 418 18 Nebeker et al ., 1986a
Cladoceran, Daphnia magna S Cadmium chloride 74 48 23 Nebeker et al., 1986b
Cladoceran, Daphnia magna S Cadmium 418 39 Schuytema et al., 1984
Cladoceran, Daphnia magna S Cadmium 48 91 Schuytema et al., 1984
Cladoceran, Daphnia magna S Cadmium sulphate 418 69 Daveet al., 1981
Cladoceran, Daphnia magna S Cadmium chloride 48 Lewisand Horning, 1991
Cladoceran, Daphnia magna S U |Cadmium chloride <16  |Anderson, 1948
Cladoceran, Daphnia magna S,U [Cadmium chloride 45 65 Biesinger and Christensen, 1972
Cladoceran, Daphnia magna FT,M |Cadmium chloride 130 58 Attar and Maly, 1982
Cladoceran, Daphnia magna S,M |Cadmium chloride 51 9.9 Chapman et al., Manuscript
Cladoceran, Daphnia magna S M [Cadmium chloride 104 33 Chapman et al., Manuscript
Cladoceran, Daphnia magna S,M |Cadmium chloride 105 4 Chapman et al., Manuscript
Cladoceran, Daphnia magna S M [Cadmium chloride 197 63 Chapman et al., Manuscript
Cladoceran, Daphnia magna S,M |Cadmium chloride 209 49 Chapman et al., Manuscript
Cladoceran, Daphnia magna R,M  |Cadmium chloride 100 30 Canton and Slooff, 1982
Cladoceran, Daphnia magna S,M |Cadmium chloride 55-79 166 Spehar and Carlson, 1984a, b
Cladoceran, Daphnia magna S U [Cadmium nitrate 27 Canton and Adema, 1978
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(mg/L as | Duration | LC50/EC50
Species M ethod* |Chemical CaCOs) (hr) (my/L)** |Reference
Cladoceran, Daphnia magna S, U |Cadmium nitrate 28 Canton and Adema, 1978
Cladoceran, Daphnia magna S U |Cadmium nitrate 35 Canton and Adema, 1978
Cladoceran, Daphnia magna S U 45 118 Mount and Norberg, 1984
Cladoceran, Daphnia pulex S Cadmium chloride 48 78 Roux et al., 1993
Cladoceran, Daphnia pulex S Cadmium chloride 48 12 Lewisand Horning, 1991
Cladoceran, Daphnia pulex S U |Cadmium nitrate 9345  |Canton and Adema, 1978
Cladoceran, Daphnia pulex S U 45 63 Mount and Norberg, 1984
Cladoceran, Daphnia pulex S U [Cadmium chloride 57 47 Bertram and Hart, 1979
Cladoceran, Echinscatriseralis R Cadmium chloride 50 48 345 Chandin, 1988
Cladoceran, Echinscatriseralis R Cadmium chloride 50 9% 58 Chandin, 1988
Cladoceran, Moinairrasa S Cadmium chloride 5 % 957 Zou and Bu, 1994
Cladoceran, Moina irrasa S Cadmium chloride 5 9% 252 Zou and Bu, 1994
Cladoceran, Moina macrocopa S,U |Cadmium chloride 80-84 7125 |Hatakeyamaand Y asuno, 1981
Cladoceran, Simocephal us serrulatus S M |Cadmium chloride 111 7.0 Giesy et al., 1977
Cladoceran, Simocephalus serrulatus S M [Cadmium chloride 55-79 123 Spehar and Carlson, 19844, b
Cladoceran, Simocephal us serrulatus S M |Cadmium chloride 3948 24.5 Spehar and Carlson, 1984a, b
Cladoceran, Simocephal us vetulus S U 45 24 Mount and Norberg, 1984
Cladoceran, Simocephal us vetulus S M [Cadmium chloride 55-79 89.3 Spehar and Carlson, 19844, b
Coho salmon (1 year), Oncorhynchus kisutch S,U |Cadmium chloride 20 104 Lorzetal., 1978
Coho salmon (adult), Oncorhynchus kisutch FT,M [Cadmium chloride 23 175 Chapman, 1975
Coho salmon (parr), Oncor hynchus kisutch FT,M |Cadmium chloride 23 27 Chapman, 1975
Colorado squawfish, Ptychocheilus lucius S Cadmium chloride 199 % 78 Buhl, 1997
Common carp, Cyprinus carpio R Cadmium 100 9% 4260  [Suresh et al., 1993
Common carp, Cyprinus carpio S M 55 240 Rehwoldt et al., 1972
Crayfish, Orconectes limosus S M [Cadmium chloride 400 Boutet and Chalsemartin, 1973
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Hardness

