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'Process water treatment in Canada’s oil sands
_industry: I. Target pollutants and treatment
objectives

~ Erik W. Allen

~ environnementales et industrielles sur 1a qualité de I’ean. Entre 1980 et 2001, 1a salinité de la TPW a augmenté 2 un

* rythme de 75 mg/L par an. Les réceies augnientations en dutié, en sulfakes, en chlonises et en ammoniac ont sonlevd
* des geigudes quant 3 incrustaiion et la corrosion. Les acides naphiénigues Iibérés durant extraction du bitume sont Ja
- principale source-de toxicité dans la TPW. La biodégradation des acides naphténiques a &1é démontrde dans des expérien- -
- eas dams les parcs & résidus; toutefbis, les composés récalcitrants peuvent contribuer 3 une toxicid chronigue dans les envi-
. Touneents remis en érat, Les. objectifs du traitement de Veau éablis dans cette revie foumissent des poinis de référence .
. pour la sélection des technologies de traitement des eaux. '

- Mots-clés ; sables bitumineux; pares-4 résidus, acides naphténigues, toxicité, remise en Stat.

" Abstradt: Process water treatient has hecome a eritical issue for Canada’s oil sands industey. Contindous recycling of

" taitings pond water (TPW) has contribuied 10 a decline in waier guality that has corisequences for bitntnen recovery, wates
- eonsumption, and reclamation efforts. Poteniial roles for water treatment were assessed through a review of process warer-
- quality and toxicity data from-twe long-ierm oil sands eperations. Taiget pollutanis were identified according to exceedan-
- ces of eavironmental and industrial water quality guidelinés. From 1980 10 2001, the salinity of TPW increased af a rate
. of 75 mg/L. per year, Recent increases in hardness, sulphate, chloride, and ammonia, have maised concems over scaling and
. corrosion. Naphthenic acids released during bitumen exmaction ase the primary source of toxicity in TPW. Biodegradation

of naphtheni¢ acids has been demonstrated in pond experiments; however, recalcimant compounds may contribute t0

* chronie toxicity in reclaimed envisonments. Water treatment objectives established in this review provide benchmarks for
* the selection of candidate water treatment technologies. = o

. Key words: oil sands, wailings ponds, naphthenic acids, toxicity, reclamation. - .

- Résmmé : Le tmaitement des eaux de procsdé est devenu une question irds importante pour I'industrie canadienne des sa- -
. hiles bimmineux. Le recyelage continu de I'eau des parcs 3 résidus (TFW) contibue. 3 diminuer la qualité de eaw, ce qui

. impacte la réenpération du bitume, la consommation d’eau et les effons de remise en état. Les rdles porenticls du traite-
. ment de I'eau ont &é évaluds par un examen de la qualité de 1’ean de procédé et des donndes de toxiché pour deux exploi-

tations 4 long terme de sables bimmineux. Les polluants ciblés ont &é ideniifiés selon les excédents anx fignes directrices

[Traduit par ia Rédacion)

Introduction

‘The oil 'sands in northern Alberra, Canada, represent ofie
of the largest oil deposits in the world; with proven reserves
- of 174 billion bamels of bitumen (Alberta Energy and Util- -

ities Board 2005). As an unconventional fossil fuel, bitumen -
is. more costly to recover and. process than conventional oil .
-and gas; however, increased global demand for oil coupled. .
with. technological advances in bitumen produciion have
triggered rapid growth in the industry. Oil production from
the oil sands has reached 1 million barrels per day, and is
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:projet':ted 0 tﬁple 6vér the next decade (National Energj

Board2006.
. Rapid expansion of Alberta’s oil sands indusiry presenis
several challenges with respect to the protection of local
freshwater resonrces such as the Athabasca River basin
{(Griffiths et al. 2006). Oil sands mines consume large vol-
umes of waict, importing an average of 3 barrels of river
water for every barrel of oil produced (Syrcrude Canada
Limited 2005; Shell Canada 20056; Suncor Energy: Incorpo-
tated 20055). While only a small fraction (<2%; of the riv-
er’s annual flow. is. currently allocated to the oil sands, it
remains onclear whether or not low winter flows can support
ihe expected increase in water consumption over the nexi
decade (Peachey 2005). .
~ Most of the freshwater imporied by ofl sands mines is
used in hot water extraction, a flotation process that sepa-
raies bitumen from sand and clay. The resuliing process
water is alkaline, slighily brackish, and acutely toxic to
aguatic biota due 1o high concentrations of organic' acids
leached - from the bitumen during extraction (MacKinnon
and Sethi 1993), Under a zero dischasge policy, oil sands
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- producers are regnired to store all process waiers and sail-
- ings on-site,-a condition thai .has led to the construciion of .
_ over 70 km? of tailings ponds (Dominski 2007) and a sigaif- .

icant inventory of waste, The volume of impounded process
water at Syncrude’s Lease 17/22 was approaching 1 billion

m? {n 2004, (MacKinnon 2004); the current total volume of

~impounded tailings sledge (among all operaiors) has ex-

ceeded 700 million m? ‘(D‘cm‘ins‘ki 2007). At mine closure, -
" process water and tailings will be reiniegrated in the land-
- scape through various reclamation scenarios, with the inient -

- of restoring sustainable aquatic and terresidal ecosystems. -
While oil sands producers- have made improvemenis in

- water use efficiency and have invested .in. reclamation re- -
search,. the indusiry still faces sevemal hurdles related 10 .
. water use, Recycling of tailings pond water (TPW) has

slowed the increase in freshwater withdrawals (Syncrude
Canada Limited ‘7005}, but has contributed to a long-ierm

decline in pmcess water quality that threatens to affect bitu- ©

- men recovery through disruption of exiraction chemistty

" (Kasperski 2003) and scaling and corrosion of exiracrion fa- -

cilities (Rogers  2004). Tailings treatments such as consoli-

dated iailings (CT). whercby calcium sulphate is added 1o -

- mamwe. fine tailings and sand, further enhance the salinity
. and hardness of process water (Marr et al. 1996), As pro-

. ducers become increasmgly dependent on process water re~

cycling, the decline in water quality may reduce bimmen
recovery rates, leadme 10 increased demand for water.

Many of the operauenal and environmental challenges re-

" lated to the macagement of oil sands process warer could be

addressed’ chrough the selection of appropriate watér treat- -
- ment technolegy. Process waier treatment could aliow oper- -
ators to regulate water quality 1o suit the bitumen extraciion -

- process, reduce the need for freshwater withdrawals by recy-

. cling TPW for. uiilities. and other operational uses, offset .
. withdrawals through discharges of treated water, promote bi-
. oremediation through the removal of pollutants that contrib~

uie o acute and chronic {ioxicity in aquatic biota, and ensure

 that downstream sites meet water quality gnidelines for the '

' pmtecnon of aquatic ecosysteis (e.g., CCME 2005).

" Water treatment iechnologiés are rapidly évolving to meet

" the water managemnent niceds of the oil industry, vet the via-

- bility of these emerging technologies for oil sands opera- -
- tions remains unclear. As a prerequisite to the evaluation of -
process water treaiment options, process waler guality and -
- togicity data. from two long-term oil sands mining projects .
were feviewed 1o ldennfy target pollutanis and establish
. water tieatment priorities. Target polluiaats were identified

based on their exceedance of environmental and industriat

- warer quality criteria. Process water quality data were com-
plled from pubhshed papers, repons, and conference presen— '

E&thIlS

‘ O'I sands owamlew '

There age three major, ml sand deposns in lhe provmce of

) Alberta covenng over 140000 km? in the nomhern half of
the province (Albena Depanmem of Enezgy 2005) (Fig. I}
Qil sands deposits are sitwated a1 varying depths beneath an

overburden of muskeg, glacial iills, sandstone, and shaie. -
Shallow oil sand deposits (i.e., up to 75 m) ars accessed via -
- surface mings, and account for only 18% of the total recov- -
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-erable bituimen, most of which is in the Athabasca deposit -
{Alberia Department of Energy 2005). For deeper deposits, .
bitminen. is exiracied via in sity processes in which steam is

injected into a well to heat and loosen the bitumen so that it
can be pumped 1o the surface through a pmducuon well.
Surface mining currently accounts for 65% of iotal produc-

‘tion from the oil sands, and is forecast to remain ar this level
through 2010 (Alberta Department of Energy 2005). At -

preseni, there are thice major producers in mineable oil -

-sands: Suncor Energy Comp. - (Suncor), Syncrude Canada
- Lid. (Synceude),-and Albian Sands Inc. (Albian).

Surface mined oil sands are transported as a slurry from
the mine 0 the exiraction plant. Bitumen exiraction follows .

modified versions of the Clark Hot Water Process, in which
bitumen is separated from sand and clay pamicles by a com~
bination of mechanical energy, heat, and the presence of

‘surfaciants leached from the bitnmen (Kasperski 2003). His-

torically, causiic soda (NaOH) was added o promote the re~

lease of surfactants and improve bitumen separation.
-Downstream effecis of alkalinity on water chemistry and
tailings formation {c.g., MacKinnon 2001} has led some»op- .
-erators to reconsider this method. .

The acrated slurry is then piped into the pnmary separa- .

tion vessel, where bitumen separated via flotation (froth) is

skimmed from the surface and pumped to a froth treatment
plani-afier which it is sent 10 be upgraded o synthetic sweet

erude oil. Residual bitumen is recovered from the middlings
of the primary separation vessel. Depending on ore guality,
approximately 1 m® of oil sand is required to produce 1 bar- -
rel of oil (Scoit et al. 19853) A stmplified: flow d:agram and -

-materials balance for an oil sands mmmg opcranon is pre— :
sented in Fig, 2, o :

rTaJlmgs

Tailings composed of water dzssolved salts, orgamcs, .
minerals, and bitumen are pumped from separation vessels .
and froth treatment facilities to a series of sculing basins

‘and tailings ponds. The composition of oil sands tailings

vapies with ore quality, source, exiraction processes, and
age, but genemally contain ~70 to 80 wi% water, ~20 1o
30 wi%- solids (i..; sand, silt, and ciays) and ~1-3 wi% bi-
tumen (Kasperski 1992). Upon delivery to setiling basins,

railings divide into. three fractions: (/) rapidly-setiling sand

particles; (/i) an aqueous suspension of fine particles (silt

and clay); and (iif) a clarified surface water layer (toial sus-

pended solids = ~15-7¢ mgA) with residual bitumen
(MacKinnon and Sethi 1993). The fine tazlmgs seitle 10

‘20 wi% solids within 2 few weeks, but require several years
¢ reach 30-35 wi% solids, at which point consolidation
‘slows considerably and ihe sludge is designated as mature
fine tailings (MFT) (Scoit et al. 1985). Bvidence from Syn~ -

crude failings ponds .suggesis that. MFT is setiling 30%

faster than predicted, but siill requires. 10 years ta consoli-
dage to 44% solids (MacKinnon 2001).

Enbancement of setiling rates has been demonsuated wath

c::nmfuganon, pH adjustment, lime, inorganic coagulanis,

organic flocculants and other methods (Kasperskn 1992,

‘MacKinnon 2001), although only a few of these approaches
‘have ‘been applied at’ a commercial scale (e.g, CT, paste
‘techmology). The CT process increases the setiling rate of -
‘the sahds, but releases a pamde~frce pore water with ele- -

© 2008 NRC Canada




OCT-01-2010 12:68

Allen

Fig 1. Major cil sands areas in Alberta, Canada, -
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- vated concentrations of TDS and hardness (Marr ef al.

