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ABSTRACT

The I n Situ Aquifer Test Facility (1 SATF) has

oil sands mining lease north of Fort McMurray, Albertanteesstigate the fate and transport of

oil sands procesaffected (PA) water in the Wood Creek Sand Channel (WCSC) aqtnfer.

2008 the ISATF was used for preliminary injection experiments in which 3,000 and 4,000
plumes of PA water were created in th€®BC. Following injection, the evolution of the plumes
was monitored to determine if naphthenic acids (NAs) naturally attenuated in the WCSC and if
trace metals were mobilized from the aquifer solids due to changes in redox conditions. Post
injection monioring found groundwater velocities through the aquifer vgieng (~3-10 cm/day)
despite hydraulic conductivities on the order of d@s. While microbes in the WCSC were
capable of metabolizing acetate under the manganotgnigenicredoxconditions field

evidence suggests naphthenic acids behaved conservatively. Following the injections, there was
an apparent enrichment in the dissolved concentrations of iron, manganese, barium, cobalt,
strontium and zinc not attributable to elevated levels ifPthénjectate. Given the
manganogenic/ferrogenic conditions in the aquifer, Mn(ll) and Fe(ll) were likely released
through reductive dissolution of manganese and iron oxide and oxyhydroxide mineral coatings
on the aquifer solids. Because naphthenic analse up the bulk of dissolved organic carbon
(DOC) in the injectate and are apparently recalcitrant to oxidation in the WCSC, some question

remains as to what functiedas the electron donor in this process.



ACKNOWLEDGEMENTS

The fieldwork completedbr this project would not have been possibléhaiit the considerable
time, equipment and personmebvidedby Suncor. Specifically, | mughankSam Saforo,

Leanne Lane, Jamel &gula, Mike Bowron, Norm Eenkooren and Heather Sutherland for their
assisance in arranging camp accommodations, drill rigs, health and safety training, vacuum
trucks, field supplies, work space and many other things. Shawn Stringer and Coreen Luchka
providedcrucialinsight and assistance on thgplementation of my work plarendCharity

Zayonc collected groundwater samples at the ISATF when | was unable to be onsite (notably,
when the temperatures started to decline), an effort | am extremely grateful for.

This project is part of a collaborative effort with researchers fromeysity of Alberta and
University of British Columbia. Special thanks to Sasha Holden for coordinating this effort and
to the other researchesnia Ulrich, Ul Mayer, Jon MartinL.eo Perez, Carl Mendoza and Dave
Sego, for your input anéchnical supprt. A special thanks to Shama Haque from the

University of British Columbia for her concerted effort in completing the metals extractions and

providing me with the data in time for inclusion in this document.

| also must thank Marianne VanderGriergtirley Chatterand Wayne Nobléor analyzing my
groundwater and soil samples and helping with the arrangement of field equipment and bottles
prior to departing for Fort McMurray. I 61 1 b
Johnson who hadhé pleasure of accompanying me on my first visit to Fort McMurray in

November 2007 andho built the pump/packer/probe system that | deployed in the injection

wells at my site.Marcelo Sousa spent seveadtlernoons in the first floor EIT computer lab

helping with thedevelopment of my numeric modellf not for his guidancd,would in all

likelihood still besitting at a computer in that labfhanks for all the help and the great

conversations MarceldMatt Alexander taught me to use the University\d t er | oo 6s f al |
head permeameter and provided several pointers to produce successfllltegisvith

assisting on fieldworkyahid Sohrabadded ainique perspectivi® theinterpretatiorof my

data. Good luck with the next stages of the projetid/a

A big thanks to my committee members, Dave Rudolph and Andre Unger for finding the time to
meet with me ovethe last two years to provide feedback and directiomas extremely lucky



to have Jim Barker as nagvisor Hegave me the freedoto implement this project as | saw

fit, but was always available to provide guidance and a few calming wowls meeded. | also
must thankhe otherprofessors | have worked with at the UniversityWaterloo,eachof whom
fieldedquestions related toyproject at some point. Similarly, several grad students in the
department were willing tdemonstrate theseof equipment or provide advice basan their
experiencs . I wondét provide a |ist for feag of

input from my peers.

Finally, | want to thank Joanna for her love and patience over the last two years. It takes a
special person to listen attentively as | scribble away on atpuste at the breakfast table and
explain how branching ome alkyl substituent effects the biodegradability of a naphthenic acid.

Thanks for thesupport] coul dnét have done this without



DEDICATION

| am dedicating thighesis to my prents for their love, encouragement and guidance over the last

twenty-seven years.

Vi



TABLE OF CONTENTS

LIST OF TABLES . ...ttt e e e et e e e e e e e nne e e e e e e ennnnns Xi
LIST OF FIGURES. ... ettt e e e e e e e e eera e e aaeees Xiv
N g1 oo [FTot 1 o] s PP PPPRRPPP 1
1.1 Environmental Impact of Oil Sands Mining Ogi@INS...............cccvvvvvivivrimmmreeeereeeennennnns 1
1.2 Location Of StUAY SItE........coieiiiiiiiii et e e e e e e e e e e e aeeer e e e as 2
1.3 PUIPOSE OF STUAY....uuueeiiiiiii ittt eeee e e e e e e e e et mmme e e eeeeeennnees 4

P2 = = Tox (o {0 U T S SURRRRRPPTPY §
2.1 Geology and Hydrogeology...........ceeeuuuiuuuuuimreeeeeeieiiiiiee e e s eeersnnnnn s s e e e e eeeeaneanannid
2.2 Oils Sands Mining and EXtraction ProCESS..............cuuvuvuvimmmieieeeeeeiiiiiiiiese s e s emreenns 10
2.3 TAIlINGS PONAS .. .ot e et e e e e e e e e e e e e e s ammr e e e e e e e e eeeeeeas 11
2.4 WALET USBIGE ... .ottt eeeee ettt eeme et ettt et ammr s 12
2.5 NAPNNENIC ACIAS.....ciiiiiiiiie e eeeb e 12
2.5.1 Naphthenic ACId CREMISTIY........uuuiiiiiiiiiiiii e 13
2.5.2 Occurrence and Toxicity of Naphthenic ACIdS...........ccccviiiiiiicccnd 13
2.5.3 Naphthenic ACid DegradatiOn...............ueeeeeriiieeeiiiiieiiieeieeeeee e e e e esrre e e e 14
3 Methods and MALEIIALS..........ccoiiiiiiii e nenre e e e e e ns 16
3.1 Injection Well CONSIFUCHIQN..........uuueiiiii e e e eeeer e e e e e e e e e e e e eeenanaanes 16
3.1.1 Monitoring Wdl Installation and Constructian................ccoovvvviiccciiiiieeeeeennnnnn. 17
3.1.2  Well INStrumentation..........oooiiiiiiiiiiieeee e eeees e e e 20
3.2 Injection Process and System DesSigN.........cooooiiiiiiiiiiceeiie e 21
3.3 Groundwater Sample Collection and AnalySIS...........ccoovviiviiicceiiin i 23
3.4 Sediment Sampling and ANAIYSIS........ccccoviiiiiiii e e 25
3.4. 1 Sedment COIECHOM..........uuiiiiiiiiiiiii ittt 25
3.4.2 Trace Element EXIraCtionS..........cooivrriiiie i 25



3.4.3  FOC AN TIC....ciiiiiiiiiiiiie et eeeit et rme e e e e e s n e e e e emmme e e e 27

3.5 Hydraulic Conductivity MEasSUIremMENLS. .........ciiiiiieeeeeeeceeeicieee e e e e e e e e e eeevvveeneeeeeaees 27
3.6 Development of Visual MODFLOW Groundwater Model...........cccoooveiiiiieeciinnnnnnn. 28
4 RESUILS AN DISCUSSIONL. ...ceiiieiiiitiiiiee e imee ettt e e e eemme e e e e e e s s senen e e e e e ns 29
4.1 Preliminary Injection EXPerimentS..........oooiiiiiiimemn e 29

4.1.1 Passive Monitoring of Injectate Migration at the Injection Wemnductivity.. 29
4.1.2 Passive Monitoring of Injectate Migration at the Injection Wellemperature 32
4.1.3  Acetate ULIHZAtioN............ouuuiiiiiiiiis i e e e eeeess e e e e e e e e e e e e e e eeeanenene 33
4.2 Proces@\ffected Water Injection EXPeriments..........ooooiiioiiiimmmn s 37

4.2.1 Passive Monitoring of PA Water Injectate Migration at the Injection Wells
(@0] T [UTod 1171 Y/ PPN 37

4.2.2 Passive Monitoring of PA Water Injectate Migration at the Injection Wells

L= 00 01T = L L= OO RPPP 38
4.3 Calculation of Groundwater VEeIOCITY............uuuuiiiiiiiiieeeiiiiiiiiiieeeeee e 38
4.3.1 Calculation of Longitudinal DISPEerSIVILY............uuuuuieiriiiiimeeiiiririeeeeeeeeeaeeaeeeesd 40
4.4 Evaluation of Flow Direction and Hydraulic Gradients....................eeveeemiivviiiieeeenn 44
4.4.1 Groundwater FIOW DIr€CHON.........ccoeiiiiiieieiiiieeee e e e e s eeeeeennnnes 44
4.4.2 Vertical Hydraulic Gradient and Flow Direction...............cccuevvvvieemicivninnnnnnne. 45
4.5 HydraliC CONUUCTIVITY........ooiiiiiiiiiiitie e eeeeii ettt e e eeee e e e et e e e e e e e e e e e e e e e e s ammne s 47
4.6 Investigation of Naphthenic Acid Natural Attenuation..............couvviiiieeeneeeeveviieeea 48
4.6.1 Total Naphthenic Acid Concentration Trends...........cccccoeveevvieeeeeeeeiiieneeeenn . 48

4.6.2 Naphthenic Acid Signature AnalysisGas ChromatographyElectron Impact

Y = TSRSy o L=Tod (0] 0 1T 1 Y P 52
4.6.3 BTEX Compounds as Potentidletron DONOIS..........cccovvvviiiiiieiiieeeeccceiie, 56
4.7 Mobilization of Trace MetalS..........cooiiiiiiiiiieeer e 58
4.8 Trace Element Extractions and Sdfidase Geochemistry.........cccceeevviieeiiccecnnnnnnnnn. 62

viii



4.9 Results of DowaGradient MONItOIING.........ccovviiiiiiiiiiiiieeme e e e eeennees 63

4.9.1 Groundwater Elevation TrendS. ... 63
4.9.2 Evidence of Injectate Arrival............coooriiiiiiiiiiee e 64
4.10 Results of Groundwater Modelling............oovvviiiiiiici e 68

4.10.1 Shallow Injection Depth: Validation of Longitudinal Desjsivity and
Investigation of Impact of Uncertainty in Interpreting Flow Direction....................... 69

4.10.2 Deep Injection Depth: Validation of Longitudinal Dispersivity and Investigation of

Impact of Uncertaity in Interpreting Flow Directioit No Vertical Flow Components..70

4.10.3 Deep Injection Depth: Use of Breakthrough Curves at D@nradient Monitoring

Points for Additional Model Calibration...............ccccooiiiieemiiieecei e eeseeesiieeen L
4.10.4 Summary of Findings from Groundwater Modelling...........ccccccvviiiieannnnnnn 73
5 CONCIUSIONS. ...ttt ettt eeeenas bbbt s e e e et e e e e e aeeeas 75
6 RECOMMENUALIONS. ...t erer bbb eeeeas bbb e et e e et et e e e e e s emmmr e e e et e e e aeaaeeens 78
LI Y = 1 I TP 8
FIGURES. ... ettt e ettt e e e e e et b e e seneeee e e e eebaa e e e e eeeennns 130
REFERENGCES. ... .ttt r e e e e e s e e e e e e 197
APPENDICES
APPENDIX AT Injection Well CONBUCHON LOGS........cooiiiiiiiiiiiiiiiiieeeeeeeeeee e Attached CD
APPENDIX B1 Photographs of STB8-158A Soil Core..........cccoovvviviiiiiiiiiieeeeeeee Attached CD
APPENDIX Ci Photographs of STB8159A Soil Core..........ccovvveviiieeeeriiiiene, Attached CD
APPENDIX D1 Monitoring Well Nest Construction Diagrams..............ccceevveeeeenennnn. Attached CD

APPENDIX Ei STR07-158SS CTD Diver Data Following Preliminary Injection..Attached CD
APPENDIX Fi STR07-159-SS CTD Diver D& Following Preliminary Injection..Attached CD
APPENDIX Gi STR07-158SS CTD Diver Data Following PA Water Injection....Attached CD

APPENDIX Hi STR07-159-SS CTD Diver Data Following PA Water Injection....Attached CD



APPENDIX IT STR08-158A1 CTD DiverData Following PA Water Injection....... Attached CD
APPENDIX Ji STR08-158A2 CTD Diver Data Following PA Water Injection....... Attached CD
APPENDIX K1 STR08158A3 CTD Diver Data Following PA Water Injection.....Attached CD
APPENDIX LT STR08159A1 CTDDiver Data Following PA Water Injection......Attached CD
APPENDIX MiT STR08-159A2 CTD Diver Data Following PA Water Injection.....Attached CD

APPENDIX N7 STR08159A3 CTD Diver Data Following PA Water Injection.....Attached CD



List of Tables

Table 21 Groundwater ElevatiorisNovember 6, 2007 June 24, 2009............ccccceeeeeennnn. 28
Table 22 Redox Indicator Parameters for Background Samples Collected a0 BI%8-SS

AN STROT7-159- S S ... e e e e e e e e e e e et e e e e e e e et b e e aaaaaaaaaes 3..8
Table 23 Major lon Concentrations for ProceAffected Water Injectate Samples from the

Yo 101 I =V 1 o TS e ] U 83
Table 31 STP07-158SS Groundwater Parameters.........coooovvvviiiiiieiiiiiee e 84
Table 32 STR07-159-SS Groundwater Parameters.........ccoooevvviiiiiieeeeeeiiie e 85
Table 33 ProcessAffected Water Injectiodnformation...............ooooieiiiiiiiiiiiiiiiiccceeeeeen 6...8

Table 34 Bottles, Preservative and Field Filtering in Accordance ®Rahameters to be

Table 35 Laboratory Analytical Methoi@l ALS Laboratories...........ccceeeevvvveveeeviivnnnnniennn. 87
Table 41 Bromide ad Acetate Concentrations from Preliminary Injection Samples.....88
Table 42 Data Used to Calculate Longitudinal Dispersivities and the Resulting Value89
Table 43 Parameters Input for Modelling Osimensional AdvectiofDispersia of Solute
During Injections. Solute Distribution Modelled with Oned_1 Analytical Solution (Neville,
Tale 44 Hydraulic Conductivity of Sediment Samples from ST8158A Soil Core as

Determined with Falling Head Permeameter.............ooooiiiiiiiiiiiiie e Q....9

Table 45 Hydraulic Conductivity of Sediment Sges from STFO8-159A Soil Core as
Determined with Falling Head Permeameter...............veeiiiieiiiie e 1.9

Table 46 Hydraulic Conductivities Determined By KCB Slug Tests of Injection Wells-8FP
158-SS and STHO7-L15G-SS ... oottt s s e e e e e e e e e e eees Q2

Table 47 Naphthenic Acid Concentrations for PA Water Injection Samples andiijestion
Groundwater Samples at SDP-158-SS and STH7-159SS........coooiiiiiiiie e Q2

Table 48 Dilution Corrected Naphthenic Acid Concentrations at VA58 SS from July 18
T AUGUSE 27, 2008..... et e e ettt e e e e e e eaat e e e e e e e e e e etba e e e e earaas a3

Table 49 Nitrate Concentrations for Background Groundwater, PA Water Injectate, and Post
Injection Groundwater Samples at STR158-SS and STR7-159SS..........ooiiiiiiiiiiiinnnn. 49

Xi



Table4-10 Background Metals Concentrations in Groundwater at@FP58SS.............. .95

Table 411 Background Dissolved Organics Concentrations in Groundwater at

ST ROT7-158 - SS.. ettt e et e e seeeaeenteetatetaaaaaaeaaaeeeeeeaannnnnnnnrnrrnnns] 6..9
Table 412 Background Major lon Concentrations and Miscellaneous Groundwater Data at
Yl R O TS S 1 PRSP D
Table 413 Background Metals Concentrations in Groundwater at@FP59-SS................. 9
Table 414 Background Dissolved Organics Concentrations in Groundwater at

S I 7 T 3 PR PEEEPURRPR 8....9
Table 415 Background Major lon Concentrations and Miscellaneous Groundwater Data at
ST RO 7-153 S S . ittt ettt e e e e e — e e e e e —— et e e e e e ——————ttaa e e e anntraaaaen 99
Table 416 Metals Concentrations in ST®#/-158-SS PA Water Injectate............ccccccevvveeee. 100

Table 417 Dissolved Organics Concentrations in SUP158-SS PA Water Injectat......... 101
Table 418 Major lons and Miscellaneous Data for STR158SS PA Water Injectate.....1@
Table 419 Metals Concentrations in ST#/-159-SS PA Water Injectate............ccccccevvveeee. B0
Table 420 Dissolved Organics Conceations in STR07-159-SS PA Water Injectate....... 1@
Table 421 Major lons and Miscellaneous Data for STR159SS PA Water Injectate.....1®
Table 422 Post PA Water Injection Dissolved Metals Concentrations at@&TE8SS.....10%
Table4-23 Post PA Water Injection Dissolved Organics Concentrations at03TB88 SS.107

Table 424 Post PA Water Injection Major lons and Miscellaneous Groundwater Data at
ST R OT7-158 S ... e m——————— e e e e e e e e e e e ———aaaaaaaaaaaaaaaaaaaaaaan 108

Table 425 Post PA Water Injection Dissolved Metals Concentrations at&TE9-SS....109
Table 426 Post PA Water Injection Dissolved Organics Concentrations at03T1$9-SS.110

Table 427 Post PA Water Injection Major lons and Miscellaneous Groundwater Data at
ST R O7- 153 S S . ittt e et e e —— e e e e e e et et s ———— 111 nnn e 111

Table 428 Post PA Water Injetion Dissolved Metals Concentrations at SI8?159A2......17

Table 429 Post PA Water Injection Dissolved Organics Concentrations at08TB9A2..113

Xii



Table 430 Post PA Water Injection Major lons and Miscellaneous Groundwater Data at STP
08 L0 ... e e e e e e e e ettt ittt — ittt rr et e aeaaeeee e — 14

Table 431 Post PA Water Injection Dissolved Metals Concentrations at@FrE9A3......115
Table 432 Post PAWater Injection Dissolved Organics Concentrations at-8FBP59A3..116

Table 433 Post PA Water Injection Major lons and Miscellaneous Groundwater Data at
ST R 08150 ... e — e ————ttt et e e e e e e e e e e e e e e aaaaan 117

Table 434 Post PA Water Injection Dissolved Metals Concentrations at@FE59AL......18
Table 435 Post PA Water Injection Dissolved Organics Concentrations atOBTIB9AL..119

Table 436 Post PAWater Injection Major lons and Miscellaneous Groundwater Data at
STROB-L59AL ..ot e e e e e e e e e e e e ———atataaaaaaaaaann 120.......

Table 437 Post PA Water Injection Dissolvédetals Concentrations at STI8-158A1.....121
Table 438 Post PA Water Injection Dissolved Organics Concentrations atOBTIB8AL..12

Table 439 Post PA Water Injection Major lons and Miscellaneous Groundwater Data at STP
01 LY 7 N SO RPR PP 3.....12

Table 440 Post PA Water Injection Dissolved Metals Concentrations at@FE8A2......124
Table 441 Post PA Water InjectioBissolved Organics Concentrations at SIP158A2..15

Table 442 Post PA Water Injection Major lons and Miscellaneous Groundwater Data at

STROG-LE5BAZ.....ccoeeeeeeeeeee ettt e e e e e e e e e e e e e e e ————————aataaaaaaaaaaaas »
Table 443 Trace Element Concentrations from Sequential Extractions and Percent FOC and
TIC IN WCSC SEUAIMENLS. .....coiiiieiieiiieeiee ettt e e e e e e e e e e e e e e e e e e et aeeeeeas 7...12
Table 444 Inputs for MODFLOW Model of STR7-158-SS Injection...........ccccceeeevevennnnna 128

Table 445 Inputs for MODFLOW Model of STR7-159-SS Injection without Vertical Flow
(0] g pToT0] 1= o | PP PP PPPP PP 9..12

Xiii



List of Figures

Figure 21 Oil Sands Regions of Alberta. Source: Greiner and Chi (1995)................... 13

Figure 22 Location of Suncor Energy Inc. Oil Sandsnvhg Facility. From©2008 Google,

Figure 23 Suncor Energy Inc. Mining Facilities on the East Side of the Athabasca.RiV/&.

Figurel-4 View of South Tailings Pond from Siphon Line off North Dike (Photographed June
24, 2009). View iS t0 the SOUtNEASL.........ccoviiiii e 132

Figure 5 Location of In Situ Aquer Test Facility............ccccuuviiiiiiiiieii e 133

Figure 16 Location of Buried Channels near Fort McMurray, AlbertaurSe: Andriashek and
N 11 ESTo T 1 2200 USSP 3.13

Figure 27 Distribution of Low and High Permeability Surficial Sediments near Fort
McMurray, Alberta. Sorce:Andriashek and AtKinSON (2007)........coooveiiiiiiiiiiiiiiieeeme 13

Figure 21 Migration of oil in the Manville Group to its current position near Fort McMurray,
Alberta. Source: Greiner and Chi (1995).......cccceiiieiiiiiiiiiiiiiiiiieiseeee e e eeeeeeeeeseeennnenn 4. 13

Figure 22 Positionof Wood Creek Sand Channel Beneath the South Tailings Pond. Source:
Klohn Crippen Consultants Ltd. (2004)..........uuuuuuuiiiiiiiiiieiiieeeeeee e e e e e e e e e eseeeeeeeeeeeees 5..13

Figure 23 Thickness of till and Pleistocene lacustrgggliments in the vicinity of the South
Tailings Pond. Source: Klohn Crippen Consultants Ltd. (2004).............vviiiiiiiiiiieeeeeenen. 513

Figure 24 Structure of naphthenic acids for different Z families (Z =20;4 or-6) with 5 or 6
carbons in the cycloalkanes. Source: Holowenko et al. (2Q02)...........cuuviiiiiiiiiiiiiiniennnnnn 63

Figure 25 Arrangements of, iso, secandtert-butyl alkyl substituents. Source: Smith, et al.