(mg/L as | Duration | LCS0/ECS0
Species Method* |Chemica CaCOs) (hr) (my/L)** |Reference
Damselfly, (unidentified) S U 50 8100 |Rehwoldtet al., 1973
Fathead minnow (adult), Pimephales promelas SM Cadmium chloride 103 3,060 |Birgeetal., 1983
Fathead minnow (adult), Pimephal es promelas SM Cadmium chloride 103 2,900 Birgeet al., 1983
Fathead minnow (adult), Pimephales promelas SM Cadmium chloride 103 3,100 Birgeet al ., 1983
Fathead minnow (adult), Pimephales promelas SM Cadmium chloride 254-271 7,160 Birgeet al ., 1983
Fathead minnow (fry), Pimephales promelas SM Cadmium chloride 40 215 Spehar, 1982
Fathead minnow (fry), Pimephales promelas SM Cadmium chloride 48 117 Spehar, 1982
Fathead minnow (fry), Pimephales promelas SM Cadmium chloride 39 193 Spehar, 1982
Fathead minnow (fry), Pimephales promelas SM Cadmium chloride 45 24 Spehar, 1982
Fathead minnow (fry), Pimephales promelas SM Cadmium chloride a7 54.2 Spehar, 1982
Fathead minnow (fry), Pimephal es promelas SM Cadmium chloride 44 29.0 Spehar, 1982
Fathead minnow, Pimephales promelas 290 96 60 Schubauer-Berigan et al., 1993
Fathead minnow, Pimephales promelas S Cadmium chloride 20 48 89 Suedel et al., 1997
Fathead minnow, Pimephales promelas S Cadmium chloride 20 96 48 Suedel et al., 1997
Fathead minnow, Pimephales promelas S U |Cadmium chloride 20 1,050 Pickering and Henderson, 1966
Fathead minnow, Pimephales promelas S U |Cadmium chloride 20 630 Pickering and Henderson, 1966
Fathead minnow, Pimephales promelas S U  |Cadmium chloride 360 72,600 |Pickering and Henderson, 1966
Fathead minnow, Pimephales promelas S,U  |Cadmium chloride 360 73500  |Pickering and Henderson, 1966
Fathead minnow, Pimephales promelas FT,M |Cadmium sulphate 201 11,200  |Pickering and Gast, 1972
Fathead minnow, Pimephales promelas FT,M  [Cadmium sulphate 201 12,000 |Pickering and Gast, 1972
Fathead minnow, Pimephal es promelas FT,M  [Cadmium sulphate 201 6,400 Pickering and Gast, 1972
Fathead minnow, Pimephal es promelas FT,M  [Cadmium sulphate 201 2,000 Pickering and Gast, 1972
Fathead minnow, Pimephales promelas FT,M |Cadmium sulphate 201 4,500 Pickering and Gast, 1972
Fathead minnow, Pimephales promelas SM Cadmium chloride 55-79 3,390 Spehar and Carlson, 19844, b
Fathead minnow, Pimephales promelas SM Cadmium chloride 39-48 1,280 Spehar and Carlson, 1984a, b
Fathead minnow, Pimephales promelas FT,M |Cadmium chloride 55-79 1830 Spehar and Carlson, 1984a, b
Flagfish, Jordanella floridae FT,M |Cadmium chloride 44 2,500 Spehar, 1976a, b
Goldfish, Carassius auratus S U |Cadmium chloride 20 2,340 Pickering and Henderson, 1966
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(mg/L as | Duration | LC50/EC50
Species Method* |Chemica CaCOs) (hr) (my/L)** |Reference
Goldfish, Carassius auratus S M [Cadmium chloride 20 2130 |McCarty et al., 1978
Goldfish, Carassius auratus S,M  [Cadmium chloride 140 46,800 [McCarty et al., 1978
Green sunfish, Leopmis cyanellus S, U |Cadmium chloride 20 2,840  |Pickering and Henderson, 1966
Green sunfish, Leopmis cyanellus S,U  |Cadmium chloride 360 66,000 [Pickering and Henderson, 1966
Green sunfish, Leopmis cyanellus FT,M [Cadmium chloride 335 20500 ude, 1973
Guppy, Poecilla reticulata S,U [Cadmium chloride 20 1270 |Pickering and Henderson, 1966
Isopod, Asellus bicrenata FT,M |Cadmium chloride 220 2130 |Bosnak and Morgan, 1981
Isopod, Lirceus alabamae FT,M |Cadmium chloride 152 150 Bosnak and Morgan, 1981
L eech, Nephelopsis obscura S cadmium chloride 50 9% 23 \Wicklum et al., 1997
Mayfly, Ephermerella grandis FT,M |Cadmium chloride 28,000 (Clubbetal., 1975
Mayfly, Ephermerella grandis S U |Cadmium sulphate 4 2000 |Warnick and Bell, 1969
Mayfly, Paraleptophlebia praepedita S M [Cadmium chloride 55-79 449 Spehar and Carlson, 1984a, b
Midge, Chironomus sp. S U 50 1200 |Rehwoldt et al., 1973
Midge, Chironomus tentans S Cadmium chloride 240 24 23250 [Khangarot and Ray, 1989b
Midge, Chironomus tentans S Cadmium chloride 240 48 8050 [Khangarot and Ray, 1989b
Midge, Chironomus tentans S Cadmium chloride 20 48 29560 [Suedel et al., 1997
Midge, Chironomus tentans S Cadmium chloride 20 9% 8000 [Suedel et al., 1997
M osquitofish, Gambusia affinis FT,M |Cadmium chloride 111 900 Giesy et al., 1977
Mosquitofish, Gambusia affinis FT,M |Cadmium chloride 111 2200 |Giesyetal., 1977
Mussel, Anodonta imbecilis 48 57 Keller and Zam, 1991
Northern sguawfish, Ptychocheilus oregonensis FT,M [Cadmium chloride 20-30 1092  |Androsand Garton, 1980
Northern sguawfish, Ptychocheilus oregonensis FT,M [Cadmium chloride 20-30 1104  |Androsand Garton, 1980
Pumpkinsee, Leopmis gibbosus SM 55 1500 |Rehwoldtet al., 1972
Rainbow trout (2-mos), Salmo gairdneri FT,M |Cadmium nitrate 6.6 Hae, 1977
Rainbow trout (alevin), Salmo gairdneri FT,M |Cadmium chloride 23 >27 Chapman, 1975, 1978
Rainbow trout (parr), Salmo gairdneri FT,M |Cadmium chloride 23 10 Chapman, 1978
Rainbow trout (smolt), Salmo gairdneri FT,M |Cadmium chloride 23 4.1 Chapman, 1975
Rainbow trout (smolt), Salmo gairdneri FT,M |Cadmium chloride 23 >29 Chapman, 1978
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(mg/L as | Duration | LC50/EC50
Species Method* |Chemica CaCOy) (hr) (my/L)** |Reference
Rainbow trout (swim-up), Salmo gairdneri FT,M |Cadmium chloride 23 13 Chapman, 1975, 1978
Rainbow trout, Oncor hynchus mykiss FT  |Cadmium chloride 50 % 3.02 Davieset al., 1993
Rainbow trout, Oncor hynchus mykiss FT Cadmium chloride 200 9% 6.12 Davieset al., 1993
Rainbow trout, Oncor hynchus mykiss FT  |Cadmium chloride 400 9% 5.7 Davieset al., 1993
Rainbow trout, Oncor hynchus mykiss 48 5 Daveet al., 1981
Rainbow trout, Oncor hynchus mykiss S Cadmium chloride 20 43 91 Caamari et al ., 1980
Rainbow trout, Oncor hynchus mykiss S Cadmium chloride 80 48 358 Caamari et al., 1980
Rainbow trout, Oncor hynchus mykiss S Cadmium chloride 320 48 3698  [Caamari et al., 1980
Rainbow trout, Oncor hynchus mykiss R Cadmium chloride 9% 10 '\Van Leeuwenet al ., 1985
Rainbow trout, Salmo gairdneri FT,M |Cadmium sulphate 31 175 Davies, 1976
Rainbow trout, Salmo gairdneri S U 6 Kumadaet al., 1973
Rainbow trout, Salmo gairdneri SuU 7 Kumadaet al ., 1973
Rainbow trout, Salmo gairdneri S,U  |Cadmium chloride 6.0 Kumadaet al., 1980
Rainbow trout, Salmo gairdneri S M [Cadmium chloride 55-79 10.2 Spehar and Carlson, 1984a, b
Rainbow trout, Salmo gairdneri S M |[Cadmium chloride 3948 23 Spehar and Carlson, 19844, b
Razorback sucker, Xyrauchen texanus S Cadmium chloride 199 9% 139 Buhl, 1997
Roatifer, Brachionus calyciflorus S Cadmium nitrate 81 24 1116 Nelson and Roline, 1998
Roatifer, Brachionus calyciflorus 51 24 1300  uchelkaand Snell, 1994
Shrimp, Macrobrachium lammarrei R Cadmium chloride 24 374 Murti and Shukla, 1984
Shrimp, Macrobrachium lammarrei R Cadmium choride 9% 195 Murti and Shukla, 1984
Snail (adult), Amnicola sp. S U 50 8400 |Rehwoldtet al., 1973
Snail (adult), Physa gyrina SM 200 1370 |Wier and Walter, 1976
Snail (embryo), Amnicola sp. S U 50 3800 |Rehwoldt et al., 1973
Snail (immature), Physa gyrina SM 200 410 \Wier and Walter, 1976
Snail, Aplexa hypnorum FT,M |Cadmium chloride 453 93 Holcombe et al ., 1983
Stonefly, Pteronarcella badla FT,M |Cadmium chloride 18000 |[Clubbetal., 1975
Striped bass (fingerling), Morone saxatilis S, U |Cadmium chloride 345 2 Hughes, 1973
Striped bass (larva), Morone saxatilis S, U [Cadmium chloride 345 1 Hughes, 1973
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TABLEA22: ACUTETOXICITY OF CADMIUM TO FRESHWATER FISH AND INVERTEBRATES