- 1996). The use of calcinm sulphaie- as a settling aid requires -

- careful- control -of calcium levels o prevent scaling. of heat

. exchangers and. losses in bitumen exiraction .efﬁcicncy (Kas- .
. perski and Mikula 2003). Pasie technology is another re-

. cently implemented process, in which flocculants are added

to thicken and reduce the volumc of taﬂmgs (Shell Canada:

| 2007).

~ Water vsage

The Athabasca River is the primary source of water for

oil sands producers in the Athabasca depoesit. Other iapor-

" tant sources of water include groundwater, site runoff, over-
burden drainage, and water comiained in oil sands ¢connate

- water)., In 2004. annual freshwater imports by the three ma- -
- jor oil sands mining companies ioialed 114 million m?,.
- which corresponds to an average of 3.1 barrels of water per.
. bamrel of. oil produced (Syncrude Canada Limited 2005;

. Sheli Canada 20056; Suncor Energy Incorporated 2005¢),
The actual volume of waier used in exiraction is consider-
ably higher, given that the process relies largely on recycled
waier from tailings ponds. In 2004, Syacrude récycled the

* equivalent of 16, 4 bairrels of water per barrel of oil produced

© (228 million m® Syncrude Canada Limited 2605). Recyeled-
waier accounts for approximaiely 80%—~85% of the water:

-used- in extzaction processes- (Syncrude Capada Limited -
-2005; Suncor Energy Incorporated 20054). : :
Given the large fraction of process water retained in tall- :
-ings after extraction, achieving the levels. of freshwater use .
.intensity and process water. recycling reported by oil sands
.producers likely requires a large inveniory of process waier
_and {or) the implementation of CT and other technolog1es [c1]
recover process water. This can be demonsirated by calce-
lating the flow rates for a hypothefical oil sands operation

“where the amiount of Tecyeled water available is limited to
“the free water that forms above tailings, which results in 2
“higher water use intensity and a lower percentage of process -

water recycled {Fig.- 2). Note that flow rates will vary .

-among operations depending on ore quality, extraction and
v uparadmc techniques, and tailings treatment.

-As of 2005, the total allocation of Athgbasca River ﬂow

for oil sands producers was 360 million m® per year
(114 w?s), roughly 1.7% of the river’s annual flow
- (Peachey 2005). While the a:mual flow far excecds alloca-

tion, there are concerns thai low winter flows (e.g., 75 m3s,

" Dec. 2001) (Alberia Environment 2004) may not support the
" water demand of & rapidly expanding indusiry. Where im- -
" pacts to aquaric’ ccosysiems are expected, Alberia Environ- -
~ment may lmii withdrawals to - 10% of natural fAow -

- {Alberia Eaviromneni 2006). Allocaied withdrawals for ex-

~ ©2008 NRC Canada
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- Fig, 2. Simplified flow diagram (t/h) for an oil sands mining operation ¢solid lines = agucous strsams; dashed lines = oil sands and ailings;

dotied Tines = bimmenloil; SCO, synthetic crude oil; TPW, tailings pend water; MFT, mature fine tailings). The calenlated values for water, .

tailings, and bitumen are based on the following assumptions: oil produciion of 200 000 bpd; ore composition: bitumen (11 wi%), sand ,
(70 wi%), fines {15%), warer (4 wi%?; fraction of imported freshwater used in extraction = 95%; water content in slurry = 45 wi%; bitumen

extraction efficiency = 87%, upgrading efficiency = 85%. It was also assumed that the only sourees of water were the Athabasea River, _

water coniained in she orz, and the five water recovered from tailings. Consolidated tailings or other tailings trearments were not considered

" in the calculations. Flow rates and paths were based on data compiled from Kasperskn (199"), Kaspersk: (”003), Shell C‘anada ( ZOUSaj,

S;mcrude Canada anted €2005), and Suncor Encrgy Incofpofatcd (2005b).
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A 1stmg and planncd operatmns on the Athabasca River corre-
_ 2.3 m¥s, which
may account for up 30% of the river volume during low

spond 10 an instantaneous pumping rate of 2
' ﬂow periods (Sawatsky ”004)

~ Tailings pond'water:qyalitg '

- Inorganic chemisity

. Tailings pond water is mederately hard (15-25 mgﬁ_. Ca3+
5—10 mg/L Mg?) with a pH of 8.0-8.4 and an alkalinity of

~800-1000 m,_JL HCO;~ (Table 1j. Towal dissolved solids

(TDS) concentrations (2000 to 2500 mg/L) are in the slightly

brackish range, having increased in both Syncrude and Sun-

cor's tailmgs ponds at a rate of 75 mg/L per year between
© 1980 and 2600 (MacKianon and Retallack 1981; Nix 1983;
 MacKinnon and Sethi 1993; Kasperski- 260%; MacKinnon:

.2004) (Fig. 3). Dissolved solids are dominated by sodium
{~500 to 700 mg/L), bicarbonate, chloride (~75 i0 550 mg/L),
“and sulphate {~200 to 300 mg/L). At Syncrude, chioride and -

“hardness concentrations in the Mildred Lake Sentfing Basin
“(MLSB) increased sharply throughout the 1990s, whereas -
- Suncer experienced a rapid increase in sulphate concentration .
-in the same period. Increases in bicarhonate concentrasions
- appear 10 have leveled off during the early- 10 mid-nineties,
. and both operators have reported declining concentrations in
_recent years. Syncrade have also reported a slight declme in

TDS concenizations begmmng in 2000 (MacKinnon 2001).

‘Similar to the dominant ions, ammonia concentrations in
" MLSB have increased by 3.5-fold, fiom an initial concenira~
“tien of 4 mg/L in 1980 10 14 mg/L in 2001 (MacKinnon
- 2001). Dissolved solids are considerably more concentrated -
- in TPW than in local surface waters: sodium, chloride, sul- -

| ©2008 NRC Canada
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 Table 1. Inorganic water chemistry of oil sands process waters, the Athabasca River. and regional lakes. L
Variable (mgfl.- - Synerude - Syncrude de- -~ Suncor TPW-  -Suneor CT Suncor CT ©  Athabasca Regionmal -
unless otherwise . MLSB (2003)° monstration - (2000) release water . Pond sespage - River - lakes (20015 -
neted). . . ponds(1997) 1996970 (19%6-97y  (2001F S
™8 . . . 222 aG0-1792 . 1887 1551 . le4 . . 170 80-150.
COND (pS-em™) = 24000 486-2283 . 1113-l1e¢F 1700 1130, .. 280 70-226.
pH ) 828 825-88 84 81 17 ‘ 82 7-86
Sodium 659 99-608 520 363 254 6  <I~10
Caicium T 1541 0 0 280 . 30 2-25
Magnesium = = 8 B 7 B I 1 -85 1-§
Chloride ~ -~ =~ 530 40-258 © - B0 52 ' 18 I - B <12 -
Bicarbonate - 75 219-667 - - 950 479 S 780 - - - 118 9-133
Suiphate - -8 -FO-513 . - . 260 L ./ A S
Ammonia . . . 14 003016 . 14 035 . 34 . 0.06. <0.05-0.57

Nate: MLSB. Mildred Lake Sertling Basin: TEW. tailings pond water; CT, consolidated: tailings: TDS; toml dissolved solids: COND, conductivity: data -
represent wean values. from samples collected during the year indieated; ranges indicats mean. values. for inuliple siies. L

“MacKinnon 2004).
YSiwik e ai, 200D,
‘{Kasperski 2001),
AFacrell ex al. 2003).
" “{Golder Associates Limited 2002},
- KMacKinnon and Sethi 1993).
- *{MacKinnon 2001):

i phaté:, bicérbbnatc,_ anﬁ aﬁnrﬁoﬁia coﬁcehu#ﬁéns:exéeéd Ath:a-
basca River values by up to 40-, 90-, 30-, 8-, and 200-fold, re-

’ spec{’tiv@ely: (Golder:As:soéiat_es Linﬁtcd 2_002}{

Orgamic chemistry 0
Organic compounds detected in tailings pond water in-

~clude bitumen, naphthenic acids (NAs), asphaliencs, ben-
- zene, creosols, humi¢ and fulvic acids, phenols, phihalates, -
* polycyclic aromatic - hydrocarbons (PAHSs), ‘and toluene -
- (Swrosher and Peake 1978; MacKinnon and Rewallack 1981: -
- Guiley - 1992; MacKinnon and Sethi 1993; Madill et al. -
- 2001; Rogers et al. 2002b). A wide range of bitumen con- .
. centrations (measared as oil and grease) have been detected
in railings ponds. Nix (1983) reported concenirations of 9,

31, and 12 mg/L in Suncor ponds 1A, 1, and 2 respectively;

~ Gulley (1992) later reporied 92 me/L in Pond 1A. MacKin- |
- non and Boerger (1986) reported an oil and grease concen- |
" iration ‘of 25 mg/L in MLSB. Dissolved organic matter -
- (DOM) ranges in conceniration from 50 to' 100 mg/L, and -
- is mostly comprised- of organic acids, 80% of which are

- NAs (Nelson et al, 1993). . . . ,

Naphihenic acids are alkyl-substituted cyelic-and aliphatic -
carboxylic acids that are removed from bitumen during the

- extraction. process. Concenirations of NAs range from 40 to .
. 70 mg/L. in tailings ponds, but can be has high as 130 mg/L.
. in fresh tailings water (Holowenko et ai. 2002; MacKinnon

. 2004). Naphthenic acids are the main source of acute toxic-

ity in TPW (Verbeek ‘et al. 1993) and depending on their
~ composition and age, can have toxic effects at relatively
low ‘concentrations. For examiple, Holowenko et ‘al. (2003)
reported a Microtox® ICsq value of 32 vol% for MLSB -
water, the corresponding NA concentration was 16 mg/L. -
(based on-49 mg/L. NA in the original sample). Naiural deg- -
- radation processes. have. caused NA coneentrations in MFET .
- pore. water {10-15 m depih) to decline over time, from .