Figure 26 Arrangement of: a) Butylcyclohexylbutanoic Acid (BCHBANd b)
Butylcyclohexylpentanoic Acid (BCHPA) illustrating the difference iraagement of the

al kanoate substituents and highl i ghdhaimg t
connecting the carboxyl group to the cycloalkane. Source: Smith, et al..(2008)........... 18
Figure 31 Site layout of the In B4 Aquifer Test Facility (ISATF) ..., 137
Figure 32 In Situ Aquifer Test Facility View to the NorthwesL...........cccccoeeiiiiiiiinns 138

Figure 33 Handslotted tinch PVC well screens used at moning well nest
ST R OG- L0 A . e et e e e e e e et e e e e era e e e eeeaaan 138......

h e



Figure 34 Handslotted tinch PVC well screemrapped with filter fabric....................... 13

Figure 35 Packer/Probe/Pump System installed in the ISATF Injection Wells............. 139
Figure 36 RST Packer used in ISATF Injection WellS.........ccccooooeieiiiiiiiiieeee, 401
Figure 37 Schlumbeger CTD Diver connected to direct read cable used in ISATF Injection

MV BILS et e e e e e e e e et s— 10
Figure 38 Grundfos Redilo 2 Subnersible Pump used in ISATF Injection Wells........... 12
Figure 39 INJECHION SYSTEIM......oiiiiiiiiiiiiiee ettt e e 1...14

Figure 310 Injection System Garden hose running fioinjection tank to
STROT-L5G-SS. ..ottt ettt e e e e b bt e e e ab et e e e e s be e e e e nbb e e e e anbe e e e e ananeaeaas 2...14

Figure 311 Withdrawal of processaffected water from the South Tailings Pond via vacuum

Figure 312 Transfer of PA water from vacuum truck to holding tank at the ISATE....... 13

Figure4-1 Data from CTD Diver deployed at STH-158SS following preliminary injection
(June 4July 16, 2008) including: (a) groundwater conductivity and temperature; and (b)
OrOUNAWALET EIEVALION.......uiiiiiiiiiiiii e e e e e e e e e rrreeeeaaeaeees 414

Figure 42 Data from CTD Diver deployed at STH-159SS following preliminary injection
(JUNE 426, 2008)......iiiieeeeeeeeee ettt ettt e e e e e e e e e e aa e e e s e s s s e b e b rrreeaaaeaeeaaeaaeaaaannnne wm

Figure 43 Comparison of groundwater conductivity trends to bromide concentrations at STP
07-158-SS following preliminary injection including: (a) data from Juréuy 16, 2008

showing dissimilarity of overall conductty and bromide trends; (b) data from JuneJuBy 16,
2008 showing similarity of conductivity and bromide trefrdsn later time data.................. 15

Figure 44 Comparison of groundwater conductivity trends to bromide concentrations at STP
07-159-SS following preliminary injection including: (a) data from Juréufe 26, 2008

showing dissimilarity of overall conductivity and bromide trends; (b) data from JuderEl26,
2008 showing similarity of conductivity and bromide trends from later tiata.................... 14

Figure 45 Acetate and bromide concentration trends observed aD%IB8-SS following
preliminary injection showing: (a) relative concentrations (C/Co) of acetate and bromide; and (b)
normalized acetate concentration (C)ir/Br,) and relative concentrations of bromide

(BB Q) ettt ettt — ettt ettt e e e e e e e e e e e — 14

XV



Figure 46: Acetate and bromide concentration tteobservedat STR07-159-SS following
preliminary injection showing: (a) Relative concentrations (C/Co) of acetate and bromide; and
(b) normalized acetate concentrations (C/Co)/(B)/Bnd relative concentrations of bromide

Figure 47 Corrected acetate concentrations {(acetate mg/L)/(ByBt STR07-158SS and
STR07-159SS over the -B days immediatglfollowing the preliminary injections............. 19

Figure 48 Data from CTD Diver at ST®7-158-SS following PAwater injection (July 17,
20087 June 20, 2009) including: (a) Groundwater conductivity and temperature; and (b)
OrOUNAWALET EIEVALION. ......uiiiiiiiiiei ettt e e e e e e e e e s ammmmmmmm bbb 150

Figure 49 Data from CTD Diver at ST®7-159-SS following PAwater injection (August 7,
2008 June 20, 2009) including: (a) Groundwatenductivity and temperature; and (b)
OrOUNAWALET EIEVALION.. ... .uuiiiiiiiiiiieie ettt e e e e e e e e e e e e e e e e e b b eeeees 1.....15

Figure 410 Chloride concentration and groundwater conductivity trends Bt(57158 SS
following PA water injection ( July 2Rovember 8, 2008) illustrating the overall similarity of
conductivity and chloride trends..........c.uuiiiiiiiii e 2...15

Figure 411 Chloride concentration and groundwater conductivity trends at(GG79SS
following PA water injection (August-Rlovember 1, 2008) illustrating the overall similarity of
conductivity and chloride trends. ...t 25

Figure 412 Conceptual model of injectate distribution immediately following an injectis3.

Figure 413 Relative concentrations (C/Co) of tracers at IFFL58-SS and STHR7-159SS

including: @) bromide concentrations following preliminary injections; and (b) chloride

concentrations following PA water injections. A relative concentration of 0.5 was assumed to
represent the arrival of the plumesddso advectiyv
calculate groundwater VEIOCIIIES. ... .......uuiiiiiiiiiiiiie et e e e 4...15

Figure 414 Relative concentrations (C/Co) of conservative tracers following injections at the
ISATF with distrbution of undiluted injectate, 1 standard deviation, and the dispersive front
highlighted. These values were used in calculating hydrodynamic dispersion coefficients and
longitudinal dispersivities using: (a) bromide concentrations at@&¥TE58-SS following the
preliminary injection; (b) bromide concentrations at SIPL59SS following the preliminary
injection; (c) chloride concentrations at SOR158-SS following the PA water injection; and

(d) chloride concentrations at STO7-159-SS following the PAwvater injection..................... 15

Figure 415 Comparison of observed and modelled conservative solute breakthrough curves
following injections showing: (a) SFB7-158-SS breakthrough curves following the
preliminary injection; (b) ST®7-159-SS breakthrough curves following the preliminary
injection; (c) STRO7-158-SS breakthrough curves following the PA water injection; and (d)
STR07-159SS breakthrough curves following the PA water injection............ccccccvveeeeennn. 65

XVi



Figure4-16 Potentiometric surface map plotted from groundwater elevations measured
March 10, 2008........ccceiiiiiiiiiiiie et s st e e e e sirreee e e s e s ssbrnreeeesssnssnneneeesssnsrneeeeesssnnsoneees 15

Figure 417 Potentiometricurfacemap plotted from groundwater elevations measured
Y 2 T2 10 1 TSP 157......

Figure 418 Potentiometric surface map plotted from grdwater elevations measured
JUNE 2, 2008..... .. eeeeiiee ettt ettt e e e e sttt e e e e e e et e e e e e e et b et e e e e e e nnaae e e e e e e e nntteeeee e 13....

Figure 419 Potentiometric surface map plotted from groundwater elevationsuneeias
JUNE 3, 2008......ciiieieieee ittt ettt e e e e aaeeaae e e e e e s e e s s aaa———t ittt tr et e ta et retaeeaaaaeeeeee s 13]....

Figure 420: Potentiometric surface map plotted from groundwater elevations measured
JUIY 15, 2008......ceeeeeeiiiiiiiite e ettt e e e e et e e e e e e st e e e e e e s as b b e e e e e e s sassaaeeeaeeeannrbaeaaeeeeannnes 5....... 1

Figure 421 Potentiometric surface map plotted from groundwater elevations measured
W Lo 18 1] A2 2 1 1 PP 9...15

Figure 422 Potentiometric surface map plotted from groundwater elevations measured
September 17, 20Q8..........ouueiiiii et a e e et ——————————— 60.1

Figure 423 Potentiometric surface map plotted from groundwater elevations measured
(@ o (o] o= g G 2 00 PP 160

Figure 424 Potentiometric surface map plotted from groundwater elevations measured
NOVEMDEL 15, 2008.......ouuiiiiiiiie e e e e e e e e e e e e e e e e et e e e e e e e e e e e e« so— 16

Figure 425 Potentiometric surface map plotted from groundwater elevations measured
JANUANY 17, 2000..... . et e e e et a e e et e e eeaaaans 1. 16

Figure 426 Potentiometric surface map plotted from groundwater elevations measured
JUNE 24, 2009, et ettt e e e e et a e e e et — e e e e e e —r e e e e e e bt taeeeeaannnreeee o 162......

Figure 427 Groundwater elevain in ISATF wells on August 9, 2008 showing a sharp increase
in elevation at 16:00 in response to an injection stressor approximately 100 m northeast of the
SIE B ettt ettt et e e e e e et et e et ettt ettt s mmm———_ et et ettt e ettt tettbnnnn s 216

Figure 428 Groundwater elevation trends as recorded by CTD Divers at: (apSIB8A
well cluster from July 17, 2008une 20, 2009 and; (b) STI8-159A well cluster from August-7
OCLODEI 5, 2008..... e ittt e e e e e e e e e et rar s 3.....16

Figure 429 Hydraulic conductivity profile for sediments from the Wood Creek Sand Channel

as tested with a falling head permeaené&oil Borings STH8-158A and STF08-159A) and
via slug tests (Wells STB7-158SS and STR7-153SS)......ccccoiiiiiiiiiiiii e 416

Xvil



Figure 430 Relative concentrations of chloride, naphthenic acids and DOC following & wa
injections at: (a) STO7-158-SS and; (b) STP7-159SS.......cooviiiiiiiiee e 516

Figure 431 Dilution corrected naphthenic acid concentrations {(naphthenic acids
mg/L)/(Cl/Cly)} at STRO7-158-SS from July 18 August 27, 2008.........ccevvvveeeeeeeeeeiiiiiiinnnd a6

Figure 432 Dilution corrected naphthenic acid concentrations and nitrate concentrations
observed at STB7-158SS following the PA water injections. Figure illustrates the potential
dependencefageaction of NAs on the availability of nitrate..............ccooeeeeiiiiiieiiiiiiicccen, 616

Figure 433 Common methods used to present naphthenic acid data derived from gas
chromatography electron impact mass spectrometry analysis inefuda) matrix listing the
relative proportion of a -diaanyohatbargraphsiowigr c | as
the relative proportion of each iISOMer ClasS.............ccooiiiiiiiiiiiicc e, 7..16

Figure 434 T-test plot comparing samples STP074%383 and STP07158W16. The C22 to
C33 group shows a significant difference between samples suggesting degradation of the NAs in
SAMPIE STPOTLEBWLG........uuiiiieeiiiiiiiiie e e e ettt e e e e s st mmmmm e ee e e e e e ansbreeaeeeesansrseeeeeeeand 816

Figure 435 T-test plot comparing samples STP074%91 and STP07158W36. The C22 to
C33 group shows a significant difference between samples suggesting degradation of the NAs in
SAMPIE STPOTLEGBWW3SB........eviiiieeeiiiiiiiiee e e e ettt e e e e e s st e e e e e s ssbbr e e e e e s anssaaereeeessssbaeeeeeeaanns 9....16

Figure 436 Relative concentrations of chloride and aromatic hydrocarbons following PA water
injections at: (a) ST®7-158SS showing chlade and toluene concentrations and; (b) STP
159-SS showing chloride and BTEX concentrations..............cooovvvvvvvviviiiiiieeeieeeeeeeeeeeenn 0.1

Figure 437 Dissolved manganese and iron concentrations observed following the PA wate
injections at: (a) STW7-158SS and; (b) STP7-159SS.......oviiiiiii 117

Figure 438 Relative concentrations of chloride and sulfate observed following the PA water
injections at: (a) STA7-158-SS and; (b) BP-07-159-SS.........oovriiiiiiiiiee e 217

Figure 439 Dissolved metals concentrations observed at-@#P58-SS following the PA
water injection. Only metals that showed increasing concentration trends not attributable to
elevated injectate levels or a return to background conditions are shown........................ B7

Figure 440 Dissolved metals concentrations observed at-G#P59-SS following the PA
water injection. Only metals that showed increasmmcentration trends not attributable to
elevated injectate levels or a return to background conditions are shown........................ a7

Figure 441 Groundwater elevation data from the SO®8158A well cluster measured by DTW
tape and CTDilivers following the PAwvater injection at ST®7-158SS including wells: (a)
STR08-158A1 (July 17, 2008une 20, 2009 (b) STR08-158A2 (July 17, 2008une 20, 2000
and; (c) STR08-158A3 (August 8, 2003une 20, 2009)........uciiiiireeeeeeeeeees e eeeeeeeeennnnes (5

XVili



Figure 442 Groundwater conductivity and temperature data from the BFE58A well

cluster measured by CTD divers after the\waéter injection at ST®7-158 SS including wells:
(a) STRO8-158A1 (July 17, 2008une 20, 2009)b) STR08-158A2 (July 17, 2008une 20,
2009) and; (c) STP8-158A3 (August 8, 2003une 20, 2009).........cuvvrriiiiiieeeeeeeeeeeeeeeeiinnnnns 6L7

Figure 443 Groundwater elevation data from the SO8159A well cluster measured by DTW
tape andCTD divers following the PAvater injection at ST®7-159-SS including wells: (a)
STR08-159A1 (August 7, 2008une 20, 2009); (b) STEB-159A2 (August 7, 2008ctober 5,

2008) and; (c) STP8-159A3 (August 7, 2008lovember 22, 2009). CTD Divers deployed
STR08159A2 and STR8 159A3 stopped operating correctly on October 5 and November 22,
2008, FESPECHIVEIY e vttt e e e ettt e e e e e e e e e e e e e aaaaaannnnan T..... 17

Figure 444 Groundwaer conductivity and temperature data from the ®8R59A well

cluster measured by CTD divers following the-Riter injection at ST®7-159-SS including
wells: (a) STPO8-159A1 (August 7, 2008une 20, 2009); (b) STE8-159A2 (August 7, 2008
October 5, P08) and; (c) STM8-159A3 (August 7, 2008lovember 22, 2009). CTD Divers
deployed at ST®8-159A2 and STR8-159A3 stopped operating correctly on October 5 and
November 22, 2008ESPECHVEIY.......iiiii e e e e 87

Figure 445 DOC, chloride and iron concentrations following the SIP159-SS PA water
injections observed at: (a) STIB-159A2 and; (b) STRS159A3........ccoiiiiiiiieeeeeeeeee a7

Figure 446 Planview of grid discretization showing the position of the injection and down
gradient monitoring wells and the head levels prior to injection for the model of th@BIF8-
SSinjection. This view is of the layer from 352.5 to 353.0 m amsl which is ftie aewhich
the injection Well Was SCreENEAM............uuuuiiiii i e e e e e e 180

Figure 447 Crosssection of grid for model of STB7-158-SS injection.......cc..cccevvvvvnnne.. 181

Figure 448 Observed vs. modelled chloride concentrations following the PA water injection at
STROT7-158 SS...e ettt e e e e e e e e e e e e e e ————————aaaaaaaaaaaan 2. 18

Figure 449 Modelled chloride distribution between a depth of 352.5 and 353.0 m amsl|
(injection depth) following the PA water injection at STR158-SS. Figures show chloride
distribution: (a) immediately after injection; (b) 20 days after injection; (c) 60 daysrgéetion
and; (d) 115 days after INJECHION........cooeiiii e 3....18

Figure 450 Plan view of grid discretization showing the position of the injection and -down
gradient monitong wells and the head levels prior to injection for the model of the(GTIBS
SSinjection. This view is of the layer from 340.5 to 341.0 m amsl, the depth at which the
INJECtiON Well WAS SCIEENEM........coiiiieii ittt e e e e e e e e 518

Figure 451 Crosssection of grid for model of STB7-159-SS injection.............cooeevviiinnee (53]

XixX



Figure 452 Modelled chloride distribution between a depth of 340.5 and 341.0 m amsl|
(injection depth) following the PA water injection at SO-159-SS. Figures show chloride
distribution: (a) immediately after injection; (b) 20 days after injection; (c) 80 days after injection
and; (d) 150 days after injection. Model was run without vertical component or variability

in hydraulic conductivity within the WCSC..........c..uiiiee e 7..18

Figure 453 Observed vs. Modelled chloride concentrations following the PA water injection at
Y I R O T S 1 TP SPPPRRR 9. 18

Figure 454 Crosssection of WCSC showing the initial head equipotentials created in Modflow
by varying the uggradent and dowrgradient constant head boundary conditions to drive
vertical components of flow through the aquifer.............cccooeiiiii 90.1

Figure 455 Observed vs. Modelled chloride concentrations foilgy the STR07-159-SS PA
water injection at: (a) SFP7-159SS; (b) STR08-159A2 and; (c) STR8159A3. Model was
run without reversal of flOW dIr@CHON.............ooiii i 1..19

Figure 456 Cross section through the WCSC showing the modelled chloride distribution
following the PA water injection at ST®7-159-SS: (a) Immediately after injection; (b) 20 days
after injection; (c) 75 days after injection and; (d) 100 days after injedifmlel was run with a
vertical flow component and variability in hydraulic conductivity in the WCSC................ 13

Figure 457 Observed vs. Modelled chloride concentrations following-8TR59-SS PA

water injection at: (a) SFR7-159-SS; (b)STR08-159A2 and; (c) ST®8159A3. Model was
run with large value Of diSPEISIVITY......uu  iiiiiiiiiii i 5...19

XX



1 Introduction

The presence of oil sands in Northeast Albesa first documented ithhe 1780 (Holowenko,

2000) Recent estimates projebese deposits holdl.7 to 2.5 trillion barrels of bitumen, the

worl doés | ar ge s Goviernmenvof Alleita?008). As1&4r billien bdrrels, the

volume of bitumenHat can be extracted using available technolmgsignificantly less, (Allen,

2009 , putting the vol umes eofv eGa nsaedcaodonsd Asaof kSeatuadbi
2006, the oil sands accounted for 47 percent of crude oil production in C&waar(ment of

Alberta: Energy, 2009

The oil sands are distributed across the Athabasca, Cold Lake and Peace River areas of Northern
Alberta as shown ifrigure 1. Of these regions, the Athabascasaihds cover the largest area
(50,000 kni) and contai the majority okhallowdeposits that can be extracted siaface

mining techniques. As such, the majority of extraction operations have been concentrated within
the Athabasca regiorPresently, 1.3 million barrels of oil are produced per day fronoithe

sands with production expected to increase to 3 million barrels per day byG®a&rnment of

Alberta 2008)

1.1 Environmental Impact of Oil Sands Mining Operations

Oil sand ores contaian average d-12% bitumenClemente and Fedorak, 2005),ialnis
separated frorthe mineral solidausingthe Clarkcausic hot water extraction methpd process
thatgenerates large volumes of procaffiected (PA) water and tailings. Processing onadgon
of oil sands ore generates 0.65ahwastewater (Laétal., 1996). In other terms, extraction of
the bitumen from 1 fof oil sands ore requires 3*mf water and generates 4 of slurry waste
(Holowenkoet al., 2000). The waste slurrycontainkbe or ed6s sol i d fraction
bitumen,chemicals intrduced during the extraction procedssolved compounds from the oll
sands connate watanddissolved constituenfsom the Athabasc®&iverwater usedor
extraction Under theifizero discharge policiéghe oil sands mining companies including,
SuncorEnergy Inc. (Suncor), Albian Sands Energy Inc. (Albian) and Syncrude Canada Ltd.
(Syncrude), havagreedhotto release ontaminantsnto thesurrainding environment andave
sequestered altA water in large mamade tailings pondsBy 2020, the volumef tailings

ponds at Syncrude and Suncor alone are projectextted one billion cubic metegidational



Energy Board, 2004). MacKinnon aRettallack (1981) identifiethethree primary hazards

associated with #oil sands tailings ponds a4:) physica (e.g. floating bitumen mats that are
dangerous to waterfowlj2)c h e mi c a | (mainly the tailings ponc
natural sirface water bodiegind (3) the potential dr tailings ponds to recharge groundwater.

Preventing introdugn of naphthenic acids (NAs), a group of reolatile, chemically stable,

organic compounds thatethe primary source of toxicity in PA wateo surface and

groundwater i®f special concern to the oil sands mining companies (Clemente and Fedorak,

2006; Headley and McMartin, 2004; MacKinnon and Boerger, 1986; Holowenko et al., 2002).

1.2 Location of Study Site

Suncor Energy Inc., (Suncor), was the first commerciafiple oil sands mining facily,
starting production in 1967 Suncor 6 s traoteom amd processing aperatian xs
located approximately 30 km north of Fort McMurray, Albewdh facilities straddlingthe
Athabasca RivefFigure 12).

From 2005 to 2006, the combined surface area
from 2,319 ha to 3,013 ha (Sundfmergy In¢ 2007). Thigncrease is largely the result of the
completion of a new tailings impoundment, the South Tailings Pond (STP) which began

receiving waste tailings discharge June 29, 2006As shown inFigure 13, the STP is located

at the Sout heast Onmce follethe SFfis efacted to codesan hreaafs e .
2300 ha and have a 366 Mstorage capacityFigure 14 shows the STP from ground level as

of June 24, 2009

While the majority of taihgs ponds constructed to date were builrdee permeability glacial

till and/or shale bedrockearly50%o0fthe STB s f o ot p the Wdod @reeleSahdi e s
Channel (WCSG)a high permeability glaciofluvial channehpproximately 8 km of th& T P 6 s
Sauth and Westlikes were purposely aligned above the WCS@ntprovedike stability and
maximizethe storage capacitgf the impoundmeniKliohn Crippen Consultants Ltd., 2004).
Generally, beneath thiekes, the WCSC is capped by 8 to 15 m of glacialliilit in some areas
the till thickness decreases to less than 5 meliédis. WCSC also daylights in some areas
beneath the footprint of the STRlohn Crippen Consultants Ltd. (2004) expects these areas
with limited or no till to provide recharge pathways PA water to infiltrate to the WCSC he



WCSCcouldthen providea preferential pathway for PA water migration away from the Site.
specialconcern is McLean Creek, whictof's through the Suncor site aimtb the Athabasca

River. The WCSC dischargeto the creek where they intersect northwest of the 6P

preventPA water from discharging to McLean Cre&uncor installed a lenof pumping wells

acrosghe WCSCat the northwest corner of the StitPintercepimpacted watein the aquifer

and retun it to the tailings pond. A bentonite enff wall was also installed across a branch of

the WCSCthat extendsouthwest r om beneat h t.lCentingehtplars arglsest di k
in place for installation o cut-off wall or pumping wellsacross thesoutheasterendof the

WCSC if the discharge of tailings to the STP begins to drixgheasterly flow through that

portion of the aquifer.

Suncords construction of the STP above the WC
interactionof PA wates with a sandy aquiferBecause Suncor has established hydraulic

controls (i.e. cutoff walls and pumping wells) for the WC8&Sgearchers from the University of

Waterloo and the University of Alberta have collaborated to establish the In@litteATest

Facility (ISATF) to facilitatea series of injectioexperiment&xamining the fate and migration

of PA water within the WCSC aquifer. Thecldion of the ISATF is highligled onFigure 15.

As part of their lease agreements with the Proviri@@ernment of Alberta, the oil sands

mining companies must reclaim their minsites, including tailings ponds. Thisll require

returning the land to a condition equivalent to therpieing environment (Kasperski, 1992).