Hardness

(mg/L as | Duration | LCS0/ECS0
Species Method* |Chemica CaCQO,) (hr) (mg/L)** |Reference
Striped bass, Morone saxatilis S M 558 1100 |Rehwoldt et al., 1972
Threespine stickleback, Gaster osteus acul eatus S,U  |Cadmium chloride 115 6,500  |Pascoeand Cram, 1977
Threespine stickleback, Gaster osteus acul eatus R,M |Cadmium chloride 103-111 23000 [Pascoe and Mattey, 1977
Tubificid worm, Branchiura sower byl S M |Cadmium sulphate 53 240 Chapman et al., 1982a
Tubificid worm, Limnodrilus hoffmelsteri S M |[Cadmium sulphate 53 170 Chapman et al., 19823, b
Tubificid worm, Quistadrilus multisetosus S M |Cadmium sulphate 53 320 Chapman et al., 1982a
Tubificid worm, Rhyacodrilus Montana S M  |[Cadmium sulphate 53 630 Chapman et al., 1982a
Tubificid worm, Spirosperma ferox S M |Cadmium sulphate 53 350 Chapman et al ., 1982a
Tubificid worm, Spirosper ma nikolskyl S M |Cadmium sulphate 53 450 Chapman et al., 1982a
Tubificid worm, Stylodrilus heringlanus S M [Cadmium sulphate 53 550 Chapman et al ., 1982a
Tubificid worm, Tubifex tubifex 10 9% 1032  [Fargasova 1994
Tubificid worm, Tubifex tubifex S M |Cadmium sulphate 53 320 Chapman et al., 19823, b
Tubificid worm, Varichaeta pacifica S M |[Cadmium sulphate 53 380 Chapman et al., 1982a
\White perch, Morone Americana SM 55 8400 |Rehwoldt et al., 1972
\White sucker, Catostomus commer soni FT,M |Cadmium chloride 18 1110  |Duncan and Klaverkamp, 1983
\Worm, Lumbriculus variegatus 290 780 Schubauer-Berigan et al ., 1993
\Worm, Nais sp. S U 50 1700 |Rehwoldt et al., 1973
Zebramussel, Dreissena polymor pha R Cadmium chloride 150 43 338 Kraak et al., 1994

* S=gatic, R=renewal, FT =flow-through, M = measured, U = unmeasured.