73 mg/L in 1995 to 33 mg/L in 2003, although concentra-

tions in dike seepage have remained relatively high
(~75 mg/L) (MacKinnon 2004). Background concenirations

‘of NAs in surface water arc typically less than 1 mg/L
‘(Headley and McMartin 2004), R

Among the aromatic compoinds detecied in process water
are several toxicants of concern including benzene, wluene,

‘phenol, and PAHs (Table 2). Historical -concentrations of
‘benzene- and tolvene in Suncor process water (e.g., >0.6-6.3
-and 1-3 mg/L, respeciively; Gulley 1992) have.in some
-cases far exceeded CCME guidelines for the protection of
-aquatic life (0.37 and 0.002 mg/L, respeciively) (CCME
.2005). More recent data from Syncrude indicate much lower

concentrations of these and other compounds; for example,

" surface ‘water concentrations of BTEX (benzene, ioluene,
‘ethylbenzene, and xylené) in MLSB were below detection
levels (ie., <0.010 mg/L)y in 1998 (Rogers et al. 20025). To-
‘tak phenol concenmations: in' MLSB appear to have declined
-over time, ranging from 0.3 mg/L in 1981, o 0.15 mg/L in
11985, 0.02-0.04. mg/L. in 1992, and 0.008 mg/L in 1998
{MacKinnon and Remallack . 1981; MacKinnon 2nd Benson

1985; Nelson et al. 1993; Rogers et al. 20025),

Toxicity

The toxic effects of oil sands process water on aguatic. bi-

‘ota have been documenied since the early stages of oil sands
development. In 1975, it was reported that drainage water

from the Great Canadian Oil Sands (GCOS, the precursor o

‘Suncor) lease was acutely toxic io rainbow trous (Oncorhyn-
‘chies mykiss), with an LCsp of less than 20% (Hiudey 1975).
‘MacKinnon and Retallack (1981) described the environmien-
tal hazards associated with the Syncrude tailings ponds afier
-3 years of operation, including toxicity to aquatic biota (e.g.;

96 h LCsy =. 10% for rainbow irout), poor water quality,

floating bitumen. mats, and the risk of infilirasion. of TPW

@ 2008 NRC Canada
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Fig. 3. Temporal changes in the concentratiens of inorganie ions in tailings pond water at Syncrude Canada Lid. (circles) and Suncor
Encrgy Corp. (squares);-note that-Suncor began o implement consolidared sailings (CT) treamment ca, 1997 (data. sources: MacKinnon and.
Retailack 1981; Nix 1983; MacKinnon and Boerger 1986; MacKinnon and Seihi 1993; Kasperski 2001; MacKionon 2001;

Year -

" info 'grbuﬁdwater Betwéen 1981 and 1992, Microtox® LCsq -
" valuzs in MLSB ranged from 25% o 43% (Ne]son = al :
1993 -
"Early speculation that organic acids were the primary -
- sonree of toxicity (MacKinnon and Retallack 1981) was -
- confirmed by Verbeck et al. (1993) with the Environmenial -
- Protection Agency (EPA) Toxzicity Idensification and Evalu- .
. ation (TIE) protacol. Acute toxicity in MLSB water was re-
moved by adjustment of pH to 2.5 followad by
_ centrifugerion, or hy reverse phase sohd phase cxtractmn
with Cq. indicating that the toxicants were orgamc acids |
with a non-polar component (NAs). Toxicity in Suncor
" Pond 1A was compléely removed by exiraction of organic
compounds with a non-polar componeni; however, sparging -
with nfirogen removed 20%-35% of acute ioxicity, indicai- -
ing the contribution of volatile organic compounds (light hy-
drocarbon mixtures released ino the tailings as diluem} to.
acuie toxicity (Verbeek et al. 1993).

- While eadlier studies focused mainly on the acute toxumy .
. of TPW. more recent sidies have addressed the chronic ef-
. fects of process waiers on aquatic and terrestrial biora in
constructed wetlands and ponds (e.g., van den Heuvel et al.
_ 1999h, 2000; Siwik et al. 2000; Bendell—Young et al. 2000;

Pollet and Bendell-Young 2000; Leung et al. 200§; Colavec-
chia et al. 2004) (for a summary see Table 3). This research
will be discussed in greater detail after a brief review of the-
* land reclamation options currently under consideration,

Year

. MacKinnon 2004), o o
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- Year

Wet Ia‘ndsca'pe' reclamation’

As part ¢ of théll‘ hcensmg agreemem with the covemment
of Alberta, oil sands operators must reclaim tallmcs ponds,
mining sites, and other disturbeéd land 10 seif-susmmmg eco-

'sy'sn:ems'with ‘a Jand use equivalent to the original landscape
‘(Alberia Department of Energy 1995). Reclamation plans in-
clude dry and wet landscape options. For the dry landscape
-option, fine tailings will be dewatered, mixed with sand,

buried, and capped with soil. The wet landscape option will
feature end-pit lakes (EPLs) in mined-out areas, in which

fluid fine tails will be capped with a layer of process water

and river water (FIFC 1995). Natural sedimentation in the
EPLs is expected to provide a buffer layer at the water:éail-

‘ings interface o reduce the transfer of contaminants from
“the failings to the water column, Lake morphometry will be
-designed to resist water colnmn mixing during wind events.

The reclamation plans-are supporied by ongoing research

-on the viability of EPLS and treatment wetlands to form sus-

tainable. ecosystems and provide effective remediation of

.NAs and aother poilutants. Both Suneoq. and Syncmude began
.10 conduct research on wet reclamation in the 1980s, build~-
_ing a series of prototype ponds in which mature fine tmlmgs

were capped with water (e.g.. Nix 1983). Most studies have

‘demonsirated that small, isolated ponds begin to detoxify
“naturally over a period of ‘several months 0 2 years, and

“are eventually colonized by aguatic planis (e.g., Nix 1983;
-Boerger et al.

1992; Nix and Martin 1992; Gulley and -
o  ©Z2008NRC Canada
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. Table 2. Organic chemistry of oil sands process walter, the Athabasca River, and regional lakes,

" Variable  Syncrude MLSB  Syncrude demonstration  Suncor tailings Athiabasca River ~ Regional
C (mg/lly | (1985-1993) ponds (1996-97)7 ponds (1982-1998) (2001 * lakes ¢2001)° .
- BOD - 254 - - <10-70¢ <20 0 R
..COoD - 3504 - . - 86-5257 404 S -
o L . 260-973 . o L
. OG. 254 - 9-31 <05 . -
A o L e o
NA 498 3-59 688 <i -2
~ Phenols  0.008" '0.601-0.003 0031 <000l | 0.002-0004
‘ S 0.03-1.4°" ' SR
 Cyamide 08 - 0.01-0.04¢ - 00044 - - - -
C PAHs - - OG1f L N e -
- Toluene - - -3 . .~ -
- Benzens - - <06-6° . . - S -
 BTEX. . <001 - - -

" Nate: DOC, dissolved organie carbon; BOD, biechemical oxygen demand; COD, chemical oxygen demand; OG, ail and grease; NA,

- naphthenic acids; PAH, polyeyclic aromatie hydrocarbon; BTEX, benzene, toluens, ethylbenzene. xylene; MLSB, Mildrad Lake Set-
tling Basin; data represent mean values from samples collec:er.l during the year mdmats:d ranges mdlcatc mean vaiues far mulnplc sues

“(Siwik et al. "000)

*tGolder Associates Limited 2002),

"“(MacKinton and Sethi 1933); MLSB and Suncar Ponds 1-3.
“4MauKinnon and Boerger 19863, - :
- YGulley 1992); Suncor Ponds 1A, 4. -

ANix 1983); Suncor Ponds 14, 1, and 2.
. “(Holowenke et al. 2002): MLSB and Snncor Pond 5
MRogers et al. 20025).

MacKinnon 1993; Alberta Depariment of Energy 1995;
MacKinnon et al. 2001). The degradation of NAs in isolated
" TPW has been shown to ocenr at a raie of 16% per year
- over the first 5 years (130 to- 24 mg/L) (MacKinnon 2004).-

- The same study showed that further degradanon of NAs be-

- yond 5 years was ncgligible, but that the roxicity of the sam-.
. ple (Microtox® ICs;) continued to decline, reaching 100
. vol% at 10 years. Aeration and nuirieni additions have been
_ shown o increase detoxification rates by st:mul:mng natural

' mxcrob:al populanons that degrade NAs (Nix 1983)

_ There is conthctmg ev:dence as o whether or not wet

landscape environments formed from reclaimed tailings and’
- process water ¢an susiain fish populations and other aguatic’
" biota. Although nahiral déroxification of process waier has’
" been demonsirated in small ponds, there is some evidence:
- that larger systemns may not detoxify -as rapidly. For exam-.
- ple, after being dormant for 5 years, Suncor's Pond 14 re-.
- mained highly twoxic to brook trout (Salvefinus fontinafis)
(96.h LCs, = 24%), althongh some detoxification had oc-

. cumed {<10% LCs, values are iypical for active tailings

ponds) (Nix 1983). In a siudy by Boerger et al. ( 1992) K
was demonstrated that fine tailings retain their ioxicity be-
yond 2 years {e.g., Microtox® ECgy of 59%), bui do not

transter toxicity 10 the freshwater surface layer.

Another concern is the persistence of chromic toxicity’
after natral degradation has removed the asutely toxic frac-
* tion of naphitheni¢ acids. For example, yellow parch (Perce
© flavescens) siocked in experimental reclamation ponds (MFT-
- capped with surface runoff) for 3 to 10 months suffered in-~
ercased mostality rates, gill lesions, tumors, and fin erosion.
- (van den Heuvel et al. 2000). In a relased study however,

vellow perch exhibited positive effects after being stocked -
‘for 5 to 11 monibs in the same demonstration pond, includ- -
ing increased fecundity and body condition, though this may -
-have-been linked to reduced competition in the reclamation
.ponds relative 10 reference sites (van dem Heuvel et al.
1999b). Normal growth rates were -reported for larval fat-
_head minnows (Pimephales promnl’es) raised in expcnmental _
‘reclamatmn ponds for 59 days, although elevated monahty

rates were detected at ceriain sites (Siwik et al. 2000). ’
_ Taﬂmgs amendment processes such as CT tresiment may
also contribute 1o the chronic toxiciiy of process watér. Fat~
“head minnows exposed to CT release water and dike seep-
“age from 4 Suncor CT pond all died within 28 days (Farrell

“et al, 2004). Bendell-Young et al. (2000} reported low spe- -

-¢ies diversity among benthic- fauna in wetlands receiving

-dike- seepage water, CT. release. water, or phosphate- .
- amended CT water. The authors also found that fish in the

wetlands receiving process waiers exhibited signs of stress

. {based on changes in blood chemistry), and in the case of a
_wetland receiving dﬂute chke seepage waters, dzed w1thm
_ 14 days of capuure. ’

Concems over the vwbﬂlty of proposed wet reclamation

options focus on the lengthy residence time required to de-
" grade naphihenic acids and the incomplete’ dégradation of -
" recalcitiant compounds (Quagraine et al. 20058). Rescarch~
"ers have made considerable progress: in their amempts to -
- characterize the hundreds of individual ‘NAs in -oil sands -
- process water, and o isolate the fraction responsible for tox- .
- ieiry (Holowenko et al. 2001, 2002; Rogers et al. 2002b; Lo
- et al. 2003; Hao e al. 2005). A critical finding wss that NA
. compounds vary in terms of toxicity and biodegradability.

: © 2008 NRC Canada
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Table 3. Summasy of recent studies on experimental reclamation ponds and treatment wetlands in the oil sands,

Study objective

_ Findings

" Refercnece’

. Toxicity of tailings poad
" sediments to early life
- stages of fathead min- -
- nows (Pimephales pra-.
. melas) ,
" Tosxicity of dike sespage
to wetland plants

Effects of oil sands wet-
land outflow on ierres-

" gl plant srowth

Effects of CT watéron

- survival of fathead min-
nows S

Eﬁ‘cc:s of ptocess water on

phy:oplankton biemass’
" and coramunity compo~
- sition -
Effects of proeess waier en
. phyioplankton commu~
~ mity

‘Mtagenicity of polyaro~

- matic compounds ir tail- -

~ ings.porcwater . .
Effects of seepage ponds.

and wetlands on growih,

" development, and survi-
© val of frogs -

-Acwre-and subchronie toxi- -

. city.of NAs to rodents .