More specifically, Nix (1929) st ates that, Awith respect to e
required to reclaim tailings ponds to a viable land surface or water body that will be free-of long
term maintenance requirements. o Extensive re
detoxification of surface water in tailings ponds via ageing/microbial degradation and chemical
treatment (e.g. addition of gypsum) and have identified processes by which the toxic character of

PA water can be eliminated or significantly reduced (MacKinaiod Retallack, 1981; Nix,

1992; Herman, et al ., 1994, Lai, et ad., 1996
|l andscapeo approach has been developed to dea
the ponds where the MFT are transfetieed mined out pit and capped with a layer of clean

water creating engit-lakes (EPLs). With this approach, the concentration of NAs in the cap

layer is expected to drop below levels toxic to aquatic life witknhygars. Researchers



anticipate that wih the establishment of an aquatic ecosystem within the cap water, the death of
the organisms in their natural life cycles will form a detrital layer separating the MFT from the
overlying water cap (Quagraine, et al., 2005). Suncor intends to usdandstape approach

for the STP and transfer the MFT from the STP into the abandoned Millennium Mine pit once

mining activities have been completed.

Becaus e oconstructien, i8mokadiremediation of contaminated weatertreatment of

MFT via the we landscape approach magt be sufficient to restore this area. These treatments
will address the physical and chemical hazards associated with the STP impoundment itself, but
not the impacts that could occur to the underlying groundwater. By theeataenation

activities are initiated, PA water will likely have infiltrated inteetWCSC aquifeif not directly

from the pond itself, through dewatering of thikes. Because the majority of older tailings

ponds were constructed over lower permeabiliggigl till such that infiltration to groundwater

was minimized, research on the interaction of PA waters in groundwater systems has been
limited. Therefore, nderstandinghe interaction of PA water ithe WCSC will be crucial in

developing methods tostore the aquifer duringeclamation of the STP.

1.3 Purpose of Study

The goal of thistudyis toidentify and characterize tlseibsurface heterogeneities that control
groundwater and contaminant movement to and through the \W{&8€mine theapacity of
theWCSC aquifer and its microbes to naturally attennagghthenic acit and evaluatdf trace
metalsaremobilized from the aquifesolidsthrough the introduction d?A water. A series of
injection experiments weiaitiatedat the ISATRo meet theseesearctobjectives. Preliminary
injections werecompletedo study flow conditions anduantifythe capacity otheaquife6 s
microbes to utilize a simplerganic subsate. After these experimensimulatedreleass of PA
waterwere completed and monred to studythe nteractionbetweerthe injectateandaquifer.

With a total of 9 oil sands mines potentially in operation by 2011,dheéntied expansion of
Athabasca oil sarsdmining will necessitate construction mmiretailings ponds andikes
proximate to high permeability units likke WCSC.Andriashek and Atkinson (2007) have
identified severaburied fluvial featuresimilar to the WCSG@hroughout the Athabasca oil sands

area north of Fort McMurrayF{gure 16). In their interpretation hie WCSC, which extends for



several kilometers beneath the STP, is only the northwest branch of the Clark Channel. These
buried channels are significant because they can function assuatgy aquifers but also

because they can serve as pathways by whidands PA water can migrate to streams and

rivers that intersect the channels or, if cut deep enough, as windows for PA water migration into
deeper bedrock aquifers (Andriashek and Atkinson, 2007).

Andriashek and Atkinson (2007) lumped the surficial depas the Fort McMurray region into
two groups; coarsgrained deposits with high intrinsic permeability and fgmained deposits
with low intrinsic permeability and mapped the extent of each gréigpie 7). While

existing facilities just north ofétt McMurray are generally situated over the lower permeability
materials, much of the area is underlain by coagsgned sediments. As new facilities come
ortline in these areas, construction of tailings ponds that effectively contain PA water will be
more difficult. Andriashek and Atkinson (2007) point out that the high permeability surficial
deposits will likely enhance recharge of PA water to the buried fluvial aquifer systems. The
buried channels will then function as migratory pathways distrigutie PA water to streams,
rivers and deeper groundwaterndgrstanding the fate and transport of PA waténeésehigh
permeability units will beneededo limit migration of PA water to sensitive environmental
receptors. As such, the results of tleisearch will have significance that extends beyond the

Suncor site to the entire oil sands mining region.

Recent investigations have found that given the low proportion of ala/srganic carboand
the anaerobic conditions in the WCSC, NAs are unlikelyaturallybiodegradd€QOiffer, 2006).

In methanogenic laboratory microcosm studiedowenko, et al. (200fpund that microbes
were unable to readily metaboliks as the primary organic substraa@din the shorterm,
NAs inhibited methanogenessf less complex organic compoundSimilarly, Gervais (2004)
did not observe a noticeable dga in NA concentrations in satereducing and methanogenic

microcosm studies.

The potential for longer duration studesdthelarger monitored areavailalde to test through
injections at the ISATFnay producalifferentresults from tbse previously observed.
Additionally, injections at the ISATF will provide the opportunity to examine the
biodegradability of NAs unddr h e  W@n&ng@ansgenifrrogenic coditions. Finally, the

use of a positive control to evaluate potential factors limiting contaminant attenuation in the

5



WCSC will provide valuable data féwture experiments evaluatimgmedidion techniquesuch

as insitu chemical oxidatioto treat NAs



2 Background

2.1 Geologyand Hydrogeology

The following review will focus on the geologic units of significance to thidystund study

area, specificallproviding information on those units that influenced the construction of the
South Tailings Pond antdse units that may function as migratory pathways for PA water to
escape the STP impoundment. Three overburden deposits and 2 bedrock formations will be

discussed.

Bedrock Geology

McMurray Formation - The oil sand formation targeted by mining operationsorthern

Alberta is the Eayl Cretaceous McMurray Formatigpart of the Manville Group. Itis a very

fine grained to fine grained unconsolidated sandstone wib30 prosity and littlemineral
cements (Schramm, 2000). The McMurray unconformabdyl@s Devonian limestone. The oil

in the Manville Group was generated west of the current mining operations in a deeper part of
the sedimentary basin and migrated in an easterly directiesipu@reiner and Chil1995) as
illustrated inFigure 21, before it was trapped in a shallow anticline. Because the McMurray
Formation was near surface at this Northeast edge of the basas, water saturated when the

oil migrated intathe sandstone. This had two impant consequences. Firstteractionwith

the water and norobes within the water led tiegradation of the oil, creagy heavy, viscous
bitumen Greiner and Chil1995; Schramm, 2000). Second, because the sand grains were water
wet, the bitumen did nottach directly to thgrains. Instead, aitihfilm of water separates the
bitumen from the mineral grain (Schramm, 2000). This makes processing the McMurray oll
sands significantly easier. In boreholespteted by Klohn Crippe@onsultants Ltd(2004)

during their field investigation to suppahte design of the STP, the McMurray Formation was

encountered between 32 and 98 m below ground surface (bgs) near the STP.

Clearwater Formation- The McMurray Formation is conformably overlain by the Cretaceous
Clearwater Formation. The Clearwater cetsof marine deposits of clay shale with thin
interbedded carbonate cemented siltstone. In the vicinity of the STP, the upper, younger sub
units have been eroded and the Clearwater is overlain-69 i of overburdn. Atthe ISATF,

the overburden igpto 50 m thick(Klohn Crippen Consultants Ltd., 2004)



Of significance to the design of the STP are shear zones identified in the clay shale of the
Clearwater Formation evidenced by smooth slickensidestaated surfaces observed by Klohn
CrippenConailtants Ltd.(2004). Similar shear zones have caused significant movemeikeof
foundations at Syncrudeds Mildred Lake Settl

considerations, such as toe bermgst be made fatike structures buii over the Clearwatr.

Surficial Geology
Wood Creek Sand Channel The Wood Creek Sand Channel (WCSC) is a high permeability

Pleistocenglaciofluvial channepresenbeneath much of the footprint of the S{Hgure 22).

In mostareasthe WCSC unconformably overlies tG&earwater Formation, although in some
localesthe channel cutdrough the Clearwater and into the McMurr8ihe WCSC is

composed predominantly of fine to medium sand with silt/clay interbeds mainly in the upper
portion of the unit. Coarse sand ancefgravel become more predominanit@baseln most
areas, the WCSC is overlain 8415 m of lower permeability glacial tjlbut it does daylight at
the southeast corner of the STP as showsgare 23. As previouslymentionedlohn

Crippen Consultats Ltd. (2004) expects these areas with limited or no till to provide recharge

pathways for PA water to infiltrate to the WCSC.

As part of their inveggation in designing the STP, Klohn Cripp€nnsultants Ltd(2004)
identified 4 differehzones of te WCSC Figure 22). The main channét considered Zone 1,
striking Southeast to Northwest beneath the southern and weitesrof the STP.The channel
is 1.0 tol.5 km wide ands generally 2680 m thick. A secondary channel, Zone 2, strikes from
Sauthwest to Northeast, connecting with the main channel beneaghThieé 6 s Dikée EBhis
channel is 800 to 1000 m in width with a sand/gravel thickness of approximately 26noor
constructed a bentonite eoff wall across this channel to prevent naigon of PAimpacted

water away from the siteZone 3, extends to the Northeast from the main channel and is
significantly thinner than Zones 1 and 2, it thickness of 10 to 15m. This is not consder
Achasanegl ed f eat ur ebaakdegositnZone 4hlecated mortb of Zone 2, is a
steepwalled feature covering a limited area spatidilyis feature may have formed as part of a
separate depositional event or may be a channel feature that eventually disconnected from the

main channel,i&ch as an obow.



Glacial Till T TheWCSC is overlain by Pleistocene glacial till, composed primarily of silt and
clay with varying amounts of sand and gravel. In the vicinity of the STP, the till averages a
thickness of approximately 11 m arehches a maximum thickness of 3§Kitohn Crippen
Consultants Ltd., 2004)At the ISATF, the glacial till is roughly 13 mitk. In some areas, the

till is overlain by 22 m of glaciolacustrine sand, silt and/or clay.

Muskegi The upper I 2 m of soilin the area of the STP is Holocene muskeg composed of

clay, silt, peat, roots and wood fragments with a dark brown to black color.

Wood Creek Sand ChanneHydrogeology

The WCSC aquifer is unconfined at the ISATF, with the water table first encounttvese

14 and 15 m below ground surface (bgs) at an elevation of approximately 355 m above mean sea
level (amsl). Groundwater elevatiorare provided imable 21. Slugand pumpgest analysis of

the WCSC bylohn Crippen Berger (KCBjound themeanhydraulic conductivity to be

4.98x10" m/s. Klohn CrippenConsultants Ltd(2004) also completed pumping tests within the
WCSC, and based on these tests, calculated an average stovéfviry10? for the unconfined

portions of the aquifer and 4.3x1@or the confined portions of the aquiferlydraulic

parameters were further investigated as part of this project and are discussed in further detail in

the Results and Discussio

Wood Creek Sand Channel Redox Conditions

Dissolved oxygen (DO) levels in tlaguifer were less than 1.0 mg/L suggesting the aquifer is at
least mildly anaerobicLyngkilde and Christensen (1992) provide useful guidance for assigning
redox zones in groundwatesing indicatoparametersTable 22 provides a summary of
backgroundctoncentrations of redox parameters reported at injection well0%1B8SS and
STR07-159SS Compared to their criterighe dissolved oxygen and nitrate concentrations

the WCSCare too low for aerobic or nitrateducingreactiors tobe of signifi@ance. In the

absence of dissolved oxygen and nitratenganese and iron reduction #re
thermodynamicallyand metabolicallyavouredterminal electron accepting processes
groundwater systemgheresufficient Mn(IV) and/or Fe(lll) arevailable fromaquifer solids
(Chapelle and Lovley, 1992)n most aquifer systems, Fe(lll) oxides will be the most abundant

oxidants when conditions shift from aerobic to anagr (Stumm and Sulzberger, 1992 he



dissolved concentrations of oxygen, nitrate, nitarg] sulfate in the WCSC compare favourably
to those typical of the Mn(IV) and Fe(lll) reducing zones observed by Lyngkilde and
Christensen (1992) in a landfill leachate plumale 22). While the dissolved Mn(ll) and

Fe(ll) concentrations in the WCSGCedrelowlevelsspecifiedastypical of manganogenic or
ferrogenic conditions, this does not preclude the possibility of Mn(1V) or Fe(lll) reduction
Mn(IV) and Fe(lll)are relatively insoluble at near neutral pH awilll be available for reaction
from theaquifer solids Thereforethe presence ahemore solubleeduced species is generally
the best way to demonstrate manganogenic or ferrogenic condibamgroundwater
geachemistry. This characterization is not straightforward, however, beln(s@ andFe(ll)

will assodgate with aquifer solidshroughadsorptioror precipitation as carbonate, sulfide,

oxide mineral coatings depending on pH, redox conditions, and aqueous and solid phase
geochemistryBaedecker et al1,993; Heron and Christensel995; Heron et al., 1994; Hunter

et al., 1998).The dissolved concentrations of Mn(ll) and Fe(ll) are therefore in many cases less
than predicted from balanced stoichiometric equations of the oxidation of organic carbon with

Fe(lll) or Mn(lV) functioning as the terminal electron acceptors

2.2 Oils Sands Mining and Extraction Process

Currently, the majority of bitumen in the oil sands is extracted using surface mining techniques
dependent on hydraulic shovels and heavy haulers to excavate and transpod oresto

upgrading facilities. Estimates project that 65 billion barrels of oil can be produced using these
methods Government of Alberta, 2008 In situ technologies, such as steam assisted gravity
drainage (SAGD), are beginning to come online imsnghere the oil sands are buried

deeplyto be extracted using surface mining techniques.

Where surface mining used, the McMurray Formation is overlain by 30 m of overbuaden
averagesuch that the production of 1 U.S. (0.18) mmarrel of oil will require the excavation of

onehalf tonne of overburden and 2 tonnes of oil sand ore containing 10% bitumen (Schramm, et
al., 2000). The heavy haulers used to move the ore have loading capacities between 100 and 400
tonnes while the hydraulic shovels aepable of digging 80 to 90 tonnes per scoop

(Government of Alberta, 2008 Once loaded, the haulers dump each load into crushers where

the oil sands ore is broken into smaller chunks. Suncor uses hydrotransport pipelines to move

the ore from the mines the extraction facilities by mixing the oil sand with hot water to create
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a slurry. During hydrotransport, conditioning of the ore is initiated. In additioattedtter, the

ore was originally mixed with sodium hydroxide (NaOH). The sodium ions bortt w

naphthenic acids, which occur naturally in the bitumen, to form naphthenatescr&sing pH

the adlition of the NaOH also increas#te concentration of naphthenates tmatld dissolve

into the slurry. Most significantly, because the naphtherf@ee hydrophilic and hydrophobic
components, they behave as surfactants, reducing the surface tension on the film of water
between the mineral grain and the bitumen, allowing the bitumen to break free freotidhe
(Schramm, 2000; Quagraie¢al, 2005. At present, because Suncor recycles the majority of its
extraction water from the tailings ponds, they have no need to add process chemicals because of

thehigh concentration abnsalready dissolveth the tailings water.

Hydrotransport pipelines mre the oil sand slurry to separation vessels where three layers form.
The bitumen attaches to air bubbles and floats to the top of the vessel. Sand sinks to the bottom
and is removed familings pondoeach andlike construction. The layer between tlaad and

thebiu men fr ot h, -tdmposei of watetd, lunexttgdsbibumen, and fine minerals

is reprocessed to remove the maimamount of bitumen. Aftelecondary extractigrthe

middlings are discharged to tailings ponds. The bitumen fiheth undergoes a series of

upgrading processes including coking or catalytic conversion, distillanahhydrotreating to

producedighter crude oil to be shipped to refineries for final processing.

2.3 Tailings Ponds

The finalwasteby-product of the ex#iction process is a slurry of water, solids and unextracted
bitumen in an approximate proportion of 50:50:1 by weiggspectively (MacKinnon, 1931

The waste slurry is transported via pipeline to the tailings ponds, where upon discharging, more
than98 of the coarse solids in the slurdkg (part
and beach constructodp pr oxi mately 50% of t healdosattles (par
out or ardrapped by the coarse solids as they settle to forrnthea c h e s . The At hin

ultimately discharges to thmond is composed of 7 to 10% solids by weight (MacKinnon, 1989).

Following the caustic hot water extraction process, the mineral grains in the tailings slurry
remain Awat er itwantakeaecadésdor the soligsslischarged to the tailings

ponds to settle out of suspension (MacKinnon, 1989). Tailings ponds therefore become highly
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stratified. Particulate matter settles out of the upper ten meters rapidly, creating a relatively
sediment free zone with less than 0.5% solid particulate matter (8} recycled for use in
the extraction processzrom approximately 01 m, a pynocline develops where the density of
the water changes to an immature sludge. The immature sludgex@nds from 17 m and

is composed of 230% SPM. Primarilythese ar@articulates that settle out inR®years.

Mature fine tailingcomposeaf 25-50% SPM are found below 17 meters (MacKinnon, 1989).

Tailings pond water has a pH of 80 witha moderate hardness (25 mg/L C&" and 510

mg/L Mg™) and an alkalinity of 80a,000 mg/LasHCOs. Total dissolved solids (TDS)
concentrations are increasing at ~75 mg/L per year in tailings ponds at Syncrude and Suncor,
with levels already consideretightly brackish at concentrations of 2,000 to 2,500 mg/L. The
primary dissolved solids include sodium (5000 mg/L), bicarbonate (¥550 mg/L), chloride
(75-550 mg/L) and sulphate (2€8D0 mg/L). Bitumen not recovered during the extraction
process ath naphthenic acids are the primary organic compounds in tailings water, but benzene,
toluene, phenols and polycyclic aromatic hydrocarbons (PAHS) are also frequently detected,
generally at low concentrations (Allen, 2008§TP tailings water major ion geleemistry as
reported from the PA water injectate samples are preseniatlia 23. Concentrations are
similar to thosdisted above

2.4 Water Usage

In 2006, Suncor withdrew 50.9 million*rof freshwater from the Athabasca River (0.3% of the
Ri v e r @muatflow) ant another 0.3 million*fnom groundwater wells, a water
withdrawal intensityof 3.3 nt of freshwater withdrawn per 1%of bitumen produce¢Suncor,
2007). Water recyclefiiom the tailings ponds providdde balance of water needed in

exftraction and operations esite.

2.5Naphthenic Acids

The primary source of toxicity in the water of the tailings ponds are a group -@bietiie,
chemically stable, organic compounds called naphthenic acids (Clemente and R2@aRBak,
Headley and McMain, 2004;MacKinnon and Boergef,986; Holowenkeet al, 20039.
Naphthenic acids are created through the biodegradation of matu@nalveragethe mass of
naphthenic acids in Athabasca oil sand ore is 200 m{@lagnente and Fedorak, 2005).
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Clemene et al. (2003) reported a sample of Suncor ore contained 370 mg/kg of naphthenic acids.
BecauseNAs are highly corrosivetheydamag oil transport pipelinesso their removal from the

bitumen during extraction is importaf@uagraineet al, 2009.

2.5.1 Naphthenic Acid Chemistry

Naphthenic acids are a group of aksylbstituted acyclic and cycloaliphatic carboxylic acids
with the general formula: €1,,. 0, where n represents the number of carbon atoms in the
molecule and z is 0 or a negative, even intégatr accounts for hydrogen deficiency in the
molecule as the result of ring formation. The absolute value of z divided by two will be the
number of ings in the NA structure, with=0 corresponding to saturated lineaboanched
hydrocarbon chains,=£2 for monocyclic NAsZ=-4 for bicyclic NAs, etc. (Headley and
McMartin, 2004). The ring structures are normally composédarf6 carbon atoms
(Holowenkoet al., 2001). In most instances, the carboxyl group will bond to a side chain rather
than diretly to the cycloalkane (Brierdt al, 1995). The molecular weight of NAs can range
from 200 to 700 with the peak distrilbart between 300 and 400 (Briegttal., 1995). Generally,
there are between 5 and 33 carbon atoms in a NA moleculedit@ands PA wat (Holowenko
et al., 2002).Figure 24 shows the structure of N\Awith Z = 0,-2, -4, or-6 and5 or 6 carbons

in the ring structure.

Pure phaseaphthenic acids are a viscous liquid with a yellow to dark amber colour with a wide
range of bding points (256350°C) (Brientet al, 1995). NAs are nevolatile and chemically
stable (Clemente and Fedorak, 2005), with-wolatility and polarity of the molecule increasing

with molecular weight (Headley and McMartin, 2004).

2.5.2 Occurrenceand Toxicity of Naphthenic Acids

Naphthenic acids are normally insoluble in water, withaximum solubility less tha50 mg/L

at neutral pH (Briengt al., 1995). However, the addition of NaOH to the process stream during
bitumen extraction significantly increasést solubility. The sodium ions combine with the

NAs to form sodium naphthenatié®t are more readily solubilised in the elevated pH conditions
of the process water (Schramm et al., 2000; Headley and McMartin, 2004; Clemente and
Fedorak, 2005).
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Naphtenic acid concentrations in the rivers around Fort McMurray are generally less than 1
mg/L (Headley and McMartin, 2004). Tailings pond waters Hz¥& 120 mg/land
concentrations dd.4 to 51 mg/Lhave been reported for groundwater samples collectdine
tailings pondgClemente and Fedorak, 2005). While tricyclic acids-@Z<lominate the
naphthenic acid fraction of unrefined bitumen (>90% of the total carboxylic fraction), no single
Z-group between Z=0 and Z&is predominant in the tailings wateNAs with Z=-8 to-12

comprisea large portion of the NA fraction PA wateras well (Headley and McMatrtin, 2004).

An early study by MacKinnoand Retallack (1981) found P#ater to be highly toxic to

rainbow trout and fathead minnows with-Béur LG, values of less than 10% for both. They
found it to be only slightly less toxic to the crustacBaphnia magnavith a 96hour LGso

value of 20%. Based on their ability to detoxify the water with acid chemical treatments and
their inability to significatly reduce the toxity with base chemical treatmermsspiteremoving
similar amounts of dissolved organic carbon (DOC), they hypothesized that the main source of

toxicity must be the organic acids.

2.5.3 Naphthenic Acid Degradation

MacKinnon and Boerger (188 found the toxicity of tailings ater ceclined with aging.

Hermanet al. (1994) determined that aerobic microbial populations from oil sands tailings water
could degrade NAwith thebiodegradatiompparentlycortributing to theredudion in toxicity

of the NA mixturesstudied To further understantie decrease itoxicity, Holowenkoet al.

(2002) examineghifts inthe relative proportion of naphthenic a@sdmer groups PA water

with aging They found that with age, the relative proportion ofsN#ith 22 or more carbon
atoms increased while the percentage of NAs with l@adronnumbersdecreased They
conclucedthat the lowe molecular weight NAs we nore biodegradable anidely contribute

more to the toxicity of PA waterUsing improved aalytical techniques, Bataineh et al. (2006)
and Han et al. (2008) havimese determined that carbon number has minimal or no influence on
the biodegradability of naphthenic acidsstead theyfound that cyclization (Zhumber), alky
branching, alkanoatleranching, and stereocisomerism are the primary structural features
controlling biocgradability(Bataineh et al, 2006; Han et al., 2008; Smith et al., 2008). Han et
al. (2008) hypothesizdatoxidation is the most likely pathway by which microorganisms will
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met abol i ze nap hadxitatiom and arematizatien ,contwtiutingnto tbe degradation

of certain NA isomers.