** Results are expressed as cadmium, not as the chemical.
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TABLEA2.3: ACUTE TOXICITY OF SELENIUM TO FRESHWATER FISH AND INVERTEBRATES

LC50/ECS0
Species Method* |Chemica Duration (hrs) | (ng/L)** |Reference
Amphipod, Hyallela azteca FT,M |Sodium selenite 340 Halter et al., 1980
Amphipod, Hyallela azteca FT,M |Sodium selenate 760 Adams, 1976
Arctic grayling, Thymallus arcticus S Sodium selenate 9% 34300 Buhl and Hamilton, 1991
Arctic grayling, Thymallus arcticus S Sodium selenate 9% 100000  |Buhl and Hamilton, 1991
Bluegill, Lepomis macrochirus FT,M [Seenium dioxide 28500 |Cardwell et al., 1976
Bonytail chub, Gila elegans S Sodium selenate 9% 19000 Hamilton, 1995
Bonytail chub, Gila elegans S Sodium selenate 9% 55000 Hamilton, 1995
Brook trout, Salvelinus fontinalis FT,M [Seenium dioxide 10200 |Cardwell et al., 1976
Channel catfish, I ctalurus punctatus FT,M [Seenium dioxide 13600 |Cardwell et al., 1976
Chinook salmon, Oncor hynchus tshawytscha S Sodium selenite 9% 13800 Hamilton and Buhl, 1990
Chinook salmon, Oncor hynchus tshawytscha S Sodium selenate 9% 115000 |Hamilton and Buhl, 1990
Cladoceran, Ceriodaphnia dubia Selenate 43 1920 Brix et al., 2001a
Cladoceran, Daphnia magna R Selenite 48 680 Johnston, 1987
Cladoceran, Daphnia magna R Selenate 43 750 Johnston, 1987
Cladoceran, Daphnia magna R Selenate 72 1400 Johnston, 1987
Cladoceran, Daphnia magna S Selenium 48 430 LeBlanc, 1980
Cladoceran, Daphnia magna S Selenate 48 5300 Dunbar et al ., 1983
Cladoceran, Daphnia magna Selenate 48 1010 Brookeet al., 1985
Cladoceran, Daphnia magna S U Sodium selenite 2,500 Bringman and Kuhn, 1959
Cladoceran, Daphnia magna FT,M |Sodium selenite 710 Halter et al., 1980
Cladoceran, Daphnia magna SM Selenous acid 1,220 Kimball, Manuscript
Cladoceran, Daphnia magna SM Selenous acid 1,220 Kimball, Manuscript
Cladoceran, Daphnia magna S U Selenous acid 430 U.S. EPA, 1978
Cladoceran, Daphnia pulex SM Sodium selenite 3870 Reading, 1979
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TABLEA2.3: ACUTE TOXICITY OF SELENIUM TO FRESHWATER FISH AND INVERTEBRATES

LC50/ECS0
Species Method* |Chemica Duration (hrs) | (ng/L)** |Reference
Coho salmon, Oncorhynchus kisutch S Sodium selenite 9% 7800 Buhl and Hamilton, 1991
Coho salmon, Oncorhynchus kisutch S Sodium selenate 9% 74000 Buhl and Hamilton, 1991
Coho salmon, Oncorhynchus kisutch S Sodium selenite 9% 7800 Hamilton and Buhl, 1990
Coho salmon, Oncor hynchus kisutch S Sodium selenate 9% 32500 Hamilton and Buhl, 1990
Colorado squawfish, Ptychocheilus lucius S Sodium selenite 9% 14000 Hamilton, 1995
Colorado squawfish, Ptychocheilus lucius S Sodium selenate 9% 66000 Hamilton, 1995
Colorado squawfish, Ptychocheilus lucius S Sodium selenite 9% 20700 Hamilton and Buhl, 1997a
Colorado squawfish, Ptychocheiluslucius S Sodium selenate 9% 83000 Hamilton and Buhl, 1997a
Colorado squawfish, Ptychocheilus lucius S Sodium selenite 9% 12800 Buhl and Hamilton, 1996
Colorado squawfish, Ptychocheiluslucius S Sodium selenate 9% 24600 Buhl and Hamilton, 1996
Fathead minnow (fry), Pimephal es promelas FT,M [Seenium dioxide 2,100 Cardwell et al ., 1976
Fathead minnow (juvenile), Pimephales promelas FT,M [Seenium dioxide 5,200 Cardwell et al ., 1976
Fathead minnow, Pimephales promelas S U Sodium selenite 10500 |Adams, 1976
Fathead minnow, Pimephal es promelas S U Sodium selenite 11,300 |Adams, 1976
Fathead minnow, Pimephales promelas S U Sodium selenite 6,000 Adams, 1976
Fathead minnow, Pimephal es promelas S U Sodium selenite 7,400 Adams, 1976
Fathead minnow, Pimephales promelas S U Sodium selenite 3,400 Adams, 1976
Fathead minnow, Pimephal es promelas S U Sodium selenite 2,200 Cardwell et al ., 1976
Fathead minnow, Pimephales promelas FT,M |Sodium selenite 1,000 Halter et al., 1980
Fathead minnow, Pimephal es promelas FT,M |Selenousacid 620 Kimball, Manuscript
Fathead minnow, Pimephales promelas FT,M |Selenousacid 970 Kimball, Manuscript
Fathead minnow, Pimephal es promelas S U Sodium selenate 11,800 |Adams, 1976
Fathead minnow, Pimephales promelas S U Sodium selenate 11,000 |Adams, 1976
Fathead minnow, Pimephal es promelas S U Sodium selenate 12500 |Adams, 1976
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TABLEA23: ACUTETOXICITY OF SELENIUM TO FRESHWATER FISH AND INVERTEBRATES