- Growth effects on larval

* fathead minnows

Physiological endpoinis in
swallows inhabiting pro-

" cess water wétlands

Eﬁ‘ects of aromatic com-

pounds on fish hormone '

le\els ’

Chemical indicarors of ex- .
posure o process warers

in ﬁqh

Effects of reelamation
pond warer on fish phy-
siology

" Fathead minnows haiched over sedimenis from oil sands deposits and
" ‘tailings ponds (irediments ranged from 0.05 w0 25 g sediment/L) ex- -

hibited incrensed mentality, malformations, and reduced size; toxie
.effects may be related to. PAHs where sediment total PAH concen-
_trations > 500 pg/l.

' Plants exposed to oil sands efflusnt had lughcr photosynihetic raies
* than plants in reference wetlands; accumulation of stress related pro-

teins in cattail roots may reflect osmetic stress from high salinity;
concluded that catiail and clover ean adapt to oil sands efflueni (in
the form of dike seepage)

: Effluents from a namrall}-formed dzk: scepaae wetland anda CT

‘pond inhibited the gcrmmauen of terrestrial plant spectes such as ‘
rye, wheai, pea, canary grass, and elover

" Fathead minnows exposed 1o CT ielease water and dike seepage water -

did not survive beyond 28 days; and experienced gill hyperplasia and

decrensed lymphaeyies; concluded that wastewater will reguire ame-

lioration to support fish populations
Phytoplapkion communities were sampled in 10 water bodies across

the oil sands region; biornass was not ceirelated with either NAs or
“major ions; NA and majer ion coneentiations explained 4% of the

varighility in the phyioplankion cemmunity -
Microcosm experiments ‘showed effects of pracess waters (<5 yea:s

old, [NA] > 20 mg/L) on phytoplankton community compasition; the

greatest changes oceurred in the mlcmeosms w:th fhe hlchest NA
coneentrations and salinity -

" Pore water exiracis were not mutagemc’ based on Ames Salmonella as-

.Say .

: Tadpoles (Buﬁ: bareas and Rana svtrem:,z:) in wetlands re.cewmg ef- ‘
fiuent exhibited reduced growth, prolonged developmemal ume, and

decmsed sumva.l campared w0 mfetcnce sites

Exposu:e of rats 10 2 wide mange of NA dosages (0 6—300 mg/kg) in~ .

dicated hepaiotoxicity, but worsi-case scenario exposure in tailings

_pond water should not cause acute Toxicity; subchmmc exposura may

cause healib problems

" Fathead minnow larvae exposed o water from Syncinds demonstration
 ponds (5- to 9-year old capping experiments) showed no evidence of-

impeded. growth at 7 d or 56 d, although increased momzlity was de-
iected at severat sites

Found no differsnces in rcpraductwc success, grow:h rate, of immune
response - between swallows inkabiting oil sands wetlands and refer-
ence sites; clevaied hepatic ethoxyresorufin-O-deathylase (EROD}

activity in nestlings living on reclaimed sites indicated the presence
- of xenobistics in their diet, which were likely derived from contami-.

nants associated with oil sands processing

At river sites within the Athabasea oil sands depos;t and adjacent o oil

sands development, fish had lewer steroid prodaction and higher ac-

tivity of a hepatic enzyme relative 1o reference sites, suggesting ex- -

posure to aromatic compounds; PAHs could potentiaily cause -
. endocrine disruption in aquatic biota :
Yellow perch in experimental reclamation ponds (i, e., water capped

tailings) had clevated mixed-furction oxygenase (MFQ) activity and
PAH concemrations relative to referchce sites; however, these che~ -

mical ertdpemts did not appear 10 be linked o physiological re- -
sponses in the fish . .

Yellow. perch living in expenmemal reclamanon ponds had mcmsed .
gonad size. fecundity, and condition factors (at 5 and 11 manths) re-

larive 10 4 reference lake; this may have reflected greater TESOUrce

availability or frediced inter- and muaspecnﬁc compf:tman in the eR-

penmemal ponds

© (Colavecchia et al,

- 2004

" (Crowe et al. 2001)

V (Crowe et: al. ZOﬁZI_

(Fazrell ot al. 2004)
{Leung et al. 2003)
(Leung et al. 2001)
{Madill et al. 2001)
(Pollet and Bendeil-
" Young 2000)
{Rogers et al. 2002a) |
{Siwik et al. 2000} -
(Smits et al, 2000)
(Tetreanlt et al. 2003)
(vah den Heuvel etal.,
1999) s

(v.m d;en Heuvel es a]
19996)
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Stu'dy 'object'ive'

* Findings

Referance

Effects of 1ona-term (3-10

months) exposurs of yel-
* low perch (Perca flaves-

- ¢ens) [0 reclamation.

" Inereased occumrence of disease and gill lesions in yeliow perch from

experimenial reclamation ponds may be related to immune sysiem

suppression; incidence of disease was positively correlated with con- -
cenirations of oil sands-related compounds, did not idenrify a speci~

" (vad dén Heuvel et al.

zmm

P.010

131

. ponds . fic subsiance as the stressor

- Naphthepates in fresh TPW are dominaied by a group of .
compounds with cartbon numbers 13-16; however, if the
. water is isolated and aged for several years, the composition

_of the mixwze shifis towards larger molecules {ie., Ca.)

(Holowanko et al. 2002) Toxicity has been shown to de-

crease with increasing relative abundance of Cap, comi-

pounds, suggesting that the smaller compounds (Cyz56) 0Ot -

" only degrade {asier, but are more toxic than the larger mole-
- enles (Holowenko et al. 2002). Subsequent research has

- shown that NAs with 2 high number of malti-ring structures .
. are less toxic and miore rasistant to microbial degradation .

. than less complex stmetpres (Lo et al, 2006).

Due to the varable tozicity among NA compounds, de— :
. creases in acuie foxicity may not n_ecgssz_u"ly correlate with

changes in total NA concentration. For example, CT wreai-

_ ment has been shown to mgmf' camly reduce to:uczty (ie.,

from ICsy of 20%-30% in pond water to 70%—100% in CT
" rélease water) despité only a slight reduction (25%) in NA -
" conceniration (Marr et al. 1996). Similaziy, a 38% reduction -
in NA concentration in ‘1-year old process water (from 129 .
to 8t mg/L) eliminated LCs, toxicity for trout, zooplankion, .
and. Microtox® (LCsp) (MacKinmon et al, 2001}, even

though much lower NA concentrations in “fresh” tailings
. water have proven to be acutely toxic to aguatic biota.

Polycyclic aromatic hydrocarhons may alse contnbute to

) chrcmc toxicity in process water. Although water columa

~ concenirations of PAHs are predicied io be low in reclaimed

environmenis (Gulley 1992), the potential for chroni¢ effects
* on aguati¢ biota (e.g,, cndoerine disruption, behavioural and
" growth effects) remains 2 concern. Teireanlt et al. (2003)
- sampled fish populations in two rivers that drain inio the
- Athabasca River near major oil sands developments, and .
- found evidence of reduced steroid production and increased |
. exposure to natural oil sands compounds (based on hepatic
. enzyme activity) at sites within the oil sands deposit and ad-

_ jacent 10 an oil sands developmem. compared to reference

sites. The authors suggested that PAHs detected in river’
sediments and water may coniribute t6 endderine disruption,
~ which is supported by aumerous studies on the physiological -
s Lin-~-
- telmann et al. 2003} Other studies have reported evidence-
- of PAH exposure among fish gopulations in demonstcation .
- ponds (van den Heuvel i al, 19994), and cited PAHSs as po-
. tential .siressors causing increased morality and malforma-

* eifects of PAH cxposure on fish in other regions (c.g.

tions in fish (Colavecchia et al. 2004), .

.. Salinity concenirations in process water are current!y m{
_ sufﬁc:ent to be acuicly toxic, but may influence biological

_ productmty, community composition, or act as a_stressor

that increases the toxicity of other compounds to biota in re~
claimed environments, Crowé et al.’s (2001} study on piant’

" growili in process water reported the production of dehy-

* drin~relatad proteins in cauail roots that may have been indi--

Acatvlvé 6f ‘osino'nc. streés 'caﬁsed 'by' the high' sélinity

Significant shifts in phytoplankion species composition have
been linked ‘to-elevated concentrations of salinity and NAs
in oil sands process waters (Leung et al. 2001). A subse-

‘quent study found no Correlation between phytoplankion bi~- =
‘omass and NA or mafor ion concenirations, and concluded

that major ions had-at least as much of an ecologlcal effect

-as NAs (Leung et al. 2003}.-

»Watar. treatment- objectives. ..
Process water recycling '

With the exception 'of chemical additives to promote the

‘'setiling of fine clay pamicles, TPW is not treated prior to re-
‘wse in the extraciion process. The consequent decline in
-process water quality has raised concerns over the effects of -

water chemistry. on bitumen recovery, scaling, corresion,
and fouling of extraction. plant. infrastmcture. Given that the
proposed expansion of mining projects may lead fo restric-

tons on freshwater impons, operators may e?cntually need

10 consider treatment of TPW and other process waters 0

‘meei the operational requirements currently served by the
“Athabasca River (c.g
‘ing, drinking warer, and other domestic uses). In the follow-

.. extraction, boiler feedwater, upgrad- -

ing sections, potential treatment objeciives for the industrial

-rense of tailings pond water are established based on water .
-quality criteria for bitumen. exiraction and boiler feedwater
.ireatipent.

‘Bitumen extraction chentistry

Process waisr chemisiry strongly influences bitumen ex-~ -

‘traction and froth quality. Bitumen recovery is optimized at
-alkaline pH due to increased aetivity of surfaciants, negative -
-charges. on clay and sand surfaces, and reduced interfacial .
-iension  between bitumen droplets and solids (Kasperski

2003). Where needed (e.g., low or moderate grade ores),
process water pH is controfled through the addition of alka-
line reagents such as sodium hydraxzde {Schramm et al.

11985). Changes in process water pH or alkalinity as a result -
“of waier treatment would thus affect the sodium hydeoxide
' dosage, and shenld be taken into cons1derauon when select-
-ing ireatment technologies. -

‘Divalent cations: interfere with bltumen recovery by o~ -

-creasing the adhesion of bitumen. 1o sand .and clay paricles,

reducing the adhesion. of bitumen to air bubbles, neutralizing

. surfactants, and increasing the coagulation of clay parnicles
(Kasperski 2003). While bitumen recovery rate has been

negatwely comrelated with calcium + magnesium concentra-

“tion {over a range of ~0.1 1o 10 mmolfL), the effect is not
" eonsistent actoss ore’ types (Cuddy et al. 2000). Much of
" the variability in bitumen recovery ai different calcium con-
- cenirations may be anributable to differences in fines con-
tent and ore che:mstry (Kaspetsh 2003). . o

o 2008 NRC Canada '




0CT-01-2010

13:00

- 132,

Environmental Defence Can

416 323 9301 P.011

'J. En\}iron. Eng. Sci."!ol. ?, ZbOS

- Table 4. Hypothetical trcatment objectives. for industrial reuse of ofl sands tailings pond water.