To test the influence of alkydranching on the biodegradability méphthenic acids, Smith et al.
(2008) created four surrogate NAs of butylcyclohexylbutanoic acid (BCHBA), with identical
cycloalkane and alkanoate structures, but different branched and unbranched alkyl (butyl)
substituents. The surrogates created weB€HBA, secBCHBA, iso-BCHBA andtert-

BCHBA wheren-, iso-, sec andtert- describe the arrangement of the alkyl substituent as
depicted inFigure 25. Additionally, they created a fifth surrogate, isobutylcyclohexylpentanoic
acid (so-BCHPA), with brancing on both the alkyl and alkanoate (carboxyl) substituents. The
difference in the arrangement of the alkanoate substituents of BCHBA and BCHPA is illustrated
in Figure 26. Biodegradability of the surrogate NAs was tested in aerobic microcosms
inoculatel with bacteria isolated from boatyard sediments where periodic hydrocarbons spills

occurred.

The esults reported by Smith et al. (2008) were consistent with those observed by Bataineh et al.
(2006) and Han et al. (2008J.he most highly branched NAeft-BCHBA) was most resistant to
biodegradation by the consortium of microbes. The least branched surreB&tdBA,

underwent the greatest amount of biodegradation (97% in 9 days) folloviedBEHBA (77%

in 30 days)secBCHBA (47% in 30 days) and fillg tert-BCHBA (2.5% in 30 days).

Additionally, they found the position of the butyl and alkanoate functional groups on the
cyclohexane ring structure influenced biodegradability. Two GC/MS peaks were present for
each surrogate NA, one fois and one fotransisomers. While the researchers were unable to
assign the peaks to tes or transstereoisomers, they determined the stereoisomer that eluted
second in the GC/MS scan was more susceptible to biodegradation.

Biotransformation of theso-BCHPA was not observed after 42 days of incubation in the

bacterial consortium. This pradéhat branching on the alkanoate side chain is a greater

inhibitor to naphthenic acid biodegradation than alikgnching (although alkybranching is

still significant). Further, Smith et al. (2008) identified the metabolites of the BCHBA
biotransformations to be butylcyclohexylethanoic acids. These compounds are the most likely
by-products gewe«il ataed oinn of he yle | o h e x-gxidationkvs | ac

a dominant degradation pathway of the surrogate NAs.
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3 Methods and Materials

The In Situ Aquifer Test Facility (ISATF) wdmiilt at the Southeast corner of the Sofneet
the research goals of this study astiablisha functional test facility that edd be used and
expanded by future researchefSurrently, the ISATF consists of two injection/monitoring

wells, two mdti-level well nestsand an injection system.

3.1 Injection Well Construction

Two standard 2nch PVC wells wee installed at the ISAF to facilitate thanjectionof PA
waterinto the WCSC The wells ae screened at differenegthsto permitstudy ofpotentially
different redox environments within tlaguifer Field geologists for Klohn Crippen Berger
noted thauncontaminatedlVCSCsalimentschanged colour fromgellowish red to grawith
depth, indicating possibleshift from oxidizing to reducingonditions Oiffer (2006)concluded
that a similar color change asandaquiferadjacent to &yncrudedailings pondwvas atransition
betweenvariouslyweathered soildeveloped shortly after the sand d e pandshadtnd o n
bearing on the current terminal electron accepting process in the adNoieetheless, the calo
change in the WCS( indicative of unique chemistries on the owerfaces of thenineral

grains so it is plausible that injectate plumes countdractdifferently.

Installation of thenjection wels was completed from April-20,2007using dual rotary drilling
techniques with oversight frollohn Crippen Bergeri{CB) field personnel The wells are
constructed of 2nch Schedule 80 PVC and screened with 1.5 meters of-in@hG5Iot PVC

screen. Each well has two ID numbers; a KCB ID and a Suncor ID. The shallow well (KCB ID:
MWO07-035; Suncor ID: ST®7-158SS) isscreened within yellowished sand from

approximately 15.5 to 17.0 m below ground surface (bgs). The deeper well (KCB ID: MWO07
034; Suncor ID: ST®7-159-SS) extends into gray sand first encountered at approximately 26 m
bgs and is screened from roughlfz2to 20 m bgs(KCB well logs list the screened interval as

27 to 28.5 m bgs, buigid measurements taken on November 6, 2007 indicate the bottom of this
well is actually 29 m bgs The KCB well construction diagrams are providedAppendix A

Becaugs KCB produced thes#iagramsthe wells are labelled witdCB IDs. Forall other

aspects of this projedthe Suncor well IDs will be used.
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The injection wellsalso functioned asionitoring points.Followingrelease of the plumes
groundwater flonpushed the ugradient side of the injectateackthroughthe injection wek.
As a result, thevolution of the uggradient half of the plume could b&udiedthrough
monitoring and samplingtthe injection point This required special instrumentat tha will be
described in Section 3.1.2

3.1.1 Monitoring Well Installation and Construction

Monitoring the evolution of the plumes at the injection points was straightfoamaidid not
require an understanding of groundwater velocity or flow directiéowever, the plunmgwere
only able to interact with a small vahe of aquifer before movinproughpast the injection
points, limiting the time period andolume ofaquifer material in which geochemical or
metabolic eactions cow occur. To permit studyf plumes after longer residence times and
exposure tdarger volumes of aquifemonitaing points were installed in the presumed dewn
gradientdirectionof each injection well. The layout of the ISATF and position of the injection

and monitoring wellss shown irFigures 3-1 and 32.

Monitoring and modelling of water levels withineg WCSC by KCB identified southst to

northwest regional flow through the channel. In contrast, groundwater elevations measured

between May 26 and June 3, 2008 from theatpn wells and a nearby monitoring well (STP

04-40-SS) suggested local flow at the ISATF was to the seatthwest at a bearing between

195 and 2@°. Because local deviations from regional flow direction are likely, the

groundwater eleation data wasonsidered e pr es ent at flow regineefThe he si t eds
monitoringwell ness werethereforepositioned to the soutbouthwest of the injection wells at a

bearing of approximately 200°. Duettee uncertaintyof groundwater flow directiorthe

monitaring well ness were positioned close to the injection wells to maximize the likelihbod o

intercepting the injectate

Installation of the monitoringvell ness was completefiom June 2622, 2008 using rotosonic
drilling techniques Continuous soil coresere collected at each boring location usirglach
outside diameter (OD) core barrel. Sample cores l@ggedfor lithology, photographecand
sampled for hydraulic conductivity testing and extractable metals analysiprevent borehole
collapse dring withdrawal of the core barrel, a 5ltich OD outer casing was advanced behind

the core barrel.
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Monitoring well nestSTR-08-158A was installed 3.7 meters sosibuthwest of injection well
STR07-158SS. The boreholdor thewell nestwas drilled toa final depth of 19.8 m bgs. A
cobble blocked the rotosonic cutting shoe from 0 to 6 m bgs, limiting recovery across that
interval to 0.3 meters. A large boeldatl2.5 m bgs damaged the dhit and rods and
prevented recovery of soil core from ~18515.25 m bgs. Aside from these intervals,
continuous cores were collected to 19.8 m bgs. Soil core photographs are propgpdndix

B andadescription of the core material is includedhe STP08-158A well log AppendixD).
Depth intervals ithe photographs in Appendices B andaf@ labelled in feet rather than meters
because the drill rods and core barrels were 5 or 10 Raherhan convert to metric unitthe
use of consistent units in the field expediteghing and photographingsenerally, the core
barrel was advanced 10 feet in each run and then withdrawn to transfer the core material to
plastic liners.In a fewinstancesthe length of the core in the plastic liners was or9/f8et.

This does not meahe bottom 12 feet of gdimentswvere lost from the soil core. Instead,
compaction during drilling and/or the process used to transfer the sediments from the ebre barr

to the plastic liner maalit appear as though there we a full 10 feet of recovery

After reachinghe tagetdepth, three,-Inch diameter schedule 40 PVC wells were installed in
the borehole with each 1.5 meter screen positioned at different depths. Machine stutted 1
screens were not available, so screens were hand slotted with a hacksaw. TaanevEom
enteringthe wells the screens were wrappedh filter fabric as shown ifrigure 33 and 34.

The original plan was to place the deepest well of the cluster at the base of the borehole and
slowly withdrawthe drill rodsto allow the sandy foretion to collapse into thennular space
around the well antbrm a natural filtepack. After pulling the drill stem up 2 meters, the
second, intanediate well would be installediith the base of the well resting upon the soil that
collapsed into the vehole. The ultimate goal was to have the base of the second/intermediate
well 0.5 meters abovide top of the first/deep wedcreen and to have the base of the
third/shallow well 0.5 meters above the tfthe second/intermediate welireen with nata

filter packaround all wells

In keeping with this plan, the first well (ST¥8-158A3) was placed in the borehole with the base
of the screen situated approximately 19.4 m bgs. Unfortunately, the sljkiegetion of

withdrawing the drill stentauseé running sands to flow inside the rodgand filled the rods and
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borehole to approximately 15.5 m bgs so that it was not possible to install the intermediate well
to its target dpth. The drillers attempted to4@rill the hole from 15.50 17.0 m bgshut had a
difficult time forcing the sandut of the rods. Bcause¢he deep welvas locked in placby the
running sandghe attempt to relrill the hole damaget. It appears that the torque from the drill
stem broke the well screen away from the Ri&€r. Because of this damagie well provides
elevation data, but is nearly impossible to sanfgdenpling pullssand in through the base of the

well).

After re-drilling to 17.0 m bgs, an alternative installation methodology was employed for the
intermediate (STRO8-158A2) and shallow (ST-B8-158A1)wells. Thewells were placed in the
boreholesimultaneouslyvith the shallow well (ST®8-158A1) modified to position the screen

at the correct depth. A 2 meter length ehéh schedule 40 PVC was addedhe base of the

well as a riser to elevate the bottamhthescreen to 15.25 bgs. A PVC cap was installed
between the base tife screen and the risertb@re was not a sump/reservoir of water below the
screen.This installation positioned the STI8-158A1well screerfrom 13.75 6 15.25 m bgs

and the STR8-158A2 well screerfrom 15.5 to 17.0 m bgsA small amount of sandpack was
installed around the wells to lock them in position while the drill rods were withdrawn from the
hole. The entire legth of drill rods wee then withdrawn to allowhe formation tacollapse into

the annular space. THifl edthe borehole to 1.25 m bgs. The annular space from 0 to 1.25 m
bgs was backfilled with hydrated granular bentonite to prevent preferentiabiidiit and

recharge down the borehole. Well stmction detailst@ providedn AppendixD.

Monitoring well nest STR8-159A was installed 8.6 meters sowstbuthwest of injection well
STRO07-159SS with the borehole drilled to a final depth of 31.5gs.bThe core material from

0.0 to 13.41 m bgs, 15.285.75 m bgs, 23.734.4 m bgs and 31.0 to 31.5 m bgs was

immediately placed in-thch split PVC, capped, duct taped, and placed in free#eghe end of

the dayto provide material for geochemical aysb. To limit atmospheric exposure, the bags

that held the core material were not cut g@ed as such, the soil from 0.0 to 13.41 m bgs was

not photographed or described. A drill rod broke between 26 and 29 m bgs, preventing recovery
of soil core fromthat interval. Rotographs are provided Appendix Cand a description of the

core material is incluetl in the STRO8159A well log(AppendixD).
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The installatiormethodology used for STE8-158A1 and STR08-158A2 was repeated fohne
entireSTP-08-159A cluster. Schedule 40 PVC riser was attached below the screened intervals
of each well to position the scresst ther target depth The borehole remained opened to
approximately 31.5 m bgs, requiring the use of 0.25 m of riser on the dé¢f T 08-159A3)

to position the screen from 29.75 to 31.25 m bgs; 2.25 m of riser on the intermediate well (STP
08-159A2) to position the screen from 27.75 to 29.25 m bgs; and 4.25 m of riser on the shallow
well (STR08-159A1) to position the screen fra@®.75 to 27.25 m bgs. As above, a PVC cap
was installed between the base of the screens and the risers so that there was not a
sump/reservoir of water below the screen. A filterpack of Target® Filter Sand was installed
from 24.5 m bgs to 31.5 m bgs acappedwith a seal of hydrated bentonite pellets from 19.8 to
24.5 m bgs. The formation was allowed to collapse into the annular space friom thiéhe
bentonite seal. Thupper 0.9 m was backfilled with hydrated bentonite pellets. Well

constructiordetails are provided iAppendixD.

Monitoring well STR08-158A1, STP08-158A2, STRP08-159A1, STP08-159A2 and STR&-

159A3 were developed with a Waterrafeoh | ve connected to dedicat ec
polyethylene tubing. Approximately 95 litres wasrped from each well. Attempts to develop
STR08-158A3 wee unsuccessful and pullsdnd into the well.

3.1.2 Well Instrumentation

Mixing and diffusion between water in the screened interval and the overlying stagnant water
columnof the injection welldad to ke limitedif they were to serve a dual function as injection
and monitoring pointslsolation of thescreened interval had to becomplishednh a manner

that permittegassivemonitoringwith dataloggerand collection of groundwater samples. To
meet tlese objectives, eaetell was fitted with a RST Instruments®ackera Schlumberger
CTD-diver (monitors groundwater conductivity, temperature and groundwater elevatida),
GrundfosRedif | o0 2 submersible pump connmcTheed t o 3/ 8
packes weremodified at the University of Waterloo to allow the wires and tubing of the probe
and sample pump to pass throughpgheker and up the well casit@ground surfacanaking it
possible tasample the well without removing the pack&hebases of the packers were
positionedust above théop of thewell screes so that the probes and pumps were suspended

20



within thescreenedhntervals Photographs of the packer/probe/pump system are provided in
Figures3-5 through 38.

CTD-Divers wee also placeth eachof thewellsin the monitoringwell ness. Additionally, a
Solinst Barologger was deployed to record shifts in barometric preshigle were usetb
correct the pressure readings recorded bytkiers The barologger was placedpapximately
4 m bgs in monitoring well STB8-159A3 sathatit remained within a relatively constant

temperature setting above the water table.

3.2Injection Process and System Design

The injection system was designed for the controlled, rapid redéaskenown volume of water

(PA or finat ur al o Iconsisteof a@#sgaNon(+1900 ltre)polyethylgne .

tank fitted withavalve, 2-inch PVC pipes and a standard garden ho3ée tank sits on an

earthen mound constructed approximagiyeters west of SFB7-159SS The purpose of the

moundist o el evathea stehea btovrekGdhe top of (Rghre32). nj ect i
The moundwhich istoppedbya@ | at f or m o f isépproximatdlyp7 meterabyd s ,

meters in lagth and width and 0.75 mesan height T hstandelewvatek ifdmver outlet

an additiomal 0.5 meters. When set,upe base of the aedlw exiting the injection tanisi

approximately 1.25 meters above ground levihis set upensures that all water drais from the

tank and associatgipingduringinjection. To accommodate the injectio
were fitte® woothl PY@ i s e rittdthe wellavithout raneovilga r d e n
the packer/pump/probe systenfor injecticns, hie garden hose was placed approximately 5

metersanto the well, creating hydraulic gradient to drive the injectionhe valve at the base

of the tank was then opened, initiating the injectidvith the water table roughly 15 meters bgs,
thisinjection set up allowed the water to cascade across a length of approximately 10 meters

from the outlet of the garden hose to the of the watecolumnin the well. The injection

system is shown iRigures 39 and 310.

Water used for the preliminaryjections was drawn directly from the WCS&minimize the
geochemical differences between the injectate and porewater. Approximately 1,000 litres were
pumped from the well where the injection was to be completed. The water was pumped into the

injection/rolding tank where 42 g of sodium acetate (NgCBIO) and 322 g of sodium bromide
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(NaBr) were added and mixed for 1 hour to bring the dissolved concentrations of acetate and
bromide to approximately 30 and 250 mg/L, respectively. Groundwater parameteusatieas

during pumping are provided fables 31 and 32.

The preliminary injection at SFB7-158 SS was completed on June 4, 2008. Nine hundred forty
litres of injectate marked with sodium bromide and sodium acetatereleased into ST-B7-

158SS in 5hours and 11 minutes (an average injection rate of 3.02 litres per minute (Ipm)).
This injection rate was significantly slower than all other injections at the ISATF. Instead of
inserting the garden hose into the injection well, the outlet was placethedap of the well,
limiting the head gradient from the tank to the hose outlet and reducing the gravitational driving
force for the injection. As the injection proceeded, the gradient became smaller and
consequently, the injection rate dropped ofbr &ll injections that followed, the garden hose

was inserted approximately 5 meters into the well, increasing the head gradients and injection
rates. As an example, the preliminary injection at-BTR59SS was completed on June 5,

2008 in 1 hour and Bninutes because the hose was inserted into the well. A total of 1,020 Ls
was injected at STB7-159 SS for an average injection rate of 15.7 Ipimmediately after
completing the injections, the RST packer in the injection well was inflated to apptelirh@0
P.S.1. to isolate the well screen.

Approximately 3,000 litres of SFRerived PA water was injected at STR158SS on July 17,
2008. On August 7, 2008, approximately 4,000 litres of PA water was injected -87<IH2-

SS. The PA water was witravn from the STP with a vacuum trudkdure 311) and
transported to the | SATF. Because of the | im
successive 1,000 L injections were completed to reach 3,000 and 4,000 L. The PA water was
transferred from theacuum truck to the holding tankigure 312) where it was marked with
chloride, bromide or boron conservative trasehich were prelissolved in 18.9 litre carboys.
Details on the duration of the injections, concentration of tracers added, voluncéesding,

and DO concentrations of the PA water are providéedhinle3-3. The PA water had high
concentrations of chloride (500 to >600 mg/L in STP water) such that ultimately, chloride
concentrations were most useful as the conservative tracer. Thfsntvmate because the
sampling frequency (once a week) was too low to discern concentration trends from the

individual tracers. For future injections, the use of multiple tracers could provide insight into the
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hydraulics of the flow system, but will reime more frequent sample collection. Immediately
after completing th® A waterinjections, the RST packer in the injection well was inflated to

approximately 100 P.S.I. to isolate the well screen.

3.3 Groundwater Sample Collection and Analysis

The goalof groundwater sampling/asto collectrepresentative samplesile minimizing purge
volumes to avoid impacting the natunaigration of the plume This wascomplicatedat the
ISATF becauseft h e fiai hydeadlis gradient, and in turn slow groundwatelogity. Any
length of pumping would set up gradients drawing the body of the plume towardsripang
site. Therefore, standapdirging procedures (e.gurging untiltemperature, pH, DO, turbidity,
andconductivitystabilize or pumping 3 well volumpesould not be used.

Submersible pumps were used to collect samples from the injection \Weligp controls were
programmed to the lowest setting that conveyed water to ground surface. At this setting, the
pumps yielded approximately 1.6 litres per men(ltpm). STP07-158SS was purged
approximagly 30 seconds prior to sample collectaond STP07-159-SS was purged
approximately 1 minuteThe screened interval for each of the injection wells was isolated post
injection by thanflation of the packersost was assumed that water within the screened interval
was representative of water from the formatidie goal of thesmallpurges wasto remove
stagnant water from the pump tubinghe Xinch nonitoring wells were sampled with a Waterra
footvavecmnect ed to 1/ 20 x 5/ 80 polyetigwuelsne t ubi
were not isolated bpackes so mixing and diffusion likely occuedwith the overlying water
column. Large volume purges from these wells still were not desirable. Adlsifoot-valve

was lowered within the screened interval and approximatétyelwas purged prior to sample
collection. All pumps and sample tubing were dedicated, eliminating the need for

decontamination of sample equipment from well to well.

Measurement of dissolved oxygen (DO), pH, ferrous iron and total iron were completed in the
field. pH was measured on unfiltered samples with a Thermo Orion low maintenance triode
(Model 9107). DO measurements were also completed on unfiltered samplesithisingn

Orion (835) DO meter or CHEMetrics colorimetric ampoules. Ferrous iron and totaleren w

measured from samples filtered throughahinne 0. 45em f il ter using CF
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ampoules.Given the necessity of purging small volumes of water to prevent alteration of the
injectate plumesdé migr at i omwmonitohpd with thehThdrrhoe a q u i
Orion pH probe The probe had significant dAdrifto if
510 minutes) . Unfortunately, Asnapshoto pH m
complications with drift, the Thermo Ongrobe used for this fieldwork did not seem capable of
providing an accurate or precise snapshot pH measurement. As a result, pH data is sparse.

Future fieldwork will require use of an instrument that can yield accurate snapshot measurements

of pH.

Table 34 describes the preservation technique, glassware, and field filterindousbd various

sampls. Samples for inorganic analyses (major ions, metals and dissolved ammonia) as well as
dissolved organic carbdidOC)wereanalyzed by ALS Laboratorie§.able 35 outlines thée

method for these analysesmmediately after collection, all samples were placed in coolers on

ice. If samples were not brought to the ALS Laboratory in Fort McMurray at the eadiof

day, they were placed in refrigeratonsi Suncor 6s Geotechnical/ Enviro

they were delivered to the lab.

Benzene, toluene, ethylbenzene, xylenes (BTEX), trimethylbenzenes (TMB), polyaromatic
hydrocarbons (PAHS), naphthenic acids (NAsetateand bromide samples were analyzd

the University of Waterlo®@rganic Geochemistry Laboratorpall samplesanalyzed at the
University of Waterloo were packed in coolers on ice and shipped via a commercial [murier
the fastest arrivaime. An Orion model 9635 ionplll$ Series brorite ion selective electrode
probe connected to an Orion model 290A meter was used for bromide anAbetiate was
analyzed using a Dionex IEZ00 ion chromatograph with an ietuent generator and
conductivity detector and the Dionex lonPac AS18 coluBfEX, TMB and PAHs were
analyzed using a gas chromatograph and flame ionization detectdtl[@@ith the results
analyzed following the methods HEenderson et al. (1976)Fourier transform infrared
spectroscopy (FIR) was used to determine totaphthenic acid concentration according to the
methods oflivraj et al. (1995) NA signature was characterized using gas chromatogirapsy
spectrometry (GEMS) as described by St. John et al. (1998) and Holowenko et al. (2082).
signaturewasalsochaact eri zed at the University of Al Dbe

Environmental Toxicology using the high performance liquid chromatography/high resolution
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mass spectrometry (HPLC/HRMS) method described by Bataineh et al. (2006). Differences in

the resus produced by these methods are discussed in greater detail in Section 4.6.2.