LC50/EC50
Species Method* |Chemica Duration (hrs) | (ng/L)** |Reference
Flagfish, Jordanella floridae FT,M [Selenium dioxide 6,500 Cardwell et al., 1976
Flannelmouth sucker, Catostomus latipinnis S Sodium selenite 9% 19100 Hamilton and Buhl, 1997b
Flannelmouth sucker, Catostomus latipinnis S Sodium selenate 9% 26900 Hamilton and Buhl, 1997b
Goldfish, Carassius auratus FT,M |Sdeniumdioxide 26,100 |Cardwdll et al., 1976
Midge, Tanytarsus dissimilis FT,M [Selenium dioxide 42,400 U.S. EPA, 1978
M osquitofish, Gambusia affinis S U Sodium selenite 12600 |Reading, 1979
Pearlspot, Etroplus maculates S Selenium oxide 9% 10700  |Gaidwed, 1989
Rainbow trout, Oncorhynchus mykiss S Sodium selenite 9% 9000 Buhl and Hamilton, 1991
Rainbow trout, Oncorhynchus mykiss S Sodium selenate 9% 32300 Buhl and Hamilton, 1991
Rainbow trout, Salmo gairdneri S U Sodium selenite 4,500 Adams, 1976
Rainbow trout, Salmo gairdneri S U Sodium selenite 4,200 Adams, 1976
Rainbow trout, Salmo gairdneri FT,M |Sodium selenite 12500 |Goettl and Davies, 1976
Rainbow trout, Salmo gairdneri FT,M |Sodium selenite 7,200 Hodson et al ., 1980
Rainbow trout, Salmo gairdneri FT,M |Sodium selenite 8,200 Hodson et al ., 1980
Rainbow trout, Salmo gairdneri FT,M |Sodium selenite 8,800 Hodson et al ., 1980
Razorback sucker, Xyrauchen texanus S Sodium selenite 9% 15000 Hamilton, 1995
Razorback sucker, Xyrauchen texanus S Sodium selenate 9% 48000 Hamilton, 1995
Razorback sucker, Xyrauchen texanus S Sodium selenite 9% 13700 Buhl and Hamilton, 1996
Razorback sucker, Xyrauchen texanus S Sodium selenate 9% 13800 Buhl and Hamilton, 1996
Snail, Physa sp. S U Sodium selenite 24,100 |Reading, 1979

* S=datic, FT =flow-through, R = Renewal, U = unmeasured, M = measured
** Results are expressed as selenium, not as the compound.
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APPENDIX 3: COMPARATIVE EVALUATION OF INNOVATIVE
TECHNOLOGIESFOR SELENIUM REMOVAL

A3.1 I ntroduction

Provincid, dae and federa discharge limits for mines and metd plating wadtewaters have
decreased over the past decades. For example, the date discharge limit for sdenium was
approximatdy 3 mg/L in 1977 for one mine in the western USA (M SE and Montana Tech, 1999).
The conventiond technologies for selenium gppear to be cgpable of achieving this effluent limit.
Conventiona technologies include use of dum, lime or ferric sats to promote precipitation, often
followed by filtration.

Present-day trestment objectives for selenium are much lower than this vadue. An example of these
lower limitsis an effluent concentration limit of 0.006 mg/L for sdenium (MSE and Montana Tech,
1999) contained in the permit issued to amine by one State Government.

A desred effluent objective of <0.01 mg/L for Se gppears to be underlying the treatment
technology assessment for mining wasteforms in the USA in the late 1990s (MSE and Montana,
1999). Thisisbased on groundwater drinking objectives which are presently 0.05 mg/L but which
are tending toward 0.01 mg/L in recent water quality standard setting discussons. The U.S.
Nationd Primary Drinking Water Standard (NPDWS) Maximum Contaminant Level (MCL) is50
ng/L sdenium and the Maximum Contaminant Level God (MCLG) is10 ng/L.

Current “conventiond technologies’ are not sufficient for achieving such levels for the following
reasons:

The ferrihydrite treatment technology was classified as the Find Best Demondrated Avallable
Technology (BDAT) for sdenium control, in an invedigation for the US Environmentd
Protection Agency by Rosengrant and Fargo (1990). This “BDAT” treatment technology is
rated to achieve <1 mg/L as the effluent objective. This effluent objective was Hill the rating
employed by the US EPA in 1998-99 (M SE and Montana Tech, 1999).

Available performance data indicate that ferrihydrite sorption can achieve sub mg/L leves, but
official re-evaluation is needed to change the rating on aBDAT.

While technologies such as ferrihydrite sorption are recognized as BDAT at the mg/L levd,
there is aso concern about the long term stability of the wasteforms.

Treatment technologies to meet stringent discharge requirements, such as <0.01 mg/L, for “toxic
anions and heavy metals’ do not exist (M SE and Montana Tech, 1999).
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A3.2 Technological and Cost Evaluation of Technologies

MSE and Montana Tech (1999) evduated technologies which potentialy could meet lower
discharge limits for sdenium in mining wastestreams. A summary of the technologies and their
current technologica datusis provided in Table A3.1 for the following technologies:

oxidation processes

precipitation of a selenate, selenite, sdenide, or dementa Se
adsorption onto ferrihydrite, dumina, peat resins, or activated carbon
ion exchange (IX)

solvent extraction (SX)

emulson liquid membranes

reverse 09Mosis

nanafiltration,

chemicd reduction processes ( with ferrous hydroxide or iron), and
conventiond lime softening/ferric coagulatiory filtration

Oxidation processes are used, especially as a precursor to certain technologies, e.g., ion exchange,
which sdectively remove sdenate (SeOy) in preference to selenite (SeOy).

Precipitation processes for sdlenate, selenite or sdenide dl involve direct precipitation of a meta
with the sdlenium ion — for example, copper sdenide or copper sdenate.  The precipitation of
sdenates and sdenites are ineffective because the solubility congtants are such that the dissolved
sdlenium concentration is too high, relative to an effluent trestment objective of 1 mg/L. The
precipitation of selenides or dementa sdenium is more effective.

Adsorption processes generdly involve sorption onto preformed media through which the solution
phase flows. In the detailed description of the ferrihydrite sorption process (MSE and Montana
Tech, 1999), soluble iron is introduced into the solution phase, which results in ferrihydrite solid
formation. Thus, the precipitation of ferrihydrite should more properly be described as the “ferric
coagulation” process, which islisted at he bottom of Table A3.1.

lon exchange (1X) originated from the water treatment field and uses a specidly designed ion
exchange media; the current media remove many ions, such that selenium removd is influenced by
interfering ions present in the solution matrix. Media specific to selenium have not been used at fulll
scdein the mining indudry.