" Treatment objective’

_ Vanable {ﬁﬂ' - o IfdeSuial ?fat:::r q"ajity' guidelines (;ngy' © {% removal)
unless otherwise Ol sands tailings Conveniional boiler’  Onee-through Bitwmen C

Comoted) pond water © (900-1500 psi)®  steam generaior”  exmaction®

" Alkalinicy " 6357794 BN LY R - - o 285
Caleium - 17254 o 0005 805 - - ~50-140 - - »99
COND(uS cra™) - 1506-2400° 150-1000 - R . - .. 33-94

- Copper 0F. : - 0.015 - . . -~ a8

. DO . LA 0.067 004 - v -~ .

. Hardness L9124 nd005 05 _ - - >89
Ien ogg24 002 005 - - 31
Qil 258-92% 1 1 ' - - 96-99

CpH 8284 © 8595 995 719 -

© Silica B Wi 28 50 N : -

S TDS 0 o1sgo-2ard - 100—650 80a0- : - 52-95

- TSS (%) - B | YA S R o - 652 140

" " Note: TPW, tailings pond water; COND, conduetivity; DO, disselved oxygen; TDS, iota) dissolved solids; TSS, tatal suspended solids;
© MLSB, Mildred Lake Setiling Basin; ASME, Amesican Soczcty of Mechanical Engineers; OTSG, once t!n'augh slesm generator. :

“%ASME 1994), -

-MZaidi and Constable 1994). o
.“¢Hall and Tollefsen 1979; Kasperski 20035,
_“4Kasperski 2001: MacKinnon 2004).
"{Mael(mnan and Set.h: i993)

Nix 1983).

“¥MacKinnon and Boergar 1986).

A Gulley 1992), - :

- {MacKinnon 2001)..

Wheze hardness concentrarions are prohibitive to bitmen .
- exiraction, treatment of process water to precipitate calcium
. carbonate has proven io be effective at preventing the de-
. ¢line in bitumen recovery. Magnetic treatment of process

water with a total hardness of 235 ppm 1mpr0?ed bitmmen
recovery from 45% to 65%, and appeared to reduce the

~ binding of cations 0 clay’ particles, possibly as a resilt of '

* increased precipitation of caleium catbonate (Amir 2006),

~ High concenirations of sodium chloride (1600-2000 mgA.
" and 3000—6000 mglL} Have also been shown to reduce bitu- -
* el recovery, atbeit in low grade ores only (see Kasperski -
2003). A positive effect on bitumen recovery was reporied

- for sodium chloride additions up to 1149 .mg/L., which is

- within the range of reponed values. from tailings ponds. Ad- .
. ditional water guality requiremnents for bitumen extraction

include low clay comtent (suspended solids of 0. 5% t0 2%

are sufﬁment for exiraction process), temoval of substances

that could flocculaie clays, and removal of particulate or dis-

- solved substances that might deposit on heat exchange surfa-

" ces (Hall and Tollefson 1979).

Based on the process water quality daia reviewed herein,
" there dre no significani eXceedances of bitumen exiraciion
" criteria in process waiter.” Current hardness comcentrations -
+ are insufficient to reduce bitumen exiraction, although long-
- werm trends in TPW- quality,- coupled with -expansion plans -
and. the potential - for increased reliance on tailings release .
- water and other streams with high water hardness (e.g., site
runoff, basal aquifer water) point towards an eventual need

for water treatment,

Scalmg, foutmg, amf corrasion

Prevention -of scaling, fouling, and . corrosion are major

-eoncerns for oil sands. operaiors, particularly at in situ oper-
‘ations where produced water is recycled for steam genera-

tion (e.g, Zolewski and Bulkowski 1998; Ham 2002),
although problems related to scale formation and foulmg
have also been reported at the exiraction facilities of 1 ﬂunmg '

‘operatmns (pers. comm., K. Kasperski 2006). Recént in~
‘creases in hardness and pH in TPW have translated into sig-
‘nificant’ increases 'in- the Langelier Saturaiion Index (2
-scaling -index for calcium carbonate), necessitating the nse
-of anti-scalanis (Rose and Rideoutr 2001). Comimon compo-
-nents of scales formed from produced waier include carbo-

nate, silica, sulphate, phosphate, and iron oxides (CH2M

_Hill Capada 1981; Zalewski and Bulkowslu 1998).

Chemicals of concern with respect 10 process water corm— .

_smty include TDS, suiphate, chloride, bicathonate, ammo-

nium, NAs, copper, and dissalved oxygen (CONRAD 1998;

:Rogers "004) As prewously noted, conceniraiions of these
chemicals, as well as water hardness, have increased conisid~-

erably in the tailings ponids. Applying the sirict guidelings of
conventional boiler feedwater treaiment 1o prevent scaling, -

- corrosion, and fouling in TPW would require up 10 100% re- -
-moval of suspended solids, >95% removal of bitumen, 99% .
-removal of hardness, 85% removal of alkalinity, 98% re-
- moval of copper, 33%—94% reduction. in conductivity, and
. 37%-92% removai of iron (Table 4), although less aggres-
_sive mreatments would be sufficient to prevent sca!mg and

foulmg of hot water exuactmn racilmes

© 2008 MRC Caniada




OCT-01-2010

13:00

Aflen

Environmental Defence Can

416 323 9301 F.012

133

Table 5..Hypothe}iml treatment objeciives for environmental discharge of oil sands process water.

" Eavironmental guideline (mgfl) _

Treatment objective

Qil sands tailings

Polluzant (mg/L) = pond water® CEQG" EPEA’ USEPAd Qther (% removal)
Inoi ic e S .o . . . .
Am::f;?ia A 7 S 14 ... .5 0.8-1.3 A - 64-93
 Bicarbonate 775950 - s 50
Chilaride 80549 - 250-560 1508 70
 Sulphate 218-290 - I s 80
‘Ths 1900-2221 - - - 13400 50-60
Grganuc o . S o
Benzene <0.01-6.3 0.37 - - - <99
"BOD Q0-70 - T . o8 - - <65
" Cyanide 0.01-0.5 - 0.005 e -0.005 Ce -50-89
- Naphthenic acids-  50-70 - - S T A .3 20-74
o S . R LR
_Oil and grease. | 992 . no odour or visi-  5-10 1% of 96-hLCsn 39 <50
ble sheen for selected
N T biota - o
" Phenols’ 8.02-1.5 - B X1 N 0001 - - - - 33-99.7
Toluene <0.01-3 - 6,002 o - 1.3 S - <09 ;
- PAHS 0.01 . Oﬂﬁﬁﬂl—ﬁﬂﬁﬂﬁé" - - - =99 .
 Trace metals’ o . o o
- Aluminum - 0.07-0.5 - 0 . 075 - - .. . <80
- Arsenic- 0.006-0.015 - o005 . . . o015 . - <67 -
" . Chrominm . 00032 . . . 00740 . - <83
. Copper . 0.002-0.9 0002 ogoge - 59599
Iron 023 03 35 1 - <50
Lead 0,04-0.19 - - 06025 0 - 94-99
Nickel 006628 - T 8.0522 N 19399

Note: TOS, total dissolved solids; BOD, biachemical oxyaen de:mand COD, chemical exygen demand; PAH, polycyclic aromanc h;rdmearbom
“(MacKinnen and Beesger 1986; Gulley 1992; Siwik e al. 2000; Leung et al. 2001; Kasperski 2001; MacKinnon 2004).

*CEQQ, Canadian Bavironmenial Quality Guidelines; surface water quality guidclines for the proteciion of : aguatic lifs (CCME 2005).

. "EPEA, Enviegnmental Protecrion and Eahaficoinent Act; éxample maximum dssc.hatgr. limits for varions Albena industries {Alberta Bavironment 1999); - -

: menthly average- guideline for BOD (Alberta Environment 1997), .

“USEPA., United States Environmental Protection Ageney; warer qnahty entena for the pmteemn of aquatn. hfe. (USEPA 1999)

‘USEPA 30-day average concenwation at pH 8.0-8.3,

’NaHCOs soxicity {zaoplankion) of 10 mequiv. HCOJ/L (Mount et al. 1597).
“Ambient water quatity guidelines (Covemmerit of British Colurmbia 2000).

Genersl goideling ciied by SETAC (2004); effecis vary with lonic eomposition. - :
‘Microtox™ LCy, value for a commercial mixture of naphthenic acids (Herman et al, 1994),
*Toxicity to fish from. a commercial mixture of naphthenic acids (Patrick i al. 1968). .

*Background concaniration in surface waters (Headley and McMarmin 2004),

'USEPA Efluem Limitation Guideline, Agriculture and Wildlife Caregory. szbnal Pollutam D;sehazge Elmmatmn Syszem (NPDES)

"USEPA. drinking water guldelmc
"Criteria for individual compounds.’
"Comi.n'umis ccnc'em:mian at hardness = 100 mgfL CaCO,. :

- Eavironmental dlscharge and reclamatlon : -

- For the purposes of environmental discharse and (o) rec--
- lamation, the goal of water treatment would be to remove.
, toxicity and.ensure that biota in reclaimed. and downsiream,
aguatic systems are not affected by acuie or chronic effects
of chemicals associated with oil sands processing. Poor
waier quahty in EPLs could hinder recolonization of re-
claimed environments and bioremédiation of polliants
(Quagraine ‘et al.’ 20056). Although ¢il sands operators are
curremly bound f0 2 2870 dascharﬂe pohcy, ‘treatment and'

- discharge of process waters could represent an option. to.off-

set water consumption. To identify target poliutanis and de- |

. termine hypothetical tregtment objectives, TPW quality data
. were compared to environmental water quality benchmarks ‘
_ such as the CCME s surface water quality guidelines for the

pratection of aquatic life (CCME 2005), industrial discharge

" limits under’ Alberta’s Environmental Proteciion and En-
" hancemient Act’ (EPEA) (Alberta Environment 1999), and -
" background concentrations in local surface waters (Golder
- Associates lelted 2002) Treatment objecnves based on -

. @ "308 NRC Canada
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- exceedances of these criteria were then determined for targer -

chernicals.(Table 5). .

Naphtheuw acids
As the prmmpal source of toxicity in the tailings ponds,
NAs represent the main pollutant of concern with respect to
" recldmation or <¢nvirohmental discharge. Althongh - the

" acutely toxic fraction of NAs bave been shown to degrade -
naturally over time in experimental pits- and wetlands; the -

- lengthy water eesidence. time- required for degradatlon .may

- not be practical where the direct discharge of water is re- .

. quired. Also, high molecular weight NA compounds appear
. to be resistant to biodegradation and could persisi in re-

_ claimed environments. Further research is needed to deter-
mine if recalcitrant NAs in reclaimed environments pose a °
" chronic toxicity risk. Sinceé concentrationi-based limits have -

" not been esiablished in Canada, backgronund concenirations

* in local surface~ and groundwater (i.e.; ~1-5 mg/L) are sug- -
gested as a target for NA removal. Given typical NA con- -
- centrations of .50-70 mgAL in TPW, the comresponding .

water trearment. objective would be 90%-99% removal.