3.4 Sediment Sampling and Analysis
3.4.1 Sediment Collection

Sediment samples fextractableelements FOC and total carbonate analysis were collected

during installation of monitoringvell nestSTR08-159A. Sediment core for these analyses was

collected from three different depths in the WG@6.2516.75 m bgs, 23.734.4 m bgs and

31.031.5 m bgs).Field handling of the core material is described in Section 3Thé.frozen

soil cores werdransferred from the freezetrsn Suncor 6 s Geotechnical/ En
University of Alberta for storage a20°C. All subsequent cutting and transfer of core materials

was conducted in anaerobic gloveboxes.

3.4.2 Trace Element Extractions

The intraduction of PA water injectatevith elevated levels of DO® the WCSC hathe
potential to shift the redox conditions of the aquifer systenmatallize traceelementdrom the
aquifer solids.As suchsequential extractions were completed on WCSC sausrto quantify
the concentration of extractalifaceelemens and identify the soligphases with which they

associate.

Sequential extraction of trace el ements was ¢
Department of Earth and Ocean Sciencelse goal of the extractions was to quantify the

concentrations of trace elements associated with five different fractions of the WCSC sediment
(easily exchangeablamorphous angoorly crystalline F&Vn/Al oxidesand oxyhydroxides

well crystallized FAVIn/Al oxidesand oxyhydroxidesorganic matter and silicates/residual

minerals) by progressively exposing the sediment to harsher reagéetprocedure used for

these extractions was adapted primarily from the methods described by Herbert (2006), along

with procedures outlined iyfaque et al. (2008), Tang et al. (2004) and Tessier et al. (1979).

One gram of aidried sediment from each of the sampled intervals was used for the extractions.
The first extraction targeted easily exchangeable trace ptem&he 1.0 g sample aliquot was
mixed with 10 mL of 1 M magnesium chloride (Mg{in a 50 mL polypropylene centrifugation

tube and continuously agitated on a shaker for 1 hour at room temperat@g (2Be resulting
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mixture was then centrifuged fdb6 minutes to separate the supernatant from the sediment
residue. The supernatant was placed in polythene bottles and preserved by reducing the pH to
less than 2 with nitric acid and storing &4 The sediment residue was washed with 8 mL of

deionizedwater for 15 minutes in a centrifuge.

The second extraction targeted trace elements associated with poorly crystélinéAFe

oxidesand oxyhydroxides The sediment residue from the first extraction was placed in a
centrifugation tube with 25 mL of 5 M hydroxylammonium chloride (Nd®H-HCI) and 0.25

M HCI and kept in a 5T water bath for 30 minutes with occasional agitation. The mixture was
then centrifuged with the resulting supernatant preserved and the residue washed as described

above.

The wahed residue from the second extraction was then mixed with 20 mL of 0.20 M
NH,OH-HCI and 25% acetic acid (GAHOOH) in a centrifugation tube and placed in &20

water bath for 18 hours with occasional agitation. This extraction targeted trace elements
associated with well crystallized Rdn/Al oxidesand oxyhydroxides Preservation and storage

of the supernatant was as described above. The sediment residue was washed by centrifuging

with 8 mL of 25% acetic acid for 15 minutes.

As previously, the waslderesidugrom the third extractiomvas used for the fourth, which
targeted trace el ements associated with the
this extraction, the sediment was mixed with 10 mL of 30% hydrogen peroxi@e)(id 0.5 M

HNO; in a centrifugation tube and placed in a water bath @ 8% 5 hours with occasional

agitation. After cooling, 5 mL of 3.2 M ammonium acetate {CEONH,) in 20% HNQand 5

ML of deionized water was added and agitated for 30 minutes at room &urperAgain, the

supernatant was separated and preserved and the residual soil was washed with deionized water.

For the final extraction, targeting the trace elements associated with silicate and other primary
minerals, the remaining sediment residwes\placed in a 50 mL Teflon beaker where it was
digested with aqua regia (a 1:3 volumetric mixture of analytical grade concentratecaHtNO

HCI) for 1 hour. After evaporating the mixture to near dryness, the residue-diasot/ed and

diluted with deimized water. Again, the mixture was centrifuged and the supernatant preserved.
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The supernatant produced by each of the five extraction steps was analyzed for Fe, Mn, Al, Zn,
Cu, Ag, Ni, Co, Sr, Ba, Cd, Sb, Pb, V, Cr, and As using inductively coupled glasitical

emission spectrometry (ICGBES).

3.4.3 FOCandTIC

Fraction organic carbor-QC) and totalinorganic carbon (TICyvere analyzed at the University
of Waterloo Organic Geochemistry Laboratory. FOG waalyzed using a Lindberg quartz tube
furnace and Beckman nahspersive infrared analyzer based on the meth&hafcher and
Dickhout (1987) TIC was determined using the technique described by Barker and Chatten
(1982) Samples were acidified andelevolvedCO, wasmeasured with a modified headspace

gaschromatographic technique.

3.5 Hydraulic Conductivity Measurements

Hydraulic conductivity of the sediment samples was determined using the falling head

permeameter at the University of Waterfobowing procedures described by Oldham (1998)

Sedimat samples were collected at 206 cm intervalsn the WCSC from the soil cores
generagdduring the monitoring well installations. Additional discrete samples were collected

from zonesvheregrainsized st ri buti on appeared different fr
medium sand. Samples were placed in Ziploc bags and shipped back to the University of

Waterloo for testing.

For the tests,@proximately 80 g of sample was dried, homogenized and repackeitiéen
permeametefior each test Once in the permeameter, £§as was used to purgé from the

sedi ment s 6 improvewettirg pfdhe soil Beoause oxygen does not dissolve well in
water, ay air left in the samples could potentially occuymyre space and impact the result

Each sample was gradually wetted from the bottom up to further aid in the displaceaient of

from the pore spaces. Care was taken in wetting the samples so that fines were not forced out of
the sample as they were wettl. Once thair was displaced from the sedimghe

permeameter was connected to a manometer. Water was then pumped into the manometer to a
set head level and all lines wveechecked for air bubbleg-inally, the valve beneath the

permeameter was opeahallowing water to drain from the system through the sediment. The

time needed for the water level in the manometer to move from an upper head level to a lower
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head level was recorded as the system draiBegh sediment sample was tested three times.

With this information, the hydraulic conductivity was analyzed with the following equation:
_@Q
K=35nes) @

Where K dentes hydraulic conductivitya is the crossectional area of the manometer, L is the
length of soil in the peneameter, A is the crosectional area of soil in the permeder, t is the
time for the water level in the manometer to move fropoHH;, H, is the original height of
water in the manometer, and id the final heighof water in the manometer.

3.6 Development of Visual MODFLOW Groundwater Model

Complications associated with determination of the groundwater flow direction necessitated
development of a thregimensional model with which to evaluate flow scenarios. Visual
MODFLOW version 3.0.0 was ad for this purposeWithin thesoftware package, the
MODFLOW 2000 numeric engin&as used tsolve groundwater flowith the WHS Solver
selected to solve the numeric equations for the flow simulations. Based on the flow solution
generated by MODFLOW 2@)the MT3DMS numeric engine was used to solve the advection
dispersion equation in order neodelsolute/contaminartansporiWaterloo Hydrogeologic

Inc., 2006) The upstream finite difference method was usedifoulatingcontaminant

transport becawasit produces a stable solution with relatively short run tinfége goal of the
model was to develop various flow scenarios that could explain the observed distributions of the
chloride tacer As such, dipersivity, hydraulic conductivity and hydraugicadient within the
model domain were adjusted until the modelled chlor@®ecentration trends matcheldsened
trends A cur ved r-9wa @ivel meskavereplaced within the model domain to
understand the degree to which flow direction cdagdnisinterpreted with injectassill arriving

atthe wells
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4 Results and Discussion

4.1 Preliminary Injection Experiments

Previoudaboratorystudiesfound naphthenic ac&tecalcitrant to biodegradation under
anaerobic condition@Holowenko, et aJ.200%, Gervais, 2004 Frominformation availableit
seemedhat ananaerobic microbial community without previous exposure to naphthenic acids
would have limited abilityto metabolize NAs from PA water. As such, preliminary injections
were designed tassess theapacityo f t h e WCsSnGicrohegaumetabmlizéda simple

organic compound, acetate

4.1.1 Passive Monitoring of Injectate Migration at the Injection Wells- Conductivity

Conductivity, temperature, and water lew&asurementsecorded by tb CTD Divers during
postinjection monitoringat STRO7-158SS and STR7-159-SSare provided irAppendices E
and F, respectively. Thdata is graphically summarizedkigures 41 and4-2. The water
pressure function otie Diver deployeat STR07-159-SS malfunctionedogroundwater

elevation data from that instrument during this period is not available.

Conductivity provided a straightforward means to passively monitor the migratiba of

i njectate. The addi t i o rconcehtratiom cfotalaissslved solols e a s e d
(TDS), el evati ng telhtige tonteetaqifgiprewateoDetectiono of i vi t y
elevated conductivitywasthenconsideredndicative of thepresence or arrivalf injectateat a

well. Increases in condtigity triggeredsampling eventto confirmplumeartival.

The results ofhe preliminary injectiondemonstrated an additional utility of conductivity
measurements. When compared to conservative tracer trends, conductivity measurements can
provideev dence of reaction between t llectricanj ect at e
conductivity is a function of its TD®hanges in conductivity reflect changes in TDS.
Oxidation/reduction andissolution/precipitation reactions betweble aquifer and #injectate

could disproportionatelghange the n j e cTD%relagiv@@ 80 the conservative tracer causang
equivalensshift in conductivity. Conversely, withoutaction the dissolved constientsof the

injectate would be consetive and conductity trends veuld mimic conservative tracer

concentrations
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Figures 43aand 44ashowthat groundwater conductivity trends deviated from the conservative
tracer trends follwing the preliminary injectionat STR-07-158SS and STH®7-159SS This is
likely becauseeaction between the aquifer and injectate caused a net removal of dissolved
species

After the first six to eight days, howevengtconductivity and bromide concentration trends
match(Figures 4-3b and 44b). Oncetheconductivity trends mmickedthe conservative, nen
reactive tracer, it can be assumed that Tl2Sbehavingconservativly andthereforethe
reactions thainitially influenced the concentrations of dissolved constituentsdemsed.
Because bromide is conservative in magtiger settings, declines its concentration are
singularly attributed to dilution via dispersion. As such, the similarity of the later time bromide
and conductivity curves indicates that dilution drove the later time decreases in TDS, not
reaction. Therefore, n the shallow portion of the aquifer tested via injection at-87B58 SS,
conductivity trends indicateeactiors between the injectate and WCSC aquiéanoved
dissolved constituenfsr roughly 8 days and thestopped Likewise, in the deepaption of the
aquifertested by the injection at ST07-159 SS significant reaction between the aquifer and

injectateappear to haveemoved dissolved constituents for 6 days and then camiealb a

Reaction of acetatappears to be the tedyst fortheseconductivity/ TDS trends. Acetate
utilization will be discussed in greater detaiSaction 41.3butthe significant findingelated to
this discussion wathatdeclines in acetate concentratior attributable to dilutiomere
observed forougHy 6 daysafter the injectiornn the deep part of the aquifer aBdlays
following the injectionin the shallow part of the aquifeAcetateconcentratioathen sabilized
(Figures 45a and 463). As such, acetateemoval occurredt the same timeondudivity and
bromide concentration trends dewdtfrom one anothefThis suggests thalhé reaction that
removed acetate from solution drove a net decrease in the TDS of the injéc¢tiaier times,
when conductivity trends mimicked bromide concentratjdhe TDS concentrations appear to

have beerontrolled by dilutioronly.

Microbial oxidation of acetateoupled tadissimilatoryFe(11l) and/or Mr{IV) reductionwas the
most probable pathway of acetate degradation iadoé&er giscussion of enzymiatFe(lll) and

Mn(1V) reduction over nonenzymatic reductiompigsented irsection 4.6.1L If the reaction of
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acetate with manganese dioxide (M@ considered, a net decsean TDS is certainly

possible:
CH3COO + 4MNnOyg+ 2HCO, + 3H 2 4 MnyG-O4H,0

In lab microcosm studies, Lovely and Phillips (1988) observed that a consortium of
microorganismg§GS-15) could oxidize acetate under anaerobic conditions, using Mn(IV) from
MnQO; precipitateas the terminal electron acceptdn.thosecultures, they observed a conversion
of the MnQ to rhodochrosite (MnCg), asoutlined in the above reactioiven this reaction
pathway the oxidation of 1 mole of acetate would result in the removal of 2 moles of
bicarbonatdrom the TDS load. Additioally, the removal of acidity in this reaction should
function to eékcrease conductivitySimilar reaction pathways would be expected for Fe(lll), but

the stoichiometry of the reactiorowld be dependent on the Fe(lll) mineral phase.

Precipitation oliderite (FeCQ@) or rhodochrosite (MnCg) concomitant with the reductive
dissolution of Fe(lll) or Mn(IV)oxyhydroxidesor oxidesis crucial in driving the net decline in

TDS predicted from thebservedconductivity trends. Consider the following reactions
CHCOO + 8F€" + 4H,0 2 B+R2eICQ; + 9H'
CHs;COO + 4Mn** + 4H,0 7z 4"MBHCO; + 9H'

where the F@ll) and Mr(1V) ions would not exist as dissolved species, but instead, would be
derived from manganese or iroride oroxyhydroxide minerals o the aquifer solids.

Redutive dissolution of solid phase ) and M(IV) minerals via oxidation of acetate would
therefore mobilize 8 moles of g and 4 moles of Mfil) from the aquifer solids and generate 2
moles of bicarbonate. In this scenario, the lmaiam of acetatevouldincrease the TDS and

drive up groundwater conductivity.

Thegroundwater conductivitirends thereforsuggesthatthe oxidation of acetate via
dissimilatoryreduction of Mn(lV) or Fe(lll) causes precipitation of rhodochrosite and/or siderite,
resultinginanetdecreae i n t he ¢r duetom@mozal of bicarsonaitelr&@n

solution Unfortunately, following the preliminary injections, groundwater samples were only
analzed for acetate and bromide changes in irommanganesandbicarborateconcentrations

that could further elucidate the reactive processes were not monin@dous studies provide
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useful analoguefor this hypothesishowever.Notably, Nicholson et al. (1983) found that
dissolved iron concentrations in the Borderdidhle achate plume wereontrolled by the
precipitation of siderite. There, reductive dissolution of ferric ggybxide mineral coatings
mobilized F€ll) ions into solution, causing siderite supersaturagiotprecipitationof the

mineral Baedeckeet al. (1993) also reported the formation of siderite and ferroan calcite
coatings on mineral grains in the anoxic zone of the Bemidji hydrocarbon spill site in Minnesota.
Fe(lll) reduction was one of the primary mechanisms of hydrocarbon oxidatiomandkic

zone of that spijlproviding the Fe(ll) for the formation of the mineral coatingsthe Vejen,
Denmark landfill leachate plume, Heron and Christensen (1995) examined the distribution of
Fe(ll) ionsmobilized by reductive dissolution of Fe(Ilinerals within the substantial
Fe(ll)/Mn(IV) reducing zone of thaislume In their study less than 2% of the Fe{xhe
aquiferwasidentifiedas dissolved Fe(ll). The rest was associated with the aquifer solids with
nearly20% sorbedandmore tharB0% presentsill -definedsolid-phase Fe(ll) extractable with 5
M HCI. This demonstratethat the majority of Fe(ll) mobilizévia reductive dissolution digot
stay in solution, bunstead sorbedr was reprecipitated.

Overall, the strong correian between the time of acetate degradation and deviation of
conductivity and conservative tracer trends suggests groundwater conductivity can function as a
simple meas to evaluate reaction within tlaguiferif the conductiity trends can be compared

to conservative tracdareakthrough curves

4.1.2 Passive Monitoring of Injectate Migration at the Injection Wells- Temperature

Temperature signature was also evaluated as
through the aquifer. Ae injectate bgan to equilibrate with air temperatuichging storage in

the holding tankincreasingts temperature At STP-07-158 SS, 15.5°Gnjectatewasreleased

into 3.4°Cgroundwater Likewise, at STRO7-159-SS,12°Cinjectate was released inda2°C
groundwate. Although the core of the plumes may maintain elevated temperatures for longer
time periodsFigures 41aand 42 show that convection dissipates the heat from the outer

portions of the plume, causing temperatures to return taghiée® backgrounddvels within

10 to 14 days.Therefore, temperature can be used to identify and track the plumes, but only

within the first few weeks of injection.
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4.1.3 Acetate Utilization

Acetate andbromide concentrations fropostpreliminaryinjection samplesre provieéd in

Table 41. Theacetate leveleported for ample STP0715&W24 exceededhe concentration
achievabldrom themass of sodium acetate added to the injectate and was therefore considered
an outlierand excluded frornthe data evaluationSamples STPA59-GW27 and STP07159

GW27D (a duplicate sample) were averaged against one afmtldata analysisAlternatively,

only the reported value from STP158GW13 wasused in analysis as acetate was not detected

in the duplicate sample (STP07168V13D).

Acetate concentrations declined to approximately 20% of initial levels witBidaks of the
injectionswhile bromide levels remained near initial concentratiigure 45a and 46a).

After the early declineacetateconcentrations stabilideanddid notfall off until thedispersed
portion of the plume as defined by the bromide breakthrough curagived at the well. There
were three primary mechams by which the acetate concentrationld havedeclined:
degradation, adsorption, and diani The impact of diltion wasaccounted for by normalizing

concentrations against the bromide conservative tracer with the following equation:

- BCMBO B¢ G 6 (e "‘,%24@'@@6(;:11‘:»9" BEE A CBOEE (%2) 05+ BB
T sicamn berad aver 0 +'o'dan 6iea 'm0 bétdird aver (L) 61 8+6i &

5 g

@D

Plots ofnormalized acetate concentration and bromide, @€provided inFigures 45b and 4

6b. Following typical convention}ie initial concentrationfC,) used in these calculations were
those reported from thdirst groundwater sampkecollectedimmediatelyafterinjection. From

the plots of normalized acégaconcentrations it is clear thalution was not the causef the

initial acetate mass losst it was thenormalized acetate concentratiwnuld be dine with

C=1.

Based on previous studies of acetate adsorption onensgtiments, partitiongnof acetate to

the aquifer solidsvould be unlikely tocontribute significantly taacetate mass los§ansone et

al. (1987)completedbatch reactostudiesusing three different marine sediments (an anoxic
clastic mud, a fine carbonate beach sand, datkatic muddy sanddndfound themean
percentagesf acetatesorbedirom solution to the sedimentgere 9%, 10%, and 24% for the fine

carbonate beach sand, the lateritic muddy sand, and the clasticaspekctively. fie carbonate
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beach sand had thenest percentage of organic carbon and clay whileldsic mud had the

highest. They also determined tkatption of the acetate was not limited by the available

sorption sites on the sediments. similarsorptionexperiments with sediment from SkBay,

Alaska, Shaw et al. (1984) found 10 to 40%cétate fronsolution sorbed to the sediments.

The authors do not provide details on the grain size distribution, but note that kelp functions as a
major source of carbon to the sedimeitgéang and Leel(993) studiedandysedimerd from

Flax Pond, a marine marsh connected to Long Island Sehiuth contaired 7% clay and 2.8%

carbon by wight to determinedsorption partitioning coefficierfK,q9 for acetateo these

sediments. Plotting the adsorbed atate concentration (nmol/g) against the dissolved acetate
concent r)gdldedarinedr sdtherm whose slope (4.2 ml/g) was the Kfter treating

the sediments with peroxide to remove the organic carbon, they found the adsorption partitioning
coefficient for acetate was <0.5 ml/g.

After correcting for dilutionthere was an approximate83acetatenass losebserved at STP
07-158-SS within 6 days of the shallawjection and an approximate %6acetate mass loss at
STR07-159SS within 7 day®sf the deep injectionThesepercentage losses areich higher
thanthe maximum acetasorption(40%)observed in the studies discussed above in sediments
with greater organic carbon contents than the WGSCSC sediments collected from the STP
08-159A soil core contained only 0.05 to 0.10% FOC by weighable 443). From Wang and

Leebs (1993) resul t snseemauslikelygieemteloaw FOCs.i a adsor p

Researchers hawsofound that acetate agigption kinetics are rapid, with equitiom between
the sorbed and nesorbed phases obtained in 20 minutes or less (Michelson et al., 1989;
Sansone et al., 1987). As suighsorptian to WCSC sediments removadetate from solution,
equilibrium shouldhavebeenachieed between the time thejections were completed and the
first groundwater samples were collectéahr the shallow injectiarthe reporteccetate
concentration of thajectate(sampleSTP07158J01) was 22.26 mg/iwhile the concentration

of thefirst groundwater samplSTP0758-GWO02- collected 38 minutes after the injection was
finished) was roughly 20% less at 18.01 m@fable 41). This 20% decline in concentration in
less than an hour Eotentially fromadsorption.Conversely, adsorption does not appear to be
significant in the deeper portion of the aquiférhere, the injectate had an acetate concentration
of 23.73 mg/L (sample STPO715%806), while the first groundwater sample (STPOZB825-
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the first sample not considered a sample outlieollected 18.5 hourdtar the injection was
finished) had an acetate concentration only 2% less than the injectate at 23.2DOwey/éll the
data indicatesorption may have removed up20% of the acetatitom theinjectate in the
shallow potion of the WCSC. However, g the low FOC in WCSC sedimenitswould have
been unlikely fol20% of the acetat® partition to the aquifer soliddn the deeper portion of the

aquifer, acetate mass removal via sorptahnot appearsignificant.

Because acetate adsorptikinetics are rapid, declinesdilution corrected concentratisrafter
20 minutes can battributed to degradatiorAt both injection depths, the largest declines in
acetate concentrations were observed over the 5 to 6 days after the dinslvgmtersamples
were collecteduch that the majority of acetate mass loss was likalgiegradation. At ST
07-158-SS when corrected for dilutiorthe acetate caentration decreased nearly 80%, from
18.01 mg/L to 3.76 mg/bverthe5.6 days between the coltem of the first groundwater
sample, STP07158W02,and the collection of sample STP07168/08 Likewise,atSTR
07-159-SS when corrected for dilutiorthe acetate concentration decreasearly 75% over the
6 days between collection of STP0746%W25 aml STP071595W29 from 23.27 mg/L t0.39
mg/L.

In the WCSC, eetatewasmost likelydegradedy microbialoxidationcoupled tadissimilatory
Mn(1V) andor Fe(lll) reduction Mn(IV) and Fe(lll)were available in the aquifer froomatings
on the mineral giins as M{V) andFe(lll) oxides andxyhydroxides Solidphase
geochemistry is discussed in Section 4.8 andemce 6r Mn(IV) and Fe(lll) reducing

conditions was presented in 8ea 2.3.