Solvent exchange (SX) uses a solvent in contact with the wastewater to remove contaminants of
concern and then the ‘spent solvent’ is regenerated. Emulsion liquid membranes use smilar
physico-chemicd principlesto SX , but the “solvent” phase is present in droplets rather than in a
Separate liquid phase (SX).
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TABLEA31l. SOLUTION TREATMENT TECHNOLOGIESPOTENTIALLY APPLICABLETO
MINING INDUSTRY WASTEWATERS FOR SELENIUM REMOVAL

Technology for

Studies

Solution Treatment Lab

Pilot

Industry

Comments

OXIDATION X

Oxidation of Se (1V) to Se (V1) isimportant for some of the
subsequent removal technologies, e.g., ion exchange.
Effective oxidation has been demonstrated; however, the
oxidizing reagents are expensive. Effortsto find low-cost
treatment technologies and lower cost oxidizing reagents
(for use at ambient temperatures) need to be continued.

PRECIPITATION

Selenate X

The precipitation of selenates as atreatment technology is
ineffective because of therelatively high solubility of metal
selenates.

Selenite X

The precipitation of metal selenites as amine water treatment
technology is not appropriate because the solubility of metal
selenitesis not low enough to achieve the very low Se
discharge requirements.

Selenide X

The reduction of selenate and selenite species with the
subsequent precipitation of metal selenidesis promising asa
mine water treatment option.

Se° X

The reduction of Se (V1) and Se (IV) speciesto Se” by
bacterial processesis promising as amine water treatment
option.

ADSORPTION

Ferrihydrite X

Amorphous ferric hydroxide precipitation has been
extensively investigated. Selenium (1V) is effectively
removed at pH <~8. Thistechnology is not effective for Se
(V). Therefore, reduction of the Se (V1) prior to adsorption
isoften required. The presence of other aqueous speciesin
the solution to be treated may influence the removal of Se
(V).

Alumina X

Selenium (V) is adsorbed effectively by alumina. Selenium
(IV) adsorption is nearly complete (for concentrations up to
4 ppm Seusing 3.3 g/L Al,O,) at pH levels between 3-8.
Selenium (V1) adsorption by aluminais poor.

Selenium (V1) adsorption drops off rapidly with increasing
pH and islessthan 50% at pH 7. Sulphate and carbonate
adsorption significantly interferes with Se (V1) adsorption.

Application of Se adsorption by aluminamay be aproblem
in gold heap leach effluents because of the presence of
dissolved silicaand, in some cases, the presence of cyanide.
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TABLEA3.L:

SOLUTION TREATMENT TECHNOLOGIES POTENTIALLY APPLICABLETO

MINING INDUSTRY WASTEWATERS FOR SELENIUM REMOVAL'

Technology for
Solution Treatment

Studies

Lab

Pilot

Industry

Comments

Ferric
Oxyhydroxide//Peat/
Resins

Activated Carbon

HW-FIX isaUSBM development that shows promise for Se
(IV) removal. The adsorptionisnot as effectivefor Se (VI).

Thistechnology shows promise for application to mine
waters.

Activated carbon adsorption is widely used in treatment of
groundwater and as point-of -use treatment of drinking
waters for organic adsorption. It isnot very effective for
adsorbing Se.

ION EXCHANGE (IX)

lon exchange is used for treatment of drinking water and
groundwater for metals, Asand Seremoval. Selenium
removal is accomplished by using a strong base anion 1 X
resin. Selenium (V1) is extracted much more effectively than
Se (IV). Theextraction of Se (VI) isafunction of sulphate
concentration.

Tailored resins show good selectivity for Sein the presence
of sulphate; however, only laboratory studies have been
performed, and further laboratory studies (on mine waters)
are recommended.

SOLVENT
EXTRACTION (SX)

Solvent extraction has been investigated on a pilot scale for
treating gold heap leach solution effluents. The results were
encouraging; however, the technology has been applied at
only onesite. Further laboratory test work should be
conducted.

EMULSION LIQUID
MEMBRANES

Pilot studies have shown that Se (V1) is extracted rapidly
even in the presence of sulphate at all pH values >2.
Selenium (1V) extraction isinfluenced by the presence of
sulphate (i.e., the rate of extraction is decreased).

This technology shows much potential for application to
mine waters; however, it requires further test work to answer
guestions concerning the presence of multiple anionic
species, presence of suspended solids, etc.

REVERSE OSMOSIS
(RO)

Reverse osmosisis extensively used for removing inorganic
contaminants from drinking water and groundwater. It has
not been applied industrially to mine waters. Reverse
0SMOSis may require extensive pre-treatment of mine waters
to remove solids and to lower the concentration of TDS.
Otherwise, extensive membrane fouling may occur. Itis
doubtful that RO will ever be applied to mine waters.
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TABLEA3.L

SOLUTION TREATMENT TECHNOLOGIES POTENTIALLY APPLICABLETO

MINING INDUSTRY WASTEWATERS FOR SELENIUM REMOVAL'

Technology for
Solution Treatment

Studies

Lab

Pilot

Industry

Comments

NANOFILTRATION

X (for
sulphate)

Nanofiltration appears to be a potential technology for
treating some low metal-containing Se-bearing mine waters.

Nanofiltration technology shows good potential for
application to mine waters; however, it requires further test
work to answer questions concerning the presence of
multiple anionic species, presence of suspended solids, etc.

CHEMICAL
REDUCTION

Ferrous Hydroxide

The Bureau of Reclamation has devel oped a process for
treating Se surface and agricultural waters.

This technology does not appear to be applicable (at a
reasonabl e cost) to mine waters.