" Bitumen

Residual bitumen in the tailings ponds poses 7 hazaid to -

aquatic’ biota, and its biodegradation could be a source of

NAs in EPLs (Quagrine et al. 2005q). Bitumen slicks -
- would not only interfere with the establishment of aquatic -
- conununitiss. in reclamation ponds, but would. also contrib-
. ufe to the fouling of advanced treatment technologies. Previ-
. ously reporied bitumen concentrations in . 1ailings ponds

. warer have been at least 2.5- to 9-fold higher than the

EPEA maximum dlscharge limit of 10 ) mg/L. (Table 5, thus |

: up 10 98% removal may be requlred

- Volatile organic compounds

- - Based on historical daia, concentrations of benzene. cya— ,
. pide, PAHs, phenols, and toluene in TPW have prewously .
exceeded CCME guidelines for the protection of aguatic

_ ecosysiems by ot least am order of magmtude (Table 5}

While there is little evidence that aromatic componnds con-
" tribute significantly to acuie toxicity in process waters, cer-
" tdin compouinds have béen detected in fish (van den Heuvel -
~ et al. 1999a) and there are concerns over endoerine disrup- -
- tion-and other chronic effecis (Tetreault et al. 2003). To re-
- duce aromatic hydrocarbon concentrations in process water .
below CCME guidelines, removal rates of up to 99% may
. be required. Volarilizarion, dilution, and natueal degradanon _
. may sufficiently reduce the concentrations of cerain com-

pounds in proposed wet landscape systems; for example, to-

tal phenol concentrations in demonstration ponds (0.001—
0.003 mg/L; Siwik et al. 2000) are weil below the EPRA.
* discharge limit (1 mg/L) and slightly below the CCME sur--

face waier quality guideline (0 004 mgIL)
Total dtssalved sofids

High concentrations of TDS in process water may éﬁég.t,

] zooplankton cammumty struciure and coniribute to acute or

chronic toxncny in aquatic biota. Total dissolved solids con-'
cenirations in excess of 1340 mgiL are generally considerad
" sufficient to caise toxicity in aquatic biota due to ion imbal--
ance (SETAC 2004). Jon imbalance refers to a condition in-
- which common ions occar-in different ratios or at concentra--
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tions . above or below tolerance levels for aquatic. biota,

which can induce chronic stress that impairs normal meta-
bolic funciions. As such, the toxic effects of TDS are
strongly dependem on the ionic composition of the water

{eg. Mount et al. 199?)

The dominant ions in tailings pond water exceed several

‘water quality criteria. Currenl concenirations of chloride
‘and sulphbate in TPW czcecd water quality guidelines for
‘the pretection of aquatic life by 3- to 4-foid (USEPA: 1999;

Government of British Columbia 2000), and sodium . chior-
ide concenirations may be sufficient to induce chronic. ef-

.feets in zooplankion (Harmon et al. 2003). In other systems,
.sodium bicarbonaie concenirations comparable to those of

TPW have been shown 10 cause acuie toxicity in zooplank~
ton (Mount et al. 1997). To date. evidence of toxic effects

‘from salinity levels in TPW has been limited to osmioti¢
“steess in plants (Crowe er al, 2001) and shifis in phytoplank-

ton community structuze {Leung et al. 2003). Salinity could

-contribuie 10 -the acute toxicity of TPW because osmotic
-stress is-an important component .of the toxic effect of NAs
-on aquatic biota (see Quagraine et al, 2005b). Based on cur-
_rent conceniration, removal tawes of up o 50%-60% for
.TDS, 70% for chioride, and 80% for sulphate would be re-
quired to meet the criteria cned above

-Ammonia

‘Ammenia is hlghly ioxic to fish and other aquatzc b:ota
Total ammonia nitrogen concentrations. of 14 mgA. in TPW

-(MacKinnon 2004} exceed both the USEPA’s criterion con-

tinuons concentration (0.8-1.3 mg/L for pH range of 8.0

_8.3), which is a guideline for long-term exposure (iec., 30-

day average) (USEPA 1999), and the EPEA. maximum daily
discharge fimit for refineries in Alberta (5 mg/L) (Table S).

"For TP’W ammonia removal rates of 64%-93% would be )
reqwred 0 meet surface water guldelmes :

Trace memts o
Trace metals detected in TPW mcludc alummum (Al}, ar_— )

.senic (As), cadmium (Cd), chromium (Cr), copper (Cu), iron

(Fe), lead (Pb). molybdenum (Mo), titanium (Ti), vanadium
(¥), and zinc (Zn) (Hali and Tollefson 1979; MacKinnon

‘and Retallack 1981; MacKinnon 1981; Nix 1983; Guiley -

1992; FTFC '1995; Siwik ¢t al. 2000). Among these ele-
ments are toxic metals thai have been labeled as priority

-polluanis under the USEPA’s Clean Water Act (2.8, -As,
-Cd, Cr, Cn, Ni, Pb, and Zn) (USEPA 2006). Historical dara
- from tailings. ponds indicate some excesdances of CCME
. waler quahty guidelines for trace mefals (Table 3, however
_the scarcity of recent daiz makes it difficult to dctcrmme 1f

eurrent concentrations are problematic. Trace metal concen-
trations in experimenial reciamation ponds do not exceed

" sarface water quality guidelines (e.g., Siwik i al. 2000; Far- -

rell et al. 2004). Trace metals that have previously exceeded

- CCME gnidelines in oil sands process water include Al, As, -
- Cr, €u, Fe, Pb, Ni. and Zn (exceedances ranging from 50% .
e 100%) (MacKinnon and Reiallack 1981; Nix 1983; Gul-

ley 1992)

j cohciuSEOhé

“Target pollutants for the operational reuse of oil sands -

- process: water include suspended. solids, bitumen, hardness, .
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- sulphate, chloride, ammonium, and. iron. Inereasing concen- -
- trations of water hardoess in recycled water may . evenually .
exceed bitumen extraction criteria and saturation. points for
scaling, necessinating some form of water treatment to sus~
_ tain bitumen recovery without increasing the consumption

_ of freshwater.

Chemicals of eavironmental concern in oil sands process
" water include NAs, bitumen, ammonia, sulphate, chioride,
aromatic hydrocarbons, and trace metals. While NAs are the -

* main contributors of acute toxicity to -aquatic bicta, various

- compounds have exceeded CCME waier quality  guidelines -
- at some point during oil sands operations and eould conirib- .
. uie to chronic foxicity in reclaimed aguatic environments. .
. Proposed reclamation procedures rely on natural processes

_ to ameliorate ihe process water quality in proposed artificial

aquatic ecosystems comprised of mature fine tailings capped
- with process water. Small-scale versions of theé proposed
" systems have demonsirated natural detoxificarion over a pe--
riod of monihs; however, it remains unclear whether or not -
- full-scale systems will be as effective, or how residual pollu- -
- tants will affect aquatic and temresirial food webs in the re- . -
. claimed landscape. Alternative forms of waier treatment -
. may ofier more effecrive and rapid removal of environmen-

tal contaminanis. The target pollutants and treatment objec-

tives proposed herein, provide a framework for the
assessment of emerging waler ireaimieni technologles and -
* theif potential to minimize environmental impacts while op~ -

: tmnzmg bitumen pmducuon from ¢il sands depomts

. Acknowledgements

The ‘auther thanks Dr. Kim Kasperskz “for rewemng the

- manuscript and Nancy Aikman for technieal assistance with
- research materials. . o

References

. Alberta. Depactment of Energy 1995 Fine tauls and pracess water .
. reclamation. /n Advences in Oil Sands Tailings Research. Al-
berta Depanment of Encrgy. Oil Sands aod Research Division,

Edmenton, Alta. pp. 3-17.

* Albenia Deparimeént of Energy. 2005, Alberia’s oil sands 2004, fon- -
- line}. Availabie fronr hitp:/fwww.energy.gov.ab.ca/doesloilsands/ -

- pdfs/PUB_osgenbrf.pdf [cited 1 March 2006). -

- Alberta. Energy and Uiilities Board, 2005.. Albena’s reserves. "004 .

. and supply/demand cutlook 2005-2014, Report no. ST98-2005.
Alberia Energy and Utllmcs Board, Calgary, Alia,

Albena Environment. '1997. Domsstic - wastewater management '
"~ guidelines for industial operations. Indnstrial Waste and Waste- -
- water Branch, Air and Water Approvals Division, Alberta Eavic- -

- onment, Edmonton, Alta. -

Alberia. Environment. 1999, Summary of Albena mdustnal waste~ .
water limits and monitoring requirements. Report No. 0-7785-
0911~7, Envirenmental Sciences Divisien, E_nv:ronmentai Ser—-

vice, Alberta Enviconment, Edmonton, Alta,

* Alberta Environment. 2004, Waier in the oil sands indusiry. n Pro- -
- ceedings of the Capadian Oil Network for Research and Devel~ -

- opment- (CONRAD) Water Usage Workshop, Feb.24-25, 2004,
Fort McMurray, Alta.

_ A[‘br:m _Environment. 2006, Dra& mtenm &amework Instream flow

needs and water management system for specific reaches of the
" Lower Athabasca River, Alberta Environment, Edmonion, Alta,

© ASME. 1994. Conscnsus operating practices for the control of -
- feedwater and boiler water chemistry in modern industrial boi~ -

Environmental Defence Can

416 323 9301 F.014

135

lers, American Soeicty of Mechanical Engincers, ASME. Baoks,
New York, NY.

_Amiri, M.C, 2006, Efficient sepamzmn of bntume:n in onl sand ex-

traction by using magnetic treated process waler. Sep‘ Punf
Technol. 47: 126~134, doi:10.1016/j.seppur.2005.06.016.

‘Bendell-Young, 1.1, Bennest, K.E., Crowe, A., Kennedy, C.J., Ker- -

mode, AR.; Moere, MM., Plant, AL, and Weod; A. 2000,
Ecological characteristics of wetlands receiving an industeial of-
fluenr. Ecol.. Appl.. 18: 310-322, doi:10.2307/2641005.

jBeerger, H., MacKinnon, M., ¥an Meer, T., and Verbeek, A 1992.

Wet landscape option for reclamarion of oil sands fine tails, fa
Proceedings of the Second International Conference oh Environ-
mental Issues and Management of Waste in Energy and Mineral
Production. A.A. Balkema, Roiterdam. pp. 1249-1261.

-CCME. 2005. Camadian Envirommental Quality Guidelines. Cana-

dian Council of Ministers of the Environment, Winnipeg, Man. .

'CH2M Hill Canada. 1981. Review of weament and recycling of

praduced water from heavy oil fields. Report prepared for the
Ajberta Gil Sasds Technology and Resea:ch Authonty
(AOSTRA), Edmenton, Alta,

Colavecchia, M.V., Backus, S.M., Hodson, P.V.. and Parroiz, J.1.,
2004. Toxicity of oil sands 1o carly life stages of fathead min-
nows . (Pimephales promelas).. Environ. Toxicol, Chem, 23;
1705-1718, doi;10.1857/03-412. PMID:15230323.

:C‘ONRAD 1998, Naphthemc acids background information: Dis-

cussion report. Canadian Oil Sands Network for Research and
Development (CONRAD) Environmiental Aquatxcs Teehmcal
‘Advisory Gronp (CEATAG), Edmonion, Alta,

-Crowe, A U., Han, B., Kermode, A.R., Bendell-Young, LI, andP]ant,

A.L. 2001, Efferts of oil sands effluent on cattail and clover: photo-
synthesis and the level of stress proteins, Environ. Poflut. 113: 311~
322, doi: 10.1016/80269-7431(00300187-1. PMID: 11428139,
Crowe, A.LL, Plant, AL., and Kermode, AR. 2002. Effecis of an
industrial efflucnt on planc colonization and on the germination
and post-germinative growth of seeds of temesirial and aguatic
plant -species. - Environ.. Pollus, 117: 179-189. dei:10.1016/
80269-7491501)00131-2. PMID: 11843534,

.Cuddy, G., Farwell, K., and Wright, B. 2000, Empmcul s:udles on

the relanonsmp between process water chemistry and oil sands
processability. Problem  Ores, Ist Extaction Fundamentals
Setninar, Canadian Ofl Sands Network for Research and Devel-
opment (CCNRAD), For McMumay, AB - [online).- Available
from hitp://www.conrad.ab.calseminars/problom_oresfAgenda.
him [cited 1.Feb 2004]. .