Several studies dandfill leachate plumefund thd substantial attenuation of volatile orga
compoundgVOCSs) and nofvolatile organic compoursd(NVOCs)occurred within the iron
reducing portions of the plumékleron, et al., 1994; Heron and Christensen, 1995; Lyngkilde, et
al., 1992;Rugge, et al. 199). As discussed abovepvely and Phillips (1988gentifieda
consortium of Fe(lll) and Mn(I\(yeducing microorganismable to completely oxidizgrganic
substrate to C® They outlined the followingeaction pathways for acetate oxidation with
concomiant Fe (111) or Mn (IV) reduction

CHsCOO + 8Fé"+3H,O 7z ZB4HCO; + CO, + 8H' op G =-814 kJ/reaction
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CHsCOO + 4MnO, + 2HCO; +3H 2 4 Mnz & @H,0 G A-737 kd/reaction

TheFe(lll) reactionands t and ar d °)evaiiedrgm tife qe&ctigrof course, wuld

differ depending othetype ofFe(lll) mineralcoating the aquifer solidand on temperature
Regardless, the standard energies demonstrate that microbes can gain significant energy for
growth by catalyzing theeactions.

As mentioned earliegroundwater samples were only analyzed for acetate and brdomde

this phase of the projeciAs suchdirectgeochemical evidence is not available to demonstrate
Mn(IV) or Fe(lll) reduction However, dissolved oxygen keig in the aquifer before and after

the injections werel mg/L and nitrate was not preseiihe yellowbrown to orangdrown
coloration of the aquifer sedimergsggests that Fe(lll) was available from the aquifer solids
Geochemical evidencedm laterinjectionsshowed an enrichment in dissolvee(1l) and Mn(l))
concentrations following the PA water injections suggesting reductive dissolution of Fe(lll) and

Mn(IV) minerals occurredh the presence aflevatedOC from the injectatéFigure 437).

Acetate tilization rates were determined frorthedilution correctedconcentration profiles.

Figure 47 presents acetatmncentrationsorrected for dilution {Acetate in mg/L)/(Br/Bg)}

over the 78 day period when significant acetate mass\ss obsared From these plots, the
decline in concentration follows a linear trenéieTtilization rates wouldhereforebe best
characterized as zemrder, where the rate of utilization remains constant and is independent of
concentration. Attempts were alsmade to fit curves typical of firsirder and secondrder

reaction rates to thiell datsset Ultimately, the straight lines typical of zeooder rates were the
best fits. From the slope of the best fit lines the acetate utilization rate in the shpalition of

the aquifer wa approximately 1.75 mg/L/day, while the rate indleeper portion of the aquifer
was approximately 2.56 mg/L/day.

Following the initialremovalof acetatdrom solutionthe concentration trendsver the next 30
days show lite if any evidence of acetate mass lasgle from that attributable to dilution. itW
3-6 mg/L of acetate still presemtfter the initial utilization of the compounid seems unlikely
that availability of organic substrate is the limiting factor inréection. Instead, it is more

likely the reaction wakmited by the availability of nutrients or electron acceptors
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Overall, theseresulbe monstr at ed t hleadthegbility to eetabolizeami cr obe s
organic substratdut showedthe availabity of nutrientsor electron acceptotsnited the

amount of substrate that could degraded.

4.2 ProcessAffected Water Injection Experiments

The resultsaboveprovidedevidence of @otentiallyviable microbial community in the WCSC
capable of oxidizing atate. To directly test thecapacityof the microles in the WCSC to
metabolize naphthenic acid3A water injectins were completedScott et al. (2005)oint out

that commercial naphthenic acids are more readily biodegraded thadeX¥ed from oil sansl

PA waterandthereforeareinappropriate to use as surrogates to assess the biodegradability of oi
sands NAs.As such, PA water for these injections was extracted directly from the \&hie
experiments by Holowenko et al. (2001) and Gervais (2@#)d that NAs do not biedrade

in anaerobic microcosmie goal of the PA injectionsas tointroduce NAs to aatural

anaerobic aquifer setting amttrease the volume of aquifer material with which the NAs could
reactto potentially generate a differeresult

4.2.1 Passive Monitoring of PA Water Injectate Migration at the Injection Wells-
Conductivity

The conductivity, temperature, and water level measurements recorded by the CTD Divers
during postinjection monitoring at ST®7-158-SS and ST 7-159SSare provided in
Appendices G and H and graphically summarizefigures 48 and4-9.

Contrary to observations from the preliminary injectiaghschlorideconservative tracer
breakthrough curvesndthe conductivitytrendsobserved at the injection Welfollowing the PA
water injections were simildhroughout the duration of pestjection monitoring Figures 410
and 411). These trends suggest there was limiiedny, oxidation of organics.

Thestrong agreement between conductivity and cwasiee tracefollowing the PA water
injections indicate TDS was conservativ&uch thateactions between thejattate and aquifer
including oxidation of the injeate 6 s  BidDOtpccur Groundwater samples collected
following the PA water injectio confirmedthat DOC and NAs were essentially conservative in
the aquifer(this datais presentedsection 4.6) In combination with the res@tfrom the

preliminary experimest the results of thPA water injectiomfurtherdemonstrate that by
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comparingconductivity trends to conservative trabeshaviour it is possible t@ain insight as to
whether significant oxidation/reduction and dissolution/precipitation reactions areigcurr

between the aquifer amdjectateto cause shifts in TDS and condudiv

4.2.2 Passive Monitoring of PA Water Injectate Migration at the Injection Wells-
Temperature

The temperature of thHeA injectate(~23-27°C) was significantly higher than the preliminary
injectate (~1216°C). Along with the larger volumes of watatjected this extended the length
of time the plumes maintained easily distinguishable temperaturatsigs to roughly 30 days
As illustrated inFigures 48 and 49, the conductivity signatures were still more distinct, and

thus a bettesuitedto trackthe gumes.

4.3 Calculation of Groundwater Velocity

The conservative tracereakthrough curves observatithe injection wells were used to
evaluategroundwater velocity througime WCSC.Figure 412 shows a conceptual model of the
distribution of injectate imndiatelyafterinjection. Because of the rapid rate of inject plug
flow displacement of the in situ groundwatesis assumeadvith the injectatalisplacing
groundwater to occupy a cylinder of #gu material around the wellThe dimensions of the
cylinderare controlled byhe volume of water injected )/ the porosity of the aquifer (n), and
the height of the injectiowell screenh). Using these known values, the radial distance (r) the
advective portion of the plume extended from the well wasutated with the following
eqguation:

r= G5 (9
The WCSC was assumed to have a porosity of @.8¢gpical value for sandy sediments (Freeze
and Cherry, 1979), the injection well screens wlefemetersand injection volumes varied.
Using Equation 2the injectate plume®r the preliminary injectionat STR07-158 SS and STP
07-159-SS hadnitial radii of 0.81and 0.84 meters, respectivelifor the PA water injections, it
was assumed that the successive injections coalesced to formiajeotate plumequivalent
to the taal volume of the injection (3,000 or 4,008), rather than separate, 1,00plumes.

This assumption should be valid becatisetime between each injection was small (405
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minutes) and the groundvtea velocity in the aquifer wadow. Using Equation2, the injectate
plumes for the PA water injections at STR158SS and ST®7-159-SS had initial radii of

1.46 and 1.68 meters, respectively.

The conservative tracer breakthrough curves were used to determine the time it toek the up
gradient advecte frons of the plumego migrate back to the injection wellTheconcentration
curveshave a Gaussian distributitikely caused byydrodynamiaisperson. Thereforeit was
assumedhat the advective front of@umewas defined by the poiwherethe relative
concentration ofhe conservative tracaras 0.5. These points areillustrated ornFigure 413. It
took 314 days fornatural groundwater flow in the shallow portion of the WCSC to force the up
gradient advective front of th@eliminaryinjectate plume back to injection well ST#H-158

SS. In thedeeper portion of the aquifel6.0 dayswere needetbr groundwateflow to drive

the upgradient advective front of the preliminanyectate plume back to injection well STF-
159SS. By dividirg the radii of the plumes by thetsmes, groundwater velocities of 2.6 and
5.3 cm/day were calculated for the shallow and deeper portions of the WCSC, respetheely.
velocities calculated from the PA water injections were significantly higher. \ldinger

volumes were injected at both depths, it toold8thys for the uggradient advective front of the
shallow PA injectate plume to migrate back to S0IP158SS and 16.4 days for the-gpadient
advective front of the deep PA injectate plume to m@batck to STR7-159-SS. Dividing the
radii of the PA plumes by tketimesyielded groundwater velocities of 4.7 and 10.3 cm/day for

the shallow and deeper pantis of the WGSC, respectively.

From the groundwater elevation dafalple 21 and Figures-4b, 48b, and 49b), theincrease
in velocityfrom June through July and Augweas likely the result oincreased hydraulic
gradientscaused byechargeor pressurization of the aquifewWater levelsncreasedrom the
beginning of June (the time of tpeeliminary injections) through miduly and earlyAugust

(the ime of the PA water injectiofs If the increase elevations werom recharge to the
WCSC, the recharge presumabbycurred through windows or thinned portions of the glacial
till. As a @nsequence ofe nonuniform distribution of infiltrationtherechargeshould have
increasd gradientdrom the recharge areas to tiest of the aquifeandin turn diove up
groundwater velocitiesIf the increase in groundwater elevations was reletgutessurization of

the aquiferasthe STHfilled, the highest pressures should have been exerted on the aquifer
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materials below the pondTlhe discharge of tailings to the STP would then increase the
pressure/hydraulic gradients from the area of higldraulic pressure (beneath the STP) to
areas of lower hydrauligressure (away from the STHEJjving an increase in groundwater

velocity.

4.3.1 Calculation of Longitudinal Dispersivity

Groundwater modeling will play a central role as research at theH®&dlves. Often, in
groundwatermodel$ ongi t udi nal di sper si viandisadjgstebsed as
meet monotonity conditions This isoftennecessarpecausef difficultiesin quantifying an

aqui f er 6 ssothattsrpecallissiarevraely availabldJsing simplifying assumptions,

the longitudinal dispersivity of the WCSC was calculated based on the conservative tracer
breakthrough curves frothe injection wekl. This work should supply well constrained values
oftheaquie r 6 s | ongi t uahitha Atb 10dneter pcale of thege inMjegtion experiments

such that other parameters that are more difficult tstcan can be altered to fit observed

conditions.

The longitudinal hydrodynamic dispersion coefficienf) or solute in a given porous medium

is defined by the equation:
D= -\U+ Dy ©)]

Wh e rdenotés longitudinal dispersivity, v is groundwater velocity, antepresents the

effective molecular diffusion coeffient of the soluteSudicky et al. (1983) state it is acceptable

to ignore the effective molecular difios coefficient if the diffusive spreading of the solute is
significantly less than the spreading driv@nmechanical dispersion. Mechanical dispersion

will overwhelm molecular diffusion in settings with high groundwater velocities. As discussed
in theprevious sectiorthe groundwater velocity through the WC&€driven by natural

gradientss slow (210 cmday) However, the plumes were introduced to the WCSC through
high velocity injections where the injectate would have moved through the aqudersaof 9.5

to 12.4 m/day on average. Therefore, dispersion during injection should have been the primary
force distributing solute into the aquifer and the main control on the conservative solute

breakthrough curvesThis assumption will be discusseddreater detail later in this sectioAt
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these high rates of injection, molecular diffusion will have littfuence on the overall

hydrodynamic dispersigrso equatior3 simplifies to:
D| = |'\D (4)

Following the time period in which relatively undiluted injectate flowed back to the injection
wells, the concentratiopatterrs of the tracers the dispersive fronts of the injeagtiumes
took on a Gaussian form-rom Sudicky et al. @83),the Gaussia curve can be used to

calculate théongitudnal hydrodynamic dispersidoy:
n il
D = BTy ®)

whernies lone standard deviation beneath the Gausc
frontsas illustrated irFigure 414 and t refers to thiength oftime theinjectate flowed through
theaquiferto cause the dispersioin this instance, t equals the total duratiomhafinjectiors.

The area of 68% of the dispersive front (equivalent to one standard dewe®ojculated and

projected onto theelative concentratioplots to determine the time required for a single

standard deviation to migrate past the injection wells. At@#P58-SS one standard

deviation migrated past the injection well in 12.3 dayt®wing the preliminary injection and

22.4 days following the PA water injection.t 8TP-07-159-SS it took 13.@ays for one

standard deviatioof the preliminary injectat® flow past the injection wednd12.8 daydor

the PA water injectateThesetime values were multiplied by thgroundwater velocit

(calculated in Section 4.3)todetermme | engt h of eaclk. Valteaatedar d dev
provided orFigure 414. Tandkt vafues werthenplugged into equatiob to calculate the

longitudinal hydrodynamic dispersion coefficiefD|) from each injection These valuesre

listed n Table 42.

Equation 4states that the magnitude of hydrodynamic dispersion will be a function of the
aquiferodés longitudinal di s prerthase expehents,thend t he ¢
highestgroundwater velocities were attained during the tpecphase and as such, the

magnitudeof the hydrodynamic dispersion coefficient shoulgpbearily a function ofthe

injection velocities, not the natural groundwdtew. Becausenjection velocities were 2 orders

of magnitude greater thagroundwatewelocites the longitudinal hydrodynamic dispersion
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resulting from natural flow through the aquifer would be 2 orders of magnitude less than the
longitudinal hydrodynamic dispersion from the injectioifierebre, hydrodynamic dispersion
from the naturbflow of the injectate through the aquifgostinjection wouldhave little if any
impact on the shape of tikenservative tracdsreakthrough curvesstablished during injection.

As such by rearranging Equation tgngitudinal dispersivity, which is property of the aquifér s
heterogeneities, can be calculated by dividing the hydrodynamic dispersion coefficient by the

velocity at which the injectate travelled through the aquifer during the injections.

Injectate elocities obviouslyaried based odistance travelledrom the injection well, with the
highest velocities at theell screerand the lowest velocities #ie plume front. For ease of
calculation, an average injectate velocity was computed by dividing the distance the advective
front of theinjectate travelled from the well (based on the previously presented conceptual
model) by the time it took to complete the injectiofifiese velocities and the longitudinal
dispersivities calculated from these values are presentabie 42.

This sdution of longitudinal dispersivity is based on the assumption that the concentration
profiles were created by mechanical dispersive forces during the injections and that natural
groundwater flow is too slow relative to the injection velocities to cagséfisant alteration of
the initial concentration profil@ver theduration of the monitoring These assumptions were
validated with the use of a ogmensionabnalyticalmodeldeveloped by Neville (2001) that
solves the advectiedispersion equation toutput solute concentration profile$he model was
set up tadetermingheshape of theoncentration profilgimmediately after the injectien
Modelinputsare listed inTable 43. Molecular diffusion and first order decay coefficients were
set to 2ro and the retdation factor was set att@ eliminate thenfluenceof these parameters
on the solute distributionFigure 415 shows a comparison of the modellethd observed
concentration profile For the observed datime wasmultiplied bygrourdwater velociy to
convert the xaxisto lengthunits The similarty of the profiles validates the dispersivity values
calculated with the methods above, demonstthggsthe concentration profile is established by
the injection procesandillustratesthat groundwater transport of the injectate back to the well
does little to alter thanitial distribution of the soluteFurther the conversion of thebserved

time unitsvia the estimated groundwater velocities to yield lenttas match th&-axis d the
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modelled dat@rovides additional suppatttat the assumptions made in calculating the

groundwater velocities were correct.

The increase in longitudinal dispersivity from the preliminary to PA water injections is
consistentith the obserations of Sudicky et al. (1983) that longitudid@persivity is scale
dependent. Bpersivity increass with distance travelldaecause oihcreased interaction with
aquifer heterogeneitieBecause the volumes of the PA water injections were gritaterthe
preliminary injectionsthe injectate plumes traveled greater lengths through the aquifer,
increasing the longitudinal dispersivitieSignificantly, the results of this study indicate that
injection velocity does not influence the magnitudeheflongitudinal dispersivity. At STB7-
158 SS, the velocity of the PA water injection was twice that of the preliminary injection and the
longitudinal dispersivity was more than six times greater. Converselgyénagevelocity of

the preliminary injetion at STRO7-159-SSwas nearly twice that of the PA water injectimut

the longitudinal dispersivitgalculated from the higher velocity preliminary injection data was

roughly half that of the lower velocity PA water injection

The longitudinal dispsivities determined from these injections (@61 m) are similar to

those observed by Sudicky et al. (1983) (60008 m) and Freyberg (1986) (0.36 duying

natural gradient tracer experimeatshe Borden aquifer. Grain size distribution of the
sedments tested at Borden was similar te WCSC. For the Borden aquifeEreyberg (1986)
projected the asymptotic value of longitudinal drspety was0.49 m. This value wagxceeded

in the deeper portion of the aquifer during the PA water injectibmay be coincidental that the
dispersivities from this project were so similar to those observed at Borden. The injections share
similarities with forceeadvection experiments that have found significantly higher longitudinal
dispersivity values (1-05.0 m) than natural gradient tracer experimgAtsderson, 1979) For
future injections, it would be infarative to increase thajectionvolumeto determine the
asymptotic value of longitudal dispersivity This would provide insight as to whether thes

injectionsyield resultscloserto natural gadient tracer experiments f@rcedadvection tests.
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4.4 Evaluation of Flow Direction and Hydraulic Gradients
4.4.1 Groundwater Flow Direction

As discussed in Section 3.1KCB determined regional flow in the WCSCfiem the Southeast
to Northwest In contrast, groundwater elevations measaréd t h es inje&i#n$ Wwells and
monitoring well STRP04-40-SSon March 10, May 26, June 2 and June 3, 2)@8\ed local

flow at the ISATF was to the sousiouthwes{Figures4-171 4-19). Because flow othe scale
of meters (the ISATF site scale) often dewsdtem regionalflow, the downrgradient monitoring

well ness were positioned sousouthwest of the injection wells

Based on tis groundwater elevation datdethydraulic gradientacross the siteras 0.03 m/non
March 10 On May 26, June 2, and Juné¢h® gradientvas significantly smalleat 0.004 m/m.
Because t he lativetyfas megsurandentecartaintycosild significany impact
calculation 6 the gradient and dermination of flow direction. Measurement of groundwater
level with a deptkto-water DTW) meter could introduce uncertairdf/+/- 1 cm. With an
additional +f 1 cmuncertaintyfrom surveying the well casings, the total error asged with
determining groondwater elevation at each well svel- 2 cm By varyingthegroundwater
elevationgmeasured at tlse3 wellson June 3, 200By +/- 2 cm it is possible to generate a
maximum hydraulic gradient of 0.006 m/m or a minimum grad®0t003 m/m. More
significantly, by changinglevations +/2 cm, it is possible to shift the flow direction between a
bearing of 18° and 20°. Overall, the flat gradient at the sé&acerbates the impact of

uncertainty in measurements andkes it &remely difficult to determine flowdirection

The PA water injectionprovedthe initial interpretation of h e | 3dWwTdiFettisn was
incorrect. Arival of the coreof the PA water plumeasnot observed ahe STP08-158A well
cluster Injectae may have reachetie STR08-159A well clusterand his evidence wilbe
discussed in Section 4.Fortunately, thevell ness providedadditional data points with which
to evaluategroundwater flow directiorsuppying furtherinsight as to why injecta may have
arrived at STRO8-159A, but not STR8 158A. Figures 420through 426 showgroundwater
contous from elevationsneasured at variousnes between July 2008 and June 2000
simplify contouring, he groundwater elevations from the 3 wellgeath nest were averaged to
provide a single data point for the well clusters. Using any single elevation framelthreess

would not have significantly altered the layout of the contokrem these figures, it appears
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there is a groundwater ridge divide that strikes from the southwest to northéastigh the site
with the tg of the divide runninghroughwell nestSTR08-158A and injection well STR7-
159-SS. Northwest of the divide flow is to the northwest. Sasthef the divide flow is to t
southwest.This flow regimewould explainthe evidence of injectate arrivat STR08-159A and
the absence of injectate detectairSTR08-158A.

Because the wellare screened different depthsn the WCSCthe possibility of different flow
systemsand subsequently flow directioras a function of deptvas examined. It was

considered possible thiaterbeds of siltlay identified during the installations wkll ness

STR08-158A and STRO8-159A were laterally extensive and functioned as arfista

hydraulically disconnecting the portion of WCSC screened by thes@éB8s wells from WCSC
screened by the 158ries wells.If this were the case, groundwater flow direction could
certainly vary with depth, ogdranlgbradess i ng t he
However, there are several lines of evidence that would suggest this is not the case. First, the
silt/clay lenses identified during drilling were genbréess than 10 crandtheir lateral

continuity could not be definitely determohe Additionally, the similarity of the groundwater
elevations between the various wells suggested vertical gradients were minimal and pressure was
transmitted uniformly through the entireugiggr. The strongest evidenti®at the deep injection

interval was not isolated from the shallow injection depth wasitmdar responsef all ISATF

wellsto an injection stressor. On August 9, 2008, Foundex completed installation of a
depressurization well located roughly 100 m northeast of the ISATF. In finigterigprehole,

Foundex flushed a significant volume of water (the volume was not specified)dde/from
approximately 14:30 to 17: 00fdepth T Tdspondeadettisl 6 s a't
injection stressor, with elevations abruptly increg$sr10 cm around 16:00~(gure 427). This

response was demonstrative of a strong hydraulic connection across the length of WCSC aquifer

screened by these wells

4.4.2 Vertical Hydraulic Gradient and Flow Direction

Installation of multilevel groundvater monitoringvell ness provided an opportunity to closely
examine the vertical hydraulic gradient at the sitéater levelsat STR-08-158A3responded
slowly tothe removal or réntroduction of the CTD Diver andepthto-water meter, presumably

becaus of the damage sustained during installati@ecauseyroundwater elevations measured
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atthat well were noas precisethe data waexcluded from the evaluation tife vertical
gradient in the ST8-158A well nest Any inaccuracy irgroundwater elevain measuements

would be especiallproblematic in this instare where the vertical gradisweresmall.

Groundwater kevationsmeasured b{pTW meterandused in this evaluation are provided in
Table 21. Groundwater elevations within the wellistersshowed vertical flow was dowrard
At STP-08-158A, m average, the groundwater elevation in the shallow(8&IP-08-158A1)
was2 cm greater than the intermediate well (S¥8P158A2) for a downwargradient of 0.011
m/m. Figure 428adepicts thegroundwater elevations recorded by the CTD Divers at@FP
158A1 and STH8-158A2. This figure highlights the similarity of elevatismt thewvells and

the identical trendsver the course of nearly a yadmonitoring

In the STRO8-159A well clusterthe groundwater elevation in the shallow well (SI&P159A1)
was approximately 1 cm greater than the deep well {S88FF59A3), for a downward vertical
gradient of 0.003 m/mThe elevations at STE8-159A1 and STH8-159A2 were within 16

mm andthe elewation atone well was not typically lgher than the otherAs suchthe elevations
wereconsiderecequal. Figure 428b depicts the groundwater elevations recorded by the CTD
Divers atSTR-08-159A well cluster Unfortunately, the Divers deployed at SU&159A2 and
STR08-159A3 begn to malfunction inhe Fall 2008, so the data sets ar¢ a® extensive as
those forSTR08-158A. Nonetheless, the figure shows elevations were similar for each of the
wells in the cluster and the overall trends were idehficahe time period monitored.