Fe

The successful use of Fe as areductant is based on the
reduction of Sein the presence of Cuions.

Further test work is required to determine the final Cu
content achievablein the treated effluent water and to
delineate the applicable pH range.

Thistechnology shows promise for application to mine
waters.

CONVENTION
WATER
TREATMENT

Lime Softening/Ferric
Coagulation/Filtration

The BAT for treating Se-bearing drinking and groundwaters
arelisted by EPA to include ferric coagulation-filtration
[removals = 40%-80% for Se (IV); <40% for Se (V1)] andlime-
softening [removals = 40%-80% for Se (1V); <40% for Se
(VD]. However, the application of these unit operations to
mine waters has not been made.

Achieving Seremoval to regulated discharge concentrations
by these technologiesis not likely unless the Se
concentrations are already near the required discharge
requirements.

! Adapted from M SE and Montana Tech (1999).
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Reverse osmoss (RO) is a processin which al “soluble metds’ are separated smultaneoudy from
purified water. It needs extensive pre-treatment to protect the membrane from suspended solids
and chemicd precipitation.

Nandfiltration uses Smilar principles to RO, but its membrane rgjects mainly multivaent anions such
as sulphate and sdenate/sdlenite, while RO rgects dl ions, positive and negative (eg., Na, K, Ca,
Mg, Hg, Cd, sulphate, chloride, carbonate/ bicarbonate, selenate, antimony).

Reduction processes are essentia, especially as a precursor (adso cdled pre-trestment), for
sorption of Se onto media such as ferrihydrite, because the sorption of the reduced form — selenite
( Se03) - is much more efficient than sorption of the more oxidized form — selenate (SeO,). Since
many mills have sdenium in their effluents in the sdenate form, a reduction process sep before a
sorption step results in consstently lower Se concentrations in the liquid effluent. Reduction can be
accomplished using ferrous hydroxide, e emental Fe, or biologica processes.

Conventiona processes such as lime softening/ferric coagulaion/filtration are widdy used. One
conventiona process, “ferric coagulaion”, is lised in the 1980s as EPA’s “Best Available
Technology” (BAT; which is different from the “Best Demondtrated Available technology — BDAT
—see below ), but it is unlikely to achieve effluent limits as low as <0.01 mg/L.

Table A3.1 compares the advantages of the various technologies, and summarizes whether the
technicd investigations and performance eva uations have been completed at:

bench scale,
pilot scale, or
full scde.

For example, al of the 17 trestment technology categories have been investigated at bench and
pilot scale, but only 7 of 17 have full scale performance information.

The study (MSE and Montana Tech, 1999) concludes that only the following technologies have the
potential of achieving effective selenium remova to the low ppb range (<10 ppb):

Ferrihydrite adsorption — this is the EPA’s BDAT, but the cited full scae remova efficiencies
of 80 to 90% apply only to Se(1V) and will not achieve the <0.01 mg/L objective if the influent
solution concentration of Seis0.5to 1 mg/L.

Ferric oxyhydroxide/pest resins (HW-FIX) — the peat resin enhances the remova achieved by
oxyhydroxide - demonstrated &t full scae but not for mine effluent.

Fe reduction — much more bench work and technology development is needed — demonstrated
at full scae but not for mine effluent.

Sdenide precipitation — demondirated at full scale but not for mine effluent.

Nanofiltration —demondtrated at full scale for sulphate (not selenium).

Beak I nternational Incorporated
Ref: 22069.1 A3.6



Literature Review of Environmental Toxicity of
Mercury, Cadmium, Selenium and Antimony in Metal Mining Effluents

Biological reduction to eementa Se - demondtrated at full scale but not for mine effluent.
Emulsion liquid membranes — demondrated at pilot scale.
Tailored ion exchange — demonstrated at pilot scale.

In addition, the specia notes for each technology (see summary above, and specific notesin Table
A3.1) indicate that substantialy more work is needed to evauate the applicability of any one of
these technologies for mining application, before they can be consdered for wide spread
applicability. Demongration and evauation of an gppropriate technology for a specific mine ste
and wasteform was anticipated as the next step by MSE and Montana Tech (1999).

Other technology performance and relaive cost information is summarized in Table A3.2. A
numerical scale from 1 to 5 was used to assess these factors. A value of 1 emphasizes that the
technology has sgnificant chalenges, deficiencies, or development work needed reative to the
other technologies, while avaue of 5 emphasizes that the technology has sgnificant advantages.

Thefactorslisted in Table A3.2 are defined as follows:

Treatment Goal — ability of the technology to reduce volume, toxicity, or mobility of a waste.
A vaue of 1 means the technology isincapable of reducing any of these characteristics, while a
vaue of 5 means that the technology greetly reduces one or more of these characterigtics.

Rdiability — Both short—term and long—term aspects of the technology, operationd reliability
and maintenance are assessed. A vaue of 1 is gpplied to technologies that are unreiable, or
difficult to maintain, or to “conceptua technologies’ that appear to be unrdidble or difficult to
maintain. A vaue of 5 means that the technology is extremely rdiable for the technologica
treatment objective.