:Dommskz M. 2007, Surtace mined ml sand ta:lmgs pracuces, per—

formance, and projections. Alberta Energy and Utilities Board. In
Proceedings of the 3rd International Heavy Oil Conference, March
'5-7,2007, Caigary, Alta. Alberia Energy and Utilities Board. ©

Farrell, A.P., Kennedy, C.J.; and Kolok, A. 2004. Bffects of wasie-

water from an oil—sand—reﬁning operation on survival, hematol-
. 08y, gill histology, and swimming of fathead minnows. Can. J.
Zool. 82: 1519-1527. doi:10.1139/204-128.

FTFC. 1995. Advances in Qil Sands Tailings Research, Vol Ik

Fine tailings and process waser reclamation. Fine Tailings Fun-
‘dameriial Consonium, Alberea Depatment of Energy, Ofl Sands
‘and Resenrch Division, Edmonton, Alia, pp. 2.1-2.52. :

-Golder Associates Limited. 2002. Oil sands regional aquaties mon-

dtoring program (RAMP) 2001. Vel. |: Chemical and biclogical
monitoring. Report prepaced for the RAMP Sicering Comminies,
Fort McMueray, Alia.

:Govemment of British Columbia. 2000. Ambient waier quality

guidelines. Water, Air and Climate Branch, Environmental Pro-
‘teetion Division, Minisicy of the Environment, Victoria, BC.

~Griffiths, M., Taylor, A., and Woynillowicz, D. 2006; Troubled

© 2008 NRC Canada




0CT-01-2010

13:01

136

- waters, troubling irends: Technology and -policy options to re-
. duce. waier use in oil and oil sands development in Alberta. The .

Pembina Instituie, Drayion Valley, Alta,

Gulley, IR, 1992, Study of oil sands sludge teclamanon ender the

taitings sludge abandonment research program. Final Repor.

" Canzda Centre for Minéral and Energy Technology (CANMET),

- Energy, Mines and Resources Capada, Edmenton, Al
- Gulley, J.R.. and MacKinnon, M. 1993, Fine tails reclamation uti-

- lizing a wes landscape approach. Jn Proccedings of Oil Sands-.

Our Perroleum Fuiure Conferenee, Fine Tailings, Fundamentals
Consoninm, Edmonton, Alta, pp. 1~24.
Hall E.S., and Tollefson, E.L. 1979. Hydrocarhon removal from

and upgxadmg of aquedns waste water from oil sands recovery
* operations. Repert prepared for Alberta Environmental Research -

Trust, Alberta Environment, Edmonton, Alia, -

Hao, C., Headley, 1.¥., Pem, K M., Frank, R., Yang, P., and Solo-A
mon, K.R. 2005. Chamcterization and patiern recognition of oil~ |

_ sand naphthenic acids using comprehensive two-dimensional gas

cbromatography/tzme—ef flight mass specirometry. J. Chroma-
" togr.” A, 1967 2??—284 dm 1. 101613 chroma ZGGS OI 041 '

© PMID:15844533.
Harmon, 8.M., Chandier, G.T., aad Spechs, W.L. 2603. A compaz-

- ison of the Daphnids, Cerioduphnia dubia and Daphnria ambi- .
gua, for their uilization in routine toxicity festing in the
southeastern United States. Arch. Environ. Contam. Toxicol. 45:

79-85. doi:10.1007/500244-002-0116-8, PMID: 12948176.

* Hast, P.R. 2002. Chemical removal of organie fouiants fiom pro-
© duced water recycled as steam. Soe. Petrol. Ensz J. SPE, 78966 :

1-7. doi:10.2118/78966-M8.

. Headley. 1.¥., and McMartin, DW 2004 A review of the oceur~
. rence and faie of maphthenic acids in aquatic environments, J.

. Eaviron. Sci. Health A Tox. Hazard. Subst. Environ. Eng. 39
© 1989-2010. PMID:15332664,

Herman, D.C., Fedomak, P.M., MacKinnon, M.D., and Cosierion,
© LW. 1994, Bicdegradation of naphthenic acids by microbiai po--
- pulations indigenous. o oil sands tailings. Can. I. Microbiol. 40: -

- 467477, PMID:8050066, .

 Holowenko, F.M., MacKinnon, M.D.. and Fedorak, P.M. 2001.

Naphdmmc acids and surrogaie naphthenic acids in methano-
genic microcosms.
© S0043-1353(00)00558-3. PMID:11456157.

- Holowenko, F.M., MacKinnon, M.D., and Fedorak, P.M. 20&‘7 :
Charac.tcnzauen of naphthenic acids in oil sands wastewaters by -
- gas chromatography-mass spectrometry. Water Res. 36: 2843

2855, doi:10.1016/30043-1354(01)00492-4, PMID: 12146873,

j l—lrudey, $.E. 1975. Characierization of wastewaters from the Great

Canadian Oil Sands bitumen extraction and upgading plant. Sur-

* veillance Report. Environinenit Canada. Em:ronmemal Protec—‘

tion Serviee, Otiawa, Ont.

Kasperski, K.L. 1992, A review of properties and treamment of oil -

sands tailings. AOSTRA J. Res. 8 11-53. .

Kasperski, K. 2001. Exwaciion and water chemistry, Canadlanj

. Oil Sands Network for Research and Development (CONRAD)

Oil Sands Extraction Fundamentals and Process Waier Work-
" shop, May 7-8. 2004 [online]. Available from hiip:/fwwiw.
" conrad.ab. calsemmars!process watertAgenda htm [cued 1 Febru— :

- ary 2006). -

Kasperski, K.L. 2003. Review ef research on aqueous exiraction of.
. bitumen from mined oil sands. Unpublished repori, CANMET |
. Energy Technology Centre. Natural Resources Canada, Deven,

- Al
Kasperski, K.L..

- Corrosion 2003 Conference, San Diego, Calif. p. 7. -

Environmental Defence Can

Water Res. 35: 2595-2606, doz 16. 10!6:"

‘and Mikuta, RJ. 2003. Water wreatment in oil
sands: 2 novel approach 1o calefum comrol. #r Procesdings of -

436 323 9301 P.0156

. J Environ. Eng. Sci, Vel. 7, 2008

Lsung, S.8., MacKinnon, M.D., and Smith, R.E.H. 200i. Aquatic -
reciamoation in the Athabasca, Canada, oil sands: naphihenate .
.and salt effects on phyioplankion communities, Environ, Toxi-
col. Chem, 20: 1532-1543. doi:10. ISQ?MSSI-SOZS(ZGOI )
020<1532: ARTTAC>2.0.CO;2. PMID: 11434295, ' '

" Leung, S.8., MacKinnon, M.D,, and Smith, R.E.H. 2003, The eco-

logical effeeis of naphthenic acids and sakis on phytoplankion
from the Athabasca oil sands region. Aquac. Toxicol. 62: 11— -
26, doi:10,1016/S0166-445%(02)00057-7. PMID; 12413790, .

_Lintelmann, J., Katayama, A., Kngibara, N.. Shore, L., and Wenzel,

A. 2003, Endocrine disruptors in the environment. Pure Appl.
Chem. 75; 631-681. doi:10.135/pac700375050631.

Lo, C.C., Brownlee, B.G., and Bunee. N.J. 2003. Elecirospray-tnass
‘spectrometric analysis of reference carboxylic acids and Atha-
basea oil sands naphthenic acids, -Anal. Chem. 75: 6394-64G0,
.doi:10.1921/2c030093d, PMID:16465694.

Le, C.C., Brownlee, B.G., and Bunce, N.J. 2006, Mass spectro- .
metric and toxnceloglca] assays of Athabasca il sands naphthe-
nic acids. Water Res. 48 655—664 dot 10 10164, watres 2005
12.008. PMID:16434073.

"MacKinnon, M.D. 198§, A siudy of the chemical and physical

-properties of Syncrude’s tailings pond, Mildred Lake, 1980. En-
vironmental. Research Repore 1981-1. Syncrude Canada Lid.,
Edmonton, Alla.

:Maclﬁnnan, M.D, 2001. Process—affected waters: 1mpact of opcrat—

ing factors on mecycle water quality [online]. Canadian Oil
‘Sands’ Network for Research and Developnient (CONRAD) Oil
‘Sands Exiraction Fumdamemals and Process Water Workshop,
-May 7-8, 2004, Availabie from hitp://www.conrad.ab.cal -
seminars/process_water/Agenda.him feited 1 February. 2005].

. MacKinnon, M.D. 2004. Oil sands water quality issuss: properies,

treatment, and d:scharge options [enline]. Canadian Oil Sanrds
‘Network for Research and Development (CONRAD) Gil Sands
Water Usage Workshop, February 24-25, 2005. Available from
‘hetp:/fwww.conrad.ab.cal/seminarsfwater, usag:/2004;’Agenda
him [eited 1 February 2006].

. MacKinnon, M.D., and Benson, W. 1985 Chetmcal treatment of

wilings pond water: clarification and detoxification. Unpub-
lished report. Syncmde Canada Research, Edmonien, Alta,

MacKinnon, M.D., and Boerger, H. 1986. Description of two treat-
‘ment ‘methads for detoxifying oil sands tailings pond waier.
Water Pollus. Res. J. Can, 21: 496-512, - -

-MacKinnon, M.D,, and Retallack, J.T. 1981. Preliminary. character—

{ization and detoxification of railings pond waier at the Syncrude
Canada Lid Oil Sands Plant. /n Land and Water Issucs Related
t© Energy Development. Ann Arbor Scienee, Denver, Cole.
pp. 185210,

‘MacKindon, MLD., and Seihi, A. 1993. A comparison of the physi-

‘cal and chemical propertics of the tailings ponds at the Synerude
-and Suncor -oil- sands plants. /n Proceedings of Qur Petroleum
Future Conference, Alberta Qil. Sands Technology and Research
Authority ¢AGSTRA}, Edmonton, Alta.

MacKinnon, M.D, Gulley, IR., and Van Meer, T. 200! Role of
wetlands in aticnuation 6f process-relared components [online].
‘Environmental Research Group (EnRG) Research Symposivm,
‘May 3, 200, Edmonton, Alta. Available from hup:/fwww,
-consad.ab.ca/seminarsfresearch_syav/Agenda.him [cited 1 Febru-
-ary 2606).