It would be inappropriate to draw definitive conclusions about the vertical gradient from any of
these measurements as inaccuraciesa€h in surveying the monitoring wells and measuring
water levels should be antictea. Overall, the groundwater elevations indicate that the lateral

and vertical gradients in the WCSC are very small and difficult to definitively discern.

The CTD Divers were extremely useful for recording ddtanes when it was not practical or
possble to make measaments by handDue to the frequency at which the Divers recorded
data, hereadings provideginsight into elevation trends over the course of a year that could not
be attained from hand recorded measurements. Howbeatata colleetd by the Divers was

not used to draw further conclusions about vertical or lateral hydraulic gradients at the site.

Levels recorded by the Divers were converted to elevations based on initial elevation
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measurements made with a DTW meter. Because tregileployed in the well clusters were
suspended in the wells with strings, consistent redeployment could expéetedafter data
downloads because of knotting, twisting and/or stretching of the string. As such, deployment
and redeployment of the Diveeadded additional error to the measuremsathat it would be

inappropriate to draw conclusions about hydraulic gradients with the data

4.5 Hydraulic Conductivity
Sedimentydraulic conductivitiegK) from the STP08-158A and STHO8-159A soil core

samples determinedy falling head permeametare listed inTables 44 and 45. A hydraulic
conductivity/depth profile is presentedfigure 429. The fine to medium sartiat dominated
the profile hada hydraulic conductivig near 1.0x184 m/s, while the #ficlay interbeds had K
values of 1x1Gto 2x108m/s. These values amgithin the range of hydraulic conductivities
expected for the grain size distributions obsel\l@deze and Cherrt979) The permeameter
results are consistent with observatioredewhile logginglithology thatthe Wood Creek Sand
Channels arelativelyhomogeneous fine to medium sandh trace to little silthat is

interrupted bysilt/clay seams The incease in hydraulic conductivityear the base of the profile

is alsoin-line with observations of increased occurrence of coarse sand and gravel with depth.

A low permeabilityseam with a hydraulic conductivity less than 1.00kf0s was observed
between 349 and 350 m amsl at both soil boring locations, suggestisgahisetends laterally
at leas25 metes (thedistance betweeteboringy. Conversely, a low permeability seam was
observed at 351 m amsl at boring ST&®158A that was not evident from the core materials
collected at ST®8-159A. Based on these resultsgefinitive conclusion as to the lateral

continuity of the low permeability seams is not possible.

Injection wells STRD7-158SS and STW7-159SS were slug testdny Klohn Crippen Berger
KCB completed three falling head and three rising head séig @& each well. The results are
provided inTable 46 and the geometric mean of thevidlues from the tesare plotted on
Figure 429 at the elevation of the migoint of thewell screes. The gometric meamwas used
in averaging the values from thie gests to minimize the influence of data outliePsedictably,
the K-values produced fronié slug tests wert@gher than thosealculated with th falling head

permeameter This is due téhe scale dependence ofa a function of the volume of aqeiif
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material tested. Slug tests consistently yield higher hydraulic conductivities than permeameter
tests becaugbeyforce water through greater volme of aquifer materialncreasng the

likelihood of encountang preferential flow paths (Carrera, Z3Nieman and Rovey, 2009;
SchulzeMakuch et al., 1999)As such, the Kvaluescalculated fronthe falling head

permeameter are not representative of theaklies at the field scale of the injection experiments.
The usefulness of the permeameter dataitighe ability to test hydraulic conductivity across
small intervals (<1 m) and develop a detailed depth vs. K profile that shovedatiee

variability of hydraulic conductivity with depth.

4.6 Investigation of Naphthenic Acid Natural Attenuation
4.6.1 Total Naphthenic Acid Concentration Trends

Total naphthenic acid concentrations for the PA water injection samples andjgctsbn
groundwater samples are providedable 47. Figure 430 compareselative concentrations of
DOC andtotal NAs to the bloride conservative traceA full summary ofthe watersample

analyses is provided ihables 410 through 442.

Thestrongoverallagreement betwedwA and chloride concerdtion trendsn Figure 430

suggests NAsvereconservative in the WCSW®ith dispersivadilution causng the majorityof

the reduction in NA concentration¥he data from ST®7-158 SSdoes however provide some
evidence that mrobes in the WCS@ayhavea limited ability to breakdown the more complex
structures of naphthenic asid As with acetate, the evidence of NA reaction is from samples
collected shortly after injection. Also consistent with the observations from the preliminary
injections, the later time dasdows no evidence of removal of dissolved organsigygesting

nutrient, electron acceptor, and/or substrate availability prevented perpetuation of the reactions.

Between July 23 and August 27, 20@80 41 days after the injectiothe relative
concentration$C/C,) of NAs observed at STB7-158 SSdeviatedbelowthechlorde
breakthrouglturveindicatingpotentialNA mass removal via adsorption or degradafiéigure
4-308). The NA concentrations for the sampteslected over this time perid@TP07158
GW15- STP07158GW19)weredivided by the chloride C/Go correct for dilutian such that
any changes ivaluescduldonky lweframradsarptien dralegradatiohe
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dilution corrected concentratiodgclinedfrom 49.4 mg/L to 38.3 mg/R0 days after the

injectionandstabilizzd near thatevelfor an alditional 20 day¢Table 48 andFigure 431).

Consideration of the uncertainty of data presentddguares 430 and 431 brings into question
whether tlese declines in NA concentration weregom NA mass removal aweresimply an

artefact of analyticalincertainty. The standard deviation of replicate samples for the FTIR
analytical method used to quantify NA concentrations wa8.5/mg/L. That uncertainty wa
compoundedavhen the NA concentration of easAmplewasdivided by the Co concentration

andi t+) 8.5 mg/L uncertainty. Bevington and Robinson (1983)e that when multiplying

two values with uncertainties, the total uncertainty for the product of the multiplication is the
square root of the sum of thguares of each uncertaint{ror exarple, if multiplying Sample A

with an uncertainty of x by Sample B with and uncertainty of y, the equation for total uncertainty

would be as follows:
Total Uncertainty = (x+ y?)/? (6)

While Bevington and Robinson (199&)plythis analysido the multiplication of values, the
principle should apply to division as well. As such, by dividing a given NA concentraiich
hasan uncertainty o#/-3.5 mg/Lby the Co concentratiowhich also hasan uncertainty of

+/-3.5 mg/L, atotal uncerainty of +£5 mg/L is introduced to the analysiBor the dilution
corrected naphthenic acid concentratighs,uncertainty associated with the naphthenic acid
concentration wsfurthercompounded by dividing that value by the quotient of two other
uncetain concentrations, chloride Ca. Given these complications, naphthenic acid signature
analysis with HPLC/HRMS will be needed to verify whether NA degradation occurred post
injection to reduce NA concentrations or if the apparent decline in NA C/Qupsysa

consequence of uncertainty.

With thelimited number of data points and the uncertainty associated with the analytical
methodsgdefinitive conclusions aboatppareniNA utilization rates are not possibl€rom the
dilution correctedlata, m average0.4mg/L/day of naphthenic acids were removed from
solutionfrom the end of the injectioon July 17until August 21 roughly 35 days laterA

greater NA mass loss would be needed to be confident that the observed trends were truly a

comsequence of NA utilization.
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If the observed deviation of the NA trends from the chloride conservative tracer were in fact
from degradation, the results of previous investigations and the observed trends in dissolved
chemistry indicatenicrobial oxidationas the most likelycause othe apparenmass loss.

Gervais (20043lid not observe measuralgartitioningof NAs to soilsat various field sitewith
similar conditionsso it is unlikely that sorption wasgnificant Dissolved iron and manganese
coneentrations gradually increased following the PA water injectibiggure 437) indicating

Fe(lll) and Mn(IV)from oxide andoxyhydroxidemineral coatingonthe aquifer solidsvere
reductively dissolved to release Fe(ll) and Mn(ll) to solutibissolvedorganics from the
injectate were the most likehgductants anddzause naphthenic acids were the primary
dissolved organic component in the injectate, it stands to reason tltipifiad as electron

donors

Previous studies demonstrate the importanceiofobes in facilitating oxidation under
manganese and iron reducing conditiohevely et al. (1991) investigated enzymatic and
nonenzymatic mechanisms for Fe(lll) reductamupled to the oxidation aleveral different
organic substrates and found thatircumneutral pH typical of aquifers, microbes
enzymatically catalyze the reduction of the majority of Feifhl oxidizing organics Mostof the
organic compounds studied were unable to reduce Fe(lll) nonenzymadiwadltyr those that
could,the anounts reduced were smaller, the rate and extent of reduction was less than that
observed for the enzymatic pathways, and often conditions not typical of an éepgjféow pH)
were requiredor the reaction The authors concluded that most Fe(lll) retuncin aquatic

sediments coupled to the oxidation of organic matter is from enzymatically catalyzed reactions.

Deng and Stumm (1993) idenaifl abiotic mechanisms for the reduction of Fe(lll)
oxyhydmoxideswith concomitant oxidation dulvic acid. Howeer, their study examined Fe(lIl)
reduction at the oxic/anoxic boundary and found that Fe@khhydroxides functioned as

el ettanafer mediatorso in the oxhnolasthe on of
terminal electron acceptors. The alseof dissolved oxygen in the WCSC would prevent this
reaction from occurring. Further, they found aged fulvic acid had significantly less reducing
power than freshly prepared fulvic acid, likely due to gradual oxidation of the easily oxidized
functionalgroups. Naphthenic acids from the STP PA wassetbeen aged ovarillions of

years andhave limited reducing powerSo, @en if enough DO for reaction wagroduced
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duringinjection,the likelihood ofabiotic oxidation of the naphthenic acgems olikely

because of their minimal reducing power.

Albrechtsen and Christensen (1994) studied sediments from a landfill leachate polluted aquifer
and found significanbxidation of organiceccuredin conjunction withiron reduction in

medium with activédbaderia Reaction wasimited when the medium was treated with
formaldehyde, chloroform or pasteurizatiorkill the bacteria.Baedecker et al. (1993) observed
degradation of benzene and toluene in microbially active microcosms under Mn(1V) and Fe(lIl)
reducing conditions, but saw no reaction in sterilized conti®@tbers have attributed the

presence of large irereducing zones igroundwater systems atahdfill leachate plumes to
microbial oxidation of organic matter in the leachate with Fe(Ihcfioning as the terminal

electron acceptofChapelle and Lovely, 1992yngkilde and Christensen, 1992; Lyngkilde et

al., 1992; Rugge et al., 1995)

In summary, the increasing dissolved iromd ananganese trends demonsttaggluctive
dissolution of F@ll) and/or Mn(IV) occurred post injectionThe results oprevious
investigations show that the oxidationasfjanic mattecoupled to the reduction of Fe(lll) and
Mn(IV) is generallyenzymatic. Therefore, if NAs were removed from the PA water ingictat

the WCSC biodegradation was the most ligalause of the NA mass removal

Nitrate mayhaveplayeda role as an electron accepif the NAs did in fact undergmicrobial
oxidation The potential importance of nitrate for the degradation of NAgislighted in
Figure 432, which shows dilution corrected naphthenic acid concentrations dielmen
nitratewas present and stabilideonce nitrate wano longer availableNitrate was not identified
above laboratry detection limits in théackgroun groundwater samplesllected before
injectionbutwas presenn the injectate at concentrations of 0.8.6 mg/L (Table 49).
Therefore, if nitrate waneeded aanelectron acceptdor biodegradation of naphthenic acids,
the aquifer itself could naupplyit. Once the nitate supply from the injectate waxhausted,
the reaction auld not proceed. Dispersion during injection wobkl/ediluted the nitrate
concentrations at the outer portion of the injectaienps, such that nitrateaynot havebeen
available at the levels requiréal the metabolic reactiorns biodegraé the NAs. This would
explain why the later time chloride and naphthenic acid concentration trends plot on essentially

the same curveWhile this evidence indicates nitrate nagy a role in the degradation of NAs,
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the dissolved iron and manganese trestidlsshowan apparent mobilization &n(11) andFe(ll)
following the injectiongFigure 437a). This suggests, Mn(lIV) and Fe(lll) still functioned as
electron acceptoif®r the oxidation of dissolved organics in the injectate

Similar NA concentration trends were not apparent following the PA water injection @@%5TP
159 SS. Figure 430b shows a immediatedeviation between NA and chloride concentrations
14 hours after thinjection was completed. Thereafter, concentration trends indicate NAs
behave conservatively With only onedatapoint showing evidence oéaction,t would be
tenuous to use this data to conclude NA degradation occurred in the deep portion oif¢he aq
or to hypothesize mechanisms of that mass lbgsrestingly, it appears that nitrate in the PA
injectate was rapidly utilized in the deeper portion of the aquifer, and similar to the shallow
injection,its absence may have been inhibitory to phapagation of NAdegradatiomeaction(s)
The PA injectate at SFB7-159-SS had 0.4.5 mg/Lof nitrate. Nitratevas not detected in
sample STP0715&W35, the groundwater sample collected roughly 14 hours after injection
(Table 49). Sq, the short timegaime immediately after the injection during which naphthenic
acid concentration trends deviated from the conservative tracer coincided with the period when

nitrate was still available for reaction from the injectate.

Overall, the evidence of NA utilizian from the total NA concentration trends is limited at both

depths. Othelines of evidence aneeeded to showhetherNA degradation occurred.

4.6.2 Naphthenic Acid Signature Analysisi Gas Chromatographyi Electron Impact
Mass Spectrometry

Naphthenicacids are complex mixtures of alkstibstituted acyclic and cycloaliphatic carboxylic
acids whose isomer composition varies depending on solitis complicatethe
characterizatioof samples St. John et al. (1998) developed a method by which gas
chromatography electron impact mass spectrometrytet-butyldimethylsilyl deivatives of

NAs can be used to determiredative percentages of isomer classean NA sample The

isomer classes adefined bycarbon number (n) and dyzation (z) Holowenko et al. (2002)
used these methods to analyiaphthenic acids fromifferentsourceslisting the relative
proportion ofthe isomersn matrices andgraphng the outputs on thregimensional plot$or

greater ease of comparisoAn examplenatrix and hreedimensional plots provided inFigure

4-33. From these plots, theybserved changes the relativeproportiono f NA ficl ust er s o

52



(groups of NA isomer classdsvided based on carbon numpassamplesaged Specifically,
theyrepored an increase itlhe relative proportion of NAs in the C22+ cluster (NAs witho22
more carbon atomsa shift accompanied by a decrease in toxicitthefwater. They
hypothesized the increase of the C22+ cluster was a consequence of microbes hnglsgsad
wi t h &5 lower molecular weight NAs were degradeer time the relative
proportion of the C22+ cluster incredserhis led the authors to conclude that higher carbon
number NAs were more recalcitrant to biodegradation. Additionadlsause theoxicity
decreased with aging and the apparent removal o€éwton numbeNAs, they concluded that

low molecular weight NA contributed more to thixicity of PA waterthanheavier NAs.

Clemente et al. (2003) developed a statistical apprtmaetermine if the signatures of
naphthenic acids from different soureesre significantly different For a given sample they
calculated the relative proportion of NAs in three different carbon number grbifswith 5
13 carbons were placed in Giod; 14-21 carbonNAs were placed in Group 2ndtheC22+
cluster(C22 to C33)was congilered Group 3They divided the relative proportiori each
isomer clasd®y 100 and took the arcsine of that quotient for variance stabilizafioa.arcsie-
transfomed data for Groups 1, 2, aBabf one sample were compared to the aresmesformed
datafor Groups 1,2, an8 of a secondampleusing a twesample ttest. If the P value of a
group from the-testcomparisorof two samples was <0.05, the group, antlurn, the samples

were considered statistically differerfigures 4-34 and 435 areexample ttest matrices

Using the {test method described aboervais (2004) found that adsorption did not cause
statistically significant changes in NA signeg Therefore, if a change in NA signature for

samples collected from the same source at different times was observed, the change in signature
could be attributed singularly to degradatio8hethenused thd-test method to verify whether

NA mixtureshad undergone biotransformatsounder various aerobic and anaerobic conditions.

Usingahigh performance liquid chromatography/high resolution mass spectrometry
(HPLC/HRMS) analytical method to analyze naphthenic a@dsarchers have sinceeteninel
the foundation of the abowsnclusions is incorre¢Bataineh et al., 2006; Han et al., 2008).
They found lowresolution GEMS techniques misclassified NAs, incorrectly assigning
compounds to either low or high carbon number NA isomer groups. FanaestHan et al.
(2008) foundGC/MS misclassified hydroxylated: £ C;5, and Gg NAs with Z=4 as Gy, Cyg,
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and G4 NAs with Z=0. Significantly, hydroxylated NAs are likelpy-products of
biodegradation of NAsTherefore, the shift to higher carbon nwerdwith aging was actually
the result of misclassification of degraded NAs, not from recalcitrance of the higher carbon
number compoundsAdditional research has foumgiclization (z number), the arrangement of
the functional groups on the ring structigtereoisomerismjand the amount of branching on
the alkyl and/or the carboxyl functional grougpethe primary factors contratig NA
biodegradation, whilearbon numbehas little if any influence on the degradability of an NA
(Bataineh et al., 2006jan et al., 2008; Smitét al., 2008)

Although low resolution GEMS will misclassifycertain isomer classethe ttest statistical
analysis of low resolution G®S data is still useful in evaluating whether two samples are
statistically diffeent. So long as the same technique is tsathalyzebothsamplesthe
techniqueshouldmisidentifyimisclassify NAsconsistently A statistically significantdifference
in thelow resolution GEMS signatureof sample from the same source wtthenshow
evolution of the NAsalthoughthe danges should not be used to speculate omé&odanisms

of degradation or structural featutamsiting/preventing degradation.

For this project, my sample with a total naphthenic acid concentration above th& Riethod
detection limit was also analyzed with gas chromatograpigctron impact mass spectrometry

at University of Waterloo to determine the NA signature. The signature for each groundwater
sample (designated by GW in the sample I.D.) was compatedite i nj ect ate sampl
(designated by 1J in the sample 1.D.) signature using tfiest method.Two groundwater

samples were found to be statistically significantly different from the initial signature of the
injectate. The relative proportion of theZ32cluster of sampl&TP07158GW16 wagyreater

than injectate sample STP071B83. Similarly, the relative proportion of the C22+ cluster of
groundwater sampl8TP07159GW36 waggreater than that of the injectate sample STP07159
IJ11. Theet-test resuk are presented Kigures 434 and 435. The shift in the C22+ cluster is
similar to the observations of Holowenko et al. (2002) where aged samples had a higher relative
proportion of the C22+ cluster.

Samples STP07158W16 and STPO7BBGW36 were thesecond groundwater samples
collected after the injecti@n It is logical that they would show evidence of a change in signature

when thefirst groundwater samples dnbt becauséheinjectatehad more time to react in the
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aquifer (STPO715&W16 was colleted approximately 1 week after the shallow injection and
STP0719-GW36 was collectedbughly 2 weeks after the deep injectiohfie absence of

similar shifsin the relative proportion of the C22+ clustetatersampless difficult to explain
Given te fact that the later samples represent injedtat was in the aquifer for eviemger

periods of time, NAs in theesampla should be equivalently or more degraded thamples
STP07158GW16 and STPO7BBGW36. The absence of a similar change in NArsaturefor

the later samples can be explained in two ways. Either degradation of NAs was not spatially
uniform throughout the volume of the aquifer or the change in signature for STPGY158

and STP07159%W36 is not actually from a degradation reactidnset of samples were

selected and have been shipped to University of Alberta to be analyzed with HPLC/HRMS with
the hope that this scan can clarify whether significant reaction is occurring within the WCSC to
degrade naphthenic acids.

As mentioned abovelissolved maganese and iron concentratiggriadually increased

following the injectionsEigure 437), and continued to increase until the end of the monitoring
periodat both injection depthsThis suggestMn(lV) and Fe(lll) mnherals from the aquifer
solidsunderwenteductive dissolutioto releag Mn(ll) and Fe(ll) to solution With the limited
evidence of NA degradation, a question surfaces as to what functioned as the electron donor in
theseredox reactionsQiffer (2006)observed reduction of Mn(IV) and Fe(lll) a shallow
groundwater plume emanati ng Withaundemtifyiegamf Synecr
electron donor capable of driving the reductiéigure 430 shows evidence of mass
removal/reaction of NAs andOC shortly after injection at STE7-158-SS, but not at later

times and there is little evideroof any reaction of DOC or NAB the deep injection interval
(STR07-159SS). If NAs and/or the DOC functioned as the electron dortbesteactions must

have occurred without changing their total concentrations. This could occuMiffén the
injectateunderwent partial biotransformation that supplielectrons for the reductive

dissolution of Mn(1V) and Fe(lll) mineralsBecause the biotransformatiavould have been
incomplete it would not manifest as a change in total DOC or NA concentrations. More
specifically, the NAgould havaundergme b-oxidation, cleaving the carboxyl functional group
from the cycloalkanandleaving behind the recalcitranng structure with the alkyl functional
group still attachedTransformationgn signature from this type of reaction may not have been

apparent with the analytical techniques applied at the University of WatétPbC/HRMS
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analysis should aid in canfnation of these hypotheselinfortunately, results of the

HPLC/HRMS sample analysis were not ready in time for inclusion in this document.

4.6.3 BTEX Compounds as Potential Electron Donors

With limited evidence of naphthenic a@didationto drivedissimilabry Mn(IV) and Fe(lll)

reduction other dissolved organics in the injectate must be considered as p@tiectian

donors Benzene, toluene, ethylbenzene, pxyfenes, and -xylene were present in the PA

water injectateeleased at STB7-158SS and STR7-159-SS, butat concentrationkess than

25 ¢ Tpblead-17 and4-20). At STP-07-158-SS,concentrations of benzene, ethylbenzene

and xylenes dropped below or near laboratory detection limitee first groundwater sample

collected postnjection (STP0715&W15)and remained at those levéts the remainder of the

monitoring periodTable 423). Toluene, which was ported at concentrationsof 88nd 7 e g/ L
in injectate samples STP07188M2 and STP0715803,respectively, was detected && g / L

in the firstgroundwatesampleandthendopped to | evels between 3 a
duration of postnjection monitoring The injectate sample (STP071E®4) from the final

1,000litres injectedwas not analyzed for BTEX, so it is possible toluene was released into the
aquiferataconcentat i on near 72. 9 ¢&Hgweler, éach oftthe 8, 1,000 n a | i nj
injections camdrom the same vacuum truck load it seems unlikely that the dissolved

concentrations of BTEX would be that different. More likely, tifleeneconcentratiorior
STP07158GW15is erroneously elevated due to analytizatertaintyor sampling error.