Technical Feasbility - This factor addresses the ease of use and practicaity of the
technology. A vaue of 1 means that the technology is extremdy difficult to initiste and/or
operate, while a vaue of 5 means that the technology is smple to initiate and to operate. In
addition, active technologies (those which require a power source and around the clock
operators) were assigned lower vaues (which means that they are not easy to operate) while
passve technologies (those which function for substantive time periods without human
supervison/assstance) are assigned higher values.
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TABLEA3.2 RELATIVE ADVANTAGES AND COSTS OF ALTERNATIVE TECHNOLOGIES FOR SELENIUM REMOVAL'

Treatment Technical Technical Operating Capital Industrial
Technology Name Goal Reliability Feasibility | Innovation Costs Costs Acceptability
Selenium Precipitation 2 3 3 4 3 4 3
(Bacterid)
Elemental Iron Reduction 3 4 4 4 3 3 3
Selenide Precipitation 3 3 3 3 3 3 3
Ferric 3 4 4 3 2 3 3
Oxyhydroxide/Peat/Resins
Nanofiltration 3 3 3 3 3 3 4
Ferrihydrite Adsorption 4 3 3 2 2 3 3
lon Exchange (Tailored) 3 4 3 2 2 2 3
Solvent Extraction/Liquid 3 3 3 2 2 2 4
Membrane
Reverse Osmosis 2 4 2 2 2 2 4
Alumina Adsorption 3 3 2 2 2 2 3
Lime Softening/Ferric
Coagulation/ Filtration 3 3 3 5 5 5 4
Oxidation 3 2 3 2 1 3 2
Ferrous Hydroxide Reduction 2 2 3 3 1 2 2
Activated Carbon 2 2 2 2 2 3 2
Selenite Precipitation 3 1 1 1 3 3 1
Selenate Precipitation 4 1 1 1 3 3 1

! Adapted from M SE and Montana Tech (1999).
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Technical Innovation — This describes use of the technology in a novel, modern, or new
manner. A vaue of 1 means that the technology is not innovative while a vaue of 5 means that
the technology is very innovative. The assigned vaues are used in this report as an indicator of
whether the technology needs alot of further development beforeit is ready for industria use.

Operating Cost — Operating cogts include ongoing technology operations and maintenance
costs minus the financid vaue of any resource recovery. A vaue of 1 is assigned for high
operating codts, defined as 2 X the average of the codts of the other cited technologies. A
vaue of 5is assgned for low operating codsts, defined as costs which are one-quarter (1/4) of
the costs of the other cited technologies.

Capital Cost — A vaue of 1 is assgned for very high capita cods, estimated as cogting
“millions of dollars’. A vaue of 5 is assgned for low capitd costs usudly in the “tens of
thousands of dollars’.

Industrial Acceptability — The main criteria for this factor is an assessment of the complexity
of the technology, because the “resounding thought from industria contacts is to maintain as
non-complex a process as is functiond”. A value of 1 means the process is unacceptable to
indudtry; a vaue of 5 means that the technology isin genera use in industry, or that it showed
promise of sizable cogt reduction or increasing rdligbility over technologies that arein use.

In terms of rating these technologies (see Table A3.2), the following observations can be made:

Sdlenite precipitation and sdenate precipitation would appear to be unlikely as candidate
trestment technol ogies because they have anumericd rating of 1 for four of the Six categories.

In terms of trestment god, only 4 technologies are rated as 2 or less (dementa selenium
precipitation, RO, ferrous hydroxide reduction, and activated carbon), indicating that these four
technologies may not be candidates for achieving effluent quaity gods.

Three technologies have a rdiability rating of 2 : oxidation, ferrous hydroxide reduction, and
activated carbon, suggesting that their reliability may be somewhat suspect.

The mgority of technologies have asmdl degree of technologica innovation (an assigned rating
of 2 or less), indicating that technologicd development is not a mgor need for most
technologies.

Severd technologies have operating codts that are above average (a rating of 2), and two
technologies (oxidation and ferrous hydroxide reduction) have “large’ operating codts (i.e., are
2 timesthe average).
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There are no technologies whose capitd cods are “high” (assgned rating of 1) nor “low”
(assigned vaue of 5).

All technologies have a reasonable degree of industrid acceptability, except for two
technologies which have a vdue of 1; three technologies (oxidation, ferrous hydroxide
reduction, activated carbon) have an acceptability vaue of 2.

An overdl summary might be that 2 technologies need no further consderation (sdenite
precipitation and selenate precipitation ) and that three have sgnificant chalenges (oxidation,
ferrous hydroxide reduction, activated carbon) compared to the others.

A3.3 Generalization Based on Selenium Study

The generd conclusons that can be synthesized from the MSE and Montana Tech (1999) study,
especialy with respect to selenium treatment, are;

Trestment technologies can be rated based on typicd trestment efficiencies (conventiona
technologies achieve 60 to 80% remova) or based on typicdly achievable effluent
concentrations (1 mg/L for conventiona technologies).

Present technology ratings define BDAT in terms of consggtently achieving these benchmarks
for conventiond trestment technologies.

Specidized gpplications and technology innovations carried out a bench, pilot and full scale
(eg., ferrinydrite remova for sdenium) cite treetment efficiency vaues in the 80 to 90%
remova range. Some of these studies gppear to have been conducted on reatively smple
water matrices (i.e, there are few other congtituents competing with selenium for “sorption
Stes’); remova efficiencies may be reduced for more complex water matrices.

Innovative technol ogies can often achieve effluent concentrations that are an order of magnitude
lower than conventiond technologies. For example, it is quite plausble tha ferrihydrite
together with reduction technologies could achieve 0.1 mg/L Se and be certified as a full scae
BDAT for this effluent objective. Since ferrihydrite is aso effective for other condituents such
as Cd and Hg, and especidly antimony, its ability to remove these substances should dso be
evauated.

Another order of magnitude reduction is needed to achieve effluent levels of <0.01 mg/L (<10
nog/L). This leve has not been achieved with present technologies in full scale use for selenium
control in mining wastewater systems ; this leve is not likely achievable with technologies
presently in use in ther present form (MSE and Montana Tech, 1999). A sgnificant effort
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involving bench scale, pilot scae, and full scade demongrations would be needed to achieve
such levels.

Conceptudly, each mgjor treatment process stream (treatment unit which removes contaminant
from solution) could achieve an order of magnitude reduction, and be certified for an order of
magnitude reduction which means that two sets of treatment units would be needed to move
fromalmg/L efluent limit to a<0.01 mg/L effluent limit.

The above points, based on an evauation of technologies for Se removad, can likely be generdized
by extension to other metal contaminants of concern such as Cd, Hg, and Sb.
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