 Madili, R.E., Otzechewskl MT Chen, G., Brownlee, BG. and

Bunce, NI, 200, Preliminary risk assessment of the wet land-

seape option for reclamation of oil sands mine taflings: bioas-

says with mature fine wilings poré water. Enwmn Taxicol. 16
197-208. doi:10.1002f0x. 10’75 PMID; 11409191, ‘

Marr, J.8., Mohammed, M., MacKmnon, M., and Rogers, M. 1996,

@ 2008 NRC Canada




OCT-01-2010

13:01

Allen

- Removal of naphshenic acid from water. via pH adjustment, coa- -
gulation and sand filtration. /n Proceedings of the International .
. Water Conference, Engineer’s Society of Westem Pennsyivania, _

Pistsburgh, Pa. pp, 738-754.
‘ Meunt, D.R., Guliey, D.D., Hocketi, J.R., Garrison, T.D., and Evans,
- M. 1997, Swatisiical models to predict the toxicity of major ions

10 Cerivdaphnida Jubia. Daphnia mugna, and Pimephales prome- -
- fus {Eathead minnows). Environ. Toxicol, Chem. 16; 20092019, .

- doi: 19.1897/1551-5028(1997)016<2009:SMTPTT>2.3.CO;2. .

. National Emergy Board. 2006. Canada’s oil sands, Opportunities
. and challenges to 2015: An update. Natmnai Energy Board, Cal~

" gary. Alia.

Nelson, L.R., MacKionon, M., and Guiley. J.R. 1993, Application -
" of toxicity testing in the evaluation of reclamation options for -
- oil sands fine tails. fz Proceedings of Oil Sands- Our Petroleum -

Future Conference, Fine Tailings Fundamentals Consortium, Ed- .

monton, Alta. pp. 1-11.

: Ntx, P.G. 1983, Detoxifi catloh of tailings pond top water Repon

prepared for Suncor Energy Inc., For McMurray, Alia.

Nix, P.G., and Martin. R.W. 1992. Detoxification and reclamiation -
" of Suncor s ¢il sand tailings ponds. Environ, Toxicol. Water, 7

- 171188, doi: 10. 1002/40x.2530070208, -

- Pairick, R., Caims, L, and Scheier, A. 1968. The relauvc sensmvr.ty .
. of diatoms, snails, and fish 10 twenty common constituenis of

indusgrial wastes. Prog. Fish-Calr. 30: 137140,

" Peachey, B. 2005, Strategv: needs for energy related water use
" technologies. Waier and the EnergyINet. Repor: prepared for

the Albenta Energy Research Instingie, Calgary, Al

- Poliet, L., and Bendell-Young, L. 2000. Amphibians as indicators of -
wetland quality in wetlands formed from oil sands effluent. En- .
19: 2589-2597. doi:10,1897/1551-

- viron. Toxicol. Chem.
3028(200(3]019<_589 AAIOWQ>” 3.CO2.

Quagraine, B.K., Headley, J.V., and Peterson, H.G. 2005¢. Is bio-
' degradanon of bitwmen ‘a souree of recaleitrant naphthenic acid -
mixtures in oil sands ‘tailing pond waiers? J.- Environ. Sci. -
- Health A Tox. Hazard. Subst. Environ. Eng. 40: 671-684. -

- doi: 10, 0B1/ESE-200046637. .

. Quagraine, E.K., Peterson, H.G., and Headley, J V. "005b In S1tu

_ bioremediation -of naphthenic acids contaminated tailing pond

wates in the Athabasea Oil Sands Reglon- demonsirated field |
 stdies and plausible options: a review. J. Brvizon. Sci. Health
- A Tox. Hazard. Subst. Baviron. Eng. 40: 685722, doi:10.10817

- BSE-206046649. -

- Rogers,. M.E.. 2004, lssues wuh using . pmcess—affected waier .
. {sealing, corrosion and fouling) [online]l. Canadian Oil Sands

Network for Research and Development (CONRAD) Warer

 Usage Workshop, Feb. 24-25, Fort McMumay, Alia. Available
from’ hiipffwww conrad.ab w&enunars!water usa,,ef’ﬁm [cltcd '

1 February 06].

Rogers, ¥.¥., Wickstrom, M., Liber, K., and MacKinnon, M.D. -
20024, Acute and subchromc mammalian toxicity of naphthenie .
. acids from oil sands tailings. Toxicol. Sci. 66; 347-355, doi:10.

1093/i075¢i/66,2.347, PMID: 11896302,

chem, V.V, Liber, K., and MacKinnon, M.D. 2002b. isoiation
and characterization of naphihenic acids from Achabasca oil
" sands tailings pond warter.  Chemosphere, 48: 519-527. doi:i0. -

- 1016/80045-6535(02;00133-9, PMID:12146630. -

Rose, D, and Rideout, B. 2001, Aatiscalant use ai Suncor. Energy Inc .
[oniine]. COMRAD Qil Sands Process Water Workshop, May 7-8,
. Fort MeMurray. AB. Available from hitp:/fwww.conrad.ab.caf

semmamfprocess mter/Azenda him [eited 1 February 2006]

' Sawatsky, L. 2004, Water Supply Security for the oil sands mines
" by upstieamn offsite storage [online]l. Camadian Ol Sands Net- -
work for Research -apd Developmeni (CONRAD} Oil Sands -

Environmental Defence Can

416 323 9301 P.016

137

Warer Usage Workshop, Feb, 2425, Fori McMumay, Alia.
Available from hitp:/fwww.conrad.ab.cafseminarsiwater_usagef
2004 W arer_supply._security,_for_oil_sands_mines_Sawatsky.pdf
feited 1 February 2006).

‘Schrammm, L.L., Smith, R.G., and Stone, I.A. 1985. On the proces-

sibility of mixtures of oil sands. AOSTRA T. Res, 1: 147-161.

‘Seor, 1.D., Dusscault, M.B., and: Carder, W.D., [Il, 1985. Beha-

viour of ‘the clayfitumen/water sludge sysiem from oil sands -
extraction planis, §. Appl. Clay Sci. 1: 207-218, doi:10.1016/
0169-1317(85)90574-5.

:Shell Canada. 20054, Applimuon for the approval of the Muskeg

River mine expansion project. Shell Canada Ltd., Calgary, Alia.

Shell Canada, 2005bh. The Athabasea Oil Sands Projeci. 2004 Sus-
iainability Repor [online). Available from htcp:/fwww.shell,
comfstaticH/ca-en/downloads/about_shell/what_we_dofaosp_s-
d_seport.pdf [cited. 1 Febmary 2006).

Shell Canada. 2007. 2006 Sustainable De';relapmem Report [on-

line]. Available from htip:/ferwrw.shell.com/static/ica~cn/down-
- loads/saciety_eavironment/sd06.pdf [cited 1 July 2007).

Slwik, P.L., Van Meer, T., MacKinnon, M.D, and Paszkowski, C.A.
2000, Growth of fathead minnows in eilsand-processed wasiewaser
in laboratory and field. Enaviron. Toxicel. Chem. 19: 1837-1845.
doi: 19, 1897/1551-5028(2000)019<1837:GOFMIO>2.3.C0:2..

Smis, L.E., Wayland, M.E., Miller, M.1., Liber, K., and Trudea, S.

2000. Reproductive, imemune, and physiological end points in" -
tree swallows on reciamled oil sands mine sites. Environ. Toxi-
col. Chem. 7951-2960, dou 10 18971155 1-50"8{"000)
4192951 RIAPEP>2OC{J,2 C

SETAC. 2004, Whole effluent toxicity testing; Ton imbalance. [on-

line]. Seciety of Environmental Toxicology and Chemistry, Pen-
sacola, Fla. Available from hup:ffwww.setac.orgfhidocs/files/
TiP-lon.pdf [clted 1 Februacy 2006).

Strosher, M.T., and Peake, E. 1978, Characterization of organic

constituents 'in waters and wasiewarers of the Athsbasca Of)
Sands' mining area. Report No. 20, Alberza Oil Sands Environ-
mental Research Program (AOSERP), Alberta Environment, Ed-
‘monion, Alta. .

Suncor Energy. lncoﬁ:oréted ”OOSa Performance mdlcatoss [on-

line). Available from heep: v, suncor. com/idatal lirec_docsf
618_Indicators, pdf [cited 1 February 2006). -

Suncor Energy Incorporsted. 20056, Suncor Enetgy 2005 Report
on sustainability [online]. Available from htip:/Avww.suncor.
com/datall/rec_docs/516_Suncor%20SD%20Raport_2005%20,
pdf [cited 1 February 2006].

Syncrude Canada Limited. 2005, Syncrude Canada Limited 2004

sustainability report [online). Available from htip://
susiainability.syncrude. cafsuStamabll1ty“004!down!oadf
SyncrudeSD2004.pdf [cited 1 Februacy 2006].

‘Tetreault; G.R., McMaster, MLE., Dixon, D.G., and Parrott, L. 2603,

Using reproductive endpoinis in small forage fish species 1o evalo-
ate the effects of Athabasca Gil Sands activities. Environ. Toxicol.
Chem, 22: 2775-2782, doi:10.1597/03-7. PMID: 14587921,

'USEPA 1999, National recommended water quality crileria- Cor-

rection. Repont EPA 822-7-99-001. Office of Water 4304, Um-
ted States Eavironrnerizal Protection Ageney, Wash,

‘USEPA. 2006, Water quality standards database [online]l. Availabie

from hetp:/foaspub.cpa;goviwgsdatabaselwqsi_gpa_criteria.
rep_parameter [¢ited 1 Ocrober. 2006]. .

van den Heuvel, MR., Power, M., MacKinnon, M.D., and D:xen.

D.G. 19994, Effects of oil sands related aguatic reclamation on
yellow gerch (Perca Huavescens). 1. Chemical and biechemical
indicators of exposuré to oil sands related waters. Can. J. Fish.
Aguar, S¢i. 56: 1226-1233. doi: 10.1139/cjfas-56-7-1226. " ~ -

van den Heuvel, M.R., Power, M., MacKmnon. M.D., Yan Meer,

@ "008 NRC Canada




NCT-01-2010 13:01 Environmental Defence Can 416 328 9301 P.O1T

138

T., Dobson, E.P., and Dixon, D.G. 1999%. Effects of oil sands.
relaled aquatic reclamation on yellow perch (Percu flavescens).

1. Water quality characterisiies and yellow perch physiological

and population responses, Can, J. Flsh Aquat Scz 86: l”13—‘

' 1225, doi:10.1139/cjfas-56-7-1213,
" van den Heuwvel, M.R., Pawer, M., Richards, 1., MacKinnon, M.,

and Dixon, D.C. 2000. Disease and Gill lesions in yellow perch -
(Perca flavescens) exposed . 10. oil sands mining-associated .
waters. Ecotoxicol. Eaviron, Saf. 46; 334-341, PMID:10903831.

' J Envirén.En_-g. Sci; Vél. ?. 2008

. Verbeek, A., McKay, W., and MacKinnon, M. 1993, Isclation and .

_characterization of the acutely ioxic compounds in oil sands pro-
cass waier from Syncrude and Suncor. /z Proceddings of Oil
‘Sands- Qur Petroleusn Future Confersnce, Fine Tails Fundamcn- '
‘tals Consortivm, Edmonton, Alta. pp. F10-1-Fi0-11. - ’

Zaidi; A, and Constable; T. 1994, Produced water treatment design -
manual. Wastewater Technology Centre, Burlington, Ont.

. Zalewski, W., and Bulkowski, P, 1998, Lithium silicate scale in .

oilfield steam gencration, I. Can. Petrol. Technol, 37: 5155,

| ©2008 NRC Canada

Total P.O17