Because the majority of BEX mass vasenfrom the STR-07-158 SSplumewhenthefirst
groundwater samphlas collectedthe removal of these compounds cannot didently

attributed to reaction within the aquifeGiven the method of injection, the water veastainly
agitatedduring injectionsuch thamuch of the BEX mass could have volatliz Toluene,
howeverdid persist in thplume, and provides a measevaluate utilization ofrearomatic
hydrocarborwithin the WCSC at the shallow injection deptbmitting sample STP07158

GW15, relative concentrations of chloride and tolueap®rted at ST®7-158SS following the

PA water injection are plotted dfigure 436a. By July 23, the reltive concentration of toluene
deviated well below chloride levels, suggesting mass removal. As with BEX, volatilization
during injection could certainly account for much of the mass lost. However, by August 21, the

relative concentration of toluene was greater than chloride and remained so for the duration of
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postinjection monitoring. This suggests that initially, toluene sorbed to the aquifer solids,
reducing its dissolved concentration relative to the chloride conservedcer. As théilute

outer portions of the injectate plume migrated back through(BTE8-SS, desorption released
toluene from the aquifer solids into solution and elevated the relative concentration of toluene to
levels above chlorideThese treds provide no evidence to suggest toluemas oxidized in the
shallow portion of the WCSC and indicate that sorption/desorption was the primary control on
dissolved concentrations. Therefore, it seems unlikely that toluene functioned as an electron
donorin the reduction of Mn(1V) and Fe(lll)The possibility remains that the removal of BEX
was via an oxidation reactiaoupled to dissimilatory Mn(lV) and Fe(lll) reduction. However,
this couldonly explainan initial mobilization of Mn(ll) and Fe(ll), ridhe consistent increase in
dissolvel Mn(Il) and Fe(ll) concentrationsbservedver the duration of poshjection

monitoring Further, previous studies of aromatic hydrocarbon biodegradation under anaerobic
conditions found toluene melikely to degralethan benzene, ethylbenzene, or xyleffaton

and Barker, 1992; Reinhard et al., 1995). As stich,| u persisténse suggestsat

biodegradation was not the process by wid&X wasremoved from the injectate atitht

oxidation ofaromatic hydrocams was limited in theshallow portion othe WCSC

Benzene, toluene, ethylbenzene, pxyfenes, and -xylenes, were all detected in paésjection
samples from STR7-159SS Table 426). Relative concentrations of chloride and BTEX
observed followingtte PA water injection at ST@7-159-SS are presented Figure 436b. In

general, the BTEX concentration trends in the deeper portion of the aquifer were similar to the
toluene trends observed at SUR158SS The relative concentrations fially deviged below
chloride, butwithin a month ofnjection were atevels greater than chloridés above, this

suggests an initial period where sorption reduced dissolved BTEX concentrations relative to the
chloride conservative traceihis wadollowed by adesorption phase that released BTEX from

the aquifer solids back into solution, elevating their relative concentrations to levels above that of
chloride. As with the shallow portion of the WCSC, there is no evidence to suggest that the
oxidation ofaromaic hydrocarbons occurred to supply electrons for the reduction of Mn(1V) or
Fe(lll).
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4.7 Mobilization of Trace Metals

Because the pH of thR&CSCaquifer is circumneutral, the Eh of the systeaad tobe reducedo
mobilize Mn(ll), Fe(ll) and associated trace metedsn the aquifer solidsA reduction in Eh of
the system was facilitated Iiye introduction of injectate with elevated DOQrends in
dissolved metals concentrations indicate manganese and iramngdeactions were stimulated
in the WCSC following the PA water injectionsisBolved Mn(Il) and Fe(ll) concentrations
increased consistent with typical reductive dissolution of Mn(IV) and Feftile and
oxyhydroxide mineralg§Figure 437). In all likelihood,atbackground conditiongrganic
substrate availability limitethe microbialredox reactiong the WCSC With anincrease in

DOC from the injectatedissimilatoryMn(IV) and Fe(lll)reductionreactionsvere stimulated

Figure 437 shaws dissolved iron and manganese concentratipadually increaskfollowing
the PA water injectionat both depth intervalsOver the same period of time, levels of the
chloride conservative tracer declined as thaygdient side of the injectate pluraed its
dispersive front migrated back through the injection wéligure 430). Concentrations of iron
and manganese could increasacomitant with a drop iohloride concentrationsithout
reactionif their dissolved concentrationgere lower in therijectatethanthe aquifer In such a
scenario,heincreaseof dissolved iron and manganeseuld not represent a mobilization of
Fe(ll) or Mn(ll) from the aquifer solids, buat return to backgrouncbnditions To rule out this
possibility, background~e and Mngroundwater and injectate concentrations werkeddo the
plots Dissolved iron concentratigrin the injectataverehigher than initial groundwater levels
atboth depth intervals. As sudhg increase in iron concentrations is almost certainly
representative of a mobilization. Convéyseissolved manganese concentrations were higher
in the groundwater than the injectatdowever, manganese concentrations increased to levels

well above background at both injection depths, suggesting maegaaesisomobilized

As a note, the injectate samples collected from the &FE58 SS injectate were not field
filtered. The addition of nitric acid as preservative to the unfiltered samples mobilized metals
from the suspended particulates that remim the water As such, the concentrations of
metals for these samples presentetidhle 416 do not represent the true dissolved

concentrationsInstead of using thidistorted datahe dissolved metals concentrations from the
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STR07-159SS injecta@ samples, which were field filtered prior to sample collection, were

considered representative of the S0RP158SS i nj ect atebds di ssol ved me

Iron concentrationsbserved at STB7-158SS and STR7-159SSdroppedoff dramatically
roughlya month aftetheinjections. This does not necessarily indicate a discontinuation of the
reductive dissolution reactien Similardeclinesin iron concentratiombserved by others have
been attributed to concomitasilfate and-e(lll) reductionwherereaction between reduced

Fe(ll) and HS lad to precipitation biron sulfide minerals (Chapelle and Lovely, 1992; Heron
and Christensen, 1995; Heron et al., 1994; Hunter et al., 1998Yely and Goodwin (1988)
statethis is likely to occur as Fe(lll) driction reactions use up readily available Fe(lll) from the
aquifer solids.As Fe(lll) availability declines, Fe(lll) reducing organisms are no longer able to
outcompete sulfate reducdas hydrogen and electron donors (normally organic carbés)a
result, Fe(lll) and sulfate reductiobegin to occur simultaneouslifowever comparison of

sulfate trends to chloridellowing the PA water injectionsidicates sulfate was conservative at
both aquifer depthd={gure 438). Groundwater wasat analyzeddr sulfide, sdhe presence of
thereduced species cannot be used to confiisulfatereduction occurre@iut the conservative

sulfate trends suggest it did not.

Depending on pH, oxidatiereduction potentialandaqueous and solighase geochemistry,

Fe(ll) couldalso havébeenremoved from solution inther ways including adsorptier

precipitation as carbonate oxide mineral¢Baedecker et al., 1993; Heron and Christensen,

1995; Heron et al., 1994; Hunter et al., 1998). A more detailed understgndio f t he WCSC®6
geochemistryvould be needed to determine the most likely pathway by which the Fe(ll) was

removed from solutionUltimately, the consistent increase in Mn concentratidmsng this

time periodsuggests oxidain of organic matter contireal.

Manganese and iron reducing conditions in the WCSC have problematic implications for the
mobilization of trace metaldn laboratory microcosm experimen@Gtantham et al. (1997)
showed dissimilatory reduction of Fe(lll) oxyhydroggicoatings on quartz surfaces created iron
dissolution features on the mineral grains and increased the concentration of ferrous iron in
solution. Trace metalso-precipitate withMn and Fe oxideand oxyhydroxideso that the
precipitation/dissolutionfahese mineratoatings largely controls trace metal mogilit

Reductive dissolution d¥in and Feoxidesand oxyhydroxidesinder anaerobic conditions
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releases Mn, Fe, and any-precipitated trace metals to the agueous phase (Stumm and

Sulzberger, 1992Suarez and Langmuir, 197Bachara et gl2001). In their study of the
solubilzationofcepr eci pi t ated Co( I I | Yre@OHpdZaddara,dtdl.) , fr om
(2001) found that the presence of cobalt and nickel at 1 mol.% did not impact micrdibesoabi

reduce the goethiteT hey al so point out that depending on
adsorption to the residual coatings on the aquifer solids amiecgitation will in large part

control the levels of the trace metals that ultimatebbilize into solution.

Metalcations and anionsill also adsorb to Fe(llipxide andoxyhydroxide coatings,
complexing with surficial hydroxyl groups. As $yceductive dissolution of thexides or
oxyhydroxides or a drop in pH canobilize tracemetals adsorbed to the mineral surfaagsvell
(Bruno et al., 19985tumm and Sulzberger, 19%achara et al., 2001

Following the ifgections there was an apparent enrichment in the dissolved concentration of
trace metals as would be predictedegi the iron and manganessucing conditionsAt ST
07-158 SSdissolvedstrontium and zinconcentrationgncreased well abovievelsreported for
un-impactedgroundwateandtheinjectate Barium and cobaltoncentrations alsocreased to
levelsabove backgroundby the end of the monitoring perigfligure 439). Significantly, the
concentrations of all four metals trended upward over the course of monidrilegthe
conservative tracer trends decreasadure 430a), suggesting the reductive dibstion

reactons mobilizing Mn(ll) and Fe(Jlwere also releasing these metals

Strontiumconcentrationgncreased to levels above background at the deeper injection interval
(STRO0O7-159-SS)as well,while barium concentrations for the final month aihgding were

above background groundwater levi@@iggure 440). Postinjection cobalt concentrations never
exceeded levels reported for the injectate, but sh@ansmhsistent upward trend from the end of
August through November 1, 2008. Over this same period, the conservative tracer
concentrathn dropped significantlyHigure 430b) and becauseobalt was not detected in the
background groundwater samplé® increasing trends suggest it was mobilized from the
aquifer solids.As with the shallow irgction depth, the upward concentration trends for
strontium, barium and cobaltitlv a simultaneous decrease in chloride concentrations suggests
the metals were mobilized from the aquifer sodddn(1V) and Fe(lll) mineral coatingaere

reductively dissoled.
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Researchers have identified associations betweendlesens and Feand Mncontaining

minerals Metal cations with 2and 3 valences can substitute in crystalline Fe(lll) oxide

structures (Zachara, et al., 2001).their study of mine tailingat Stekenjokk in Sweden,

Holmstrom and Ohlander (2001) found layers rich indfel M oxyhydroxides functioned as

traps for trace metals including cobalt and zinc, where the metals were adsorbed and/or co
precipitated with the oxyhydroxidesierbert (BP97) found thatlepending osoil horizon,

adsorption and cprecipitation with Fe oxides was a significant sink for zinc in haplic podzol

soils impacted by acid mine drainagéradl (2004) states that cobalt is found to accumulate in

Fe and Mn hydrous d@aes and that Mn minerals are especially important sinks of cobalt in soils.

In their study of hydrous amorphous aluminum, iron and manganese oxides, Axe and Trivedi
(2002) found significant sorption ofreszinc and
Huisman et al. (1997) determined that in general heavy metal concentrations could be correlated
to clay content of soils in the Southern Netherlands, but outlying samples with high
concentrations of heavy metals, including barium and zinc, wereiagsbwith zones of

hydromorphic iroroxide accumulations.

It is important to point out thahetalsorption generally increases with pH (Bradl, 2004) due to
the association of hydroxyl groups witiineral surfacethat creategegatively chargedurface
sites Therefore, the enrichment in iron, manganese, barium, cobalt, strontium and zinc
concetratiors following the PA water injectiowas probablyiot pH driven desorptiobecause
the PA water had a higher pH €£98) than the WCSC porewater (5¢.5). This suggests that
reductive dissolution of the Mn(1V) and Fe(lll) oxide and oxyhydroxide min@eratéher Mn

and Fecontaining mineralsvas the key mechanism by which the metals were released.

It wasalsopossible thasuspended particulatestime highly turbid PA wateinjectatewerethe

source of the trace elements that appeared to mobilize into solution following the injections. The
failure to field filter the STRO7-158-SS injectate samples provided an opportunity to gain insight
into thesolid-phase geochemistry of the suspended particulates in the STP PA water and
evaluate this possibility. The addition of nitric acid to the unfiltered samplethégbtential to
mobilizetrace elemestthat could have been easily scavenged from treesieydates.For the
STRO07-158SS injectate samplgthe average concentrations of Ba, Co, Sr, and Zn were 0.121,
0.024, 0.316, and 0.044 mg/L, respectivdlgiile 416). Dissolved concentrations of Ba, Sr and
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Zn exceeded these levels in pogectionsamples collected from both SDP-158SS and STP
07-159-SS(Tables 422 and 425). This suggests that at least a portiothefBa, Sr and Zn as
mobilized from the aquifer solid3Vhile dissolved Co concentrations in the pBst injection
samples did ot exceed the levels reported from the unfiltered-8TR58-SS injectate samples,
it is still possible that the increase in concentration was the result of natibiZrom the

aquifer solidsthere issimplyless conalsive evidence

4.8 Trace Element Extractions and SolidPhase Geochemistry

Trace element concentrations reported from tly@esetial extractions along witfOC and TC
datafor the WCSC sediments are reported @able 443. Sediment samplder these analyses
were collectedrom the STR08-159A soil core athree @pth intervals in the WCSG]1-53 feet
bgs (15.516.2 m bgs), 780 feet bgs (23-24.4 m bgs), and 10204 feet bgs (31:B1.7 m
bgs). The samples from &B feet bgs and 10204 feet bgs correspond roughly to theation
intervals of STRO7-158 SS and STR7-159-SS, respectively. The intermediate sample was
collected tadeterminevh et her t h e-phase §eGahemistsyaslvertitial
heterogeneousSamples were collected after the preliminary injection, butreethe process

affected water injections.

Of primary interest for this study were the trace elements associated watmainehous and
poorly crystallineg=e and Mn oxides and oxyhydroxidg® onTable 443). The aqueous
geochemistry hamdicateddissimilatory manganese andoin reductioroccurred inthie WCSC
following the PA water injectionsAs suchfrace elements extracted from g@orphous and
poorly crystalline irorand manganesxides and oxyhydroxidesvould be those expected to
mobilize fromthe aquifer solidasoxidation of dissolved organics reductively dissdltteese
minerals In the extraction phase targeting the amorphous and poorly crystalline Fe/Mn/Al
oxides and oxyhydroxides (F2jpn, aluminum, zic and strontium were extractatl
concentrations greater than 1 mgfkgm each depth interval @ble 443). Additionally, more
than 2 mg/kg of manganese were extracted fronsekdenent samples froi8-80 and 102104
feet bgs.Aside fromthe 0.15 mg/kg manganese concentrafiom 51-53 feet bgstheelevated
levels of Mn(2.1 to 24 mg/kg)and especially F&8 to 100 mg/kgindicateamorphous and
poorly crystallineFe and Mroxides and oxyhydroxidesere avdable from the aquifer solids to

undergadissimilatory reductiomn the oxidéion of injectate DOC Also of significancethe
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extraction data suggests that zinc and strontiwm 0f the trace elements wéedissolved
concentrations increased above background levels following the PA water injections (zinc at the
shallow injectiondepth and strontium at both injection depth®}re associated with the

Fe/Mn/Al oxides and oxyhydroxide#\s such, mobilization of these elements into solution

would be a predicted consequence of the reductive dissolution of the Fe and Mn oxides and
oxyhydroxides. Therefore, the soligghase dataupports théypothesis from Section 4.7 that
dissimilatory reductioof Fe and Mn oxides and oxyhydroxides is releasing Fe(ll), Mn(ll) and
trace elements sorbed or-precipitated with these minerals into sabuti

The high levels of Al extracted during the F2 phase suggests that poorly crystalline and
amorphous aluminum oxides and oxyhydroxides are also present on the WCSC sediments.
However, lecause Al does not function as a terminal electron acceptrtive dissolution of
thesemineralswould notbe expected. Thereforduminum would beunlikely to mobilize from
the aquifer solids in conjunct iApSuchthe dbdence xi dat
of evidence oaluminummobilization intosolution following the PA water injections is
compatible with the results of the sequential extractidm$aboratory microcosm studies,
Granttam et al. (1997) observed iron dissolution features on Fe(lll) oxyhydroxide mineral
coatings as a result of dimilatory Fe(lll) reduction by microbes. Similar dissolution features
were not apparent on aluminum oxyhydroxide coatings in parallel experiments. This
demonstrates that microbial redox reactions could occur within the WCSC to release iron,
manganese anassociated trace elements from iron and manganese oxides and oxyhydroxides

withoutreleasing aluminum from aluminum oxides and oxyhydroxides.

WCSC sediments around the injection wells hawe been exposed to PA watdt would be
informative to collechewsediment coreBom injectateimpacted portions of the aquifer
determine i f reactions with the injephdsat e cau

geochemistry.

4.9 Results of DownGradient Monitoring
4.9.1 Groundwater Elevation Trends

Groundwater elevation, conductivity and temperature data fro@TReDiversdeployed in the

down-gradient monitoring wells are providedkigures4-41 through 444 and a full listing of
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the data is provided iAppendices | ttough N Anincrease in groundwater elevation over the
course of the monitoring period is apparatthe monitoring Figures 441 and 443) and

injection wells Figures 48 and 49). Thisconsistent in@ase in elevation wamt predicted

Over the cowse of a year, elevations were expected to rise when the aquifer recharged (e.g. the
spring melt) and drop during periods whgfiltration was limited (e.g. the winter months when

the ground is frozen) with the fluctuations oscillating above and belovana eievation.
Insteadthere was aoverall increase in groundwater elevataireach of the wellsThis may be

from pressurization of the WCSC as the STP is filldd. PA water is added to the STP, the head
pressure is transferred to the WCSC. Ifitt@ease irpressuredlevation in the WCSC is fact

from filling the STP, groundwater elevations will continue to increase until the SAtRulk

capacity This also has important consequences for containment of PA water that infiltrates to
the WCSC.If the STP is pressurizing the WCSC, the highest head in the WCSC will be beneath
the pond. This would drive groundwater flow laterally away from the pond. As a consequence,
flow in the WCSCsoutheast of the STP could switch from northeast to the smitivbere

currently, there is no containment (i.e. pumping wells owfinvalls). KCB expects new
depressurization wells installed southeast of the STP to prevent this reversal of flow. However,
these wells are currently in place between the STP anlG&TF and head levels in the

| SATFd6s well s still s hoWowaverpgroendvwaterrelevatioris atétha o f
ISATF do not indicate a switch in groundwater flow directiddternatively, the increase in
elevations may be from the completiof the bentonite slurry wall across gwutlwestern

branch of the WCSC (Zone 2 in Figur€pduring the summer of 2008 which could have caused
a fkgpok of wat eestofthe WOSCg This tobldecause groundwater elevations to
increase throghout the aquifer without causing a switch in hydraulic gradients.

4.9.2 Evidence of Injectate Arrival

Conductivityreadinggecorded by the CTD Divers in the dosgradient monitoring wells are
checked on a weekly baglwough November 2008An increasan conductivity to 0.50 mS/cm
(background in the wells ranged between 0.40 and 0.47 mS/cncpwsislered potentially
indicative of the arrival of the injectate plum#se STR07-158 SS injetate had a conductivity
of ~2.0 mS/cm and the STW-159-SS injectate had a conductivity of ~3.4 mS/@nji
triggeredconfirmatory sampling Conductivity in the ST®8-158A well cluster neveideviated

from background levelsGroundwater elevations and contours plotteBigures 420 through
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4-26 indicatethisis probablybecause STB8-158A was not positionedown-gradient of
injection well[STR07-158 SS.

Groundwater conductivity in STE8-159A1 remained below 0.50 mS/cm throughout the
duration of postnjection monitoring. At STH8159A2, the groundwateoaductivity

increased t®.50 mS/cm on September 6, 2068&(re 444b), triggering sample collection on
Septemberd. The drop in conductivitpetween September 12 and October 2 is likely from
redeployment of the CTD diver that left the logdanglingabove the well screenThe level

data from that time period indicate this may be the dhsdéngth of water column measured
above the Diver was significantly shortarer the period of time betweeamoval of the Diver

and redeploymeit In all likelihood, there was a tangle or knot in the line attached to the Diver

that prevented the instrument from reaching full depth withinvislescreen

At STP-08-159A3, groundwater conductivity increased to Qr88/cmon August 8, 2008
(Figure 444c), triggering sample ct#ction during the next samplireyent on August 21.
Groundwater conductivity increased to 0.57 mS/cm by September 6, and remeanbat
level for the remainder of the monitoring period.

In the confirmatory groundwater samples ectiéd at STR8159A2 and STR8159A3
chloride concentrationsere elevated relative thebackgroundrom STR07-159-SS (3338
mg/L fromTable 415), ranging between 47 and 52 mg/L at SO8?159A2 Figure 445a and
Table 430) and 60and68 mg/L at STRO8-159A3 Figure 445b andTable 433). These
elevated levelsvere considered potential indication of the arrival ofjectate However, he
injectatechloride concentration vgabetween 520 and 676 mg/Lable 421). Thereforeif these

chloridedetectionsrepresented arrival of the plume, it ssignificantly diluted

TheDOC concentrationn thebackground sampligom the deep injection interval (ST0¥-159

SS)was 13 mg/L Table 414). This sample was collected by KCB shortly after monitovied

installation and seems somewhat elevated given obisemeations of DO@t this depth

Namely,postPA water injection monitoring at ST&7-159-SS showedOC concentrations

dropped to 4 mg/L after the injectate plume and its dispersion front nughataugh the well
(Table 426). Regar dl ess of the fAtrued background DOC
greater thai3 mg/L, were identified in monitoring wells STB8-159A2 and STF8-159A3
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following the PAwater injection The highest DOC comratrations at ST®8-159A2 (26 mg/L)
and STP08-159A3 (21 mg/L) were botreported from samples collected September 12, 2008
(Tables 429 and 432). As presented iRigure 445, DOC concentrations declined from these
peaks, dropping to levels betweearlé mg/L by November 1 at STB8-159A2 andbetween
5and7 mg/Lat STR08159A3by September 30.

BTX, especially benzene and toluene, were also identifilteiconfirmatorysamples from
STR08159A2 and STR8 159A3(Tables 429 and 432). The peakoluene and benzene
concentrations exceeded those reported for the injectate, making these detections difficult to
reconcile consideringhloride cacentrations indicatarrival of dilutedinjectate However,

given the absence of othikenownBTEX source and the concurrent increaigeDOC, the

injectate remains kkely source of the aromatic hydrocarbons. Combined with the chloride and
conductivity data, the detection of elevated DOC and BTEX at@FF59A2 and STRS-
159A3suggests at least a portiohthe injectate plume passed through these wells.

Naphthenic acids, however, were not detected at@FES9A2 They were detected at SD8-
159A3, but only in the first groundwater samptea concentration just above the method

detection limit and below the limit of quantificatiofTables 429 and 432). Total naphthenic

acid concentration trends discussed in Section fflicaed naphthenic acids behaved
conservatively in the WCSC, with dilutidanctioning as the main force deasing
concentration.Because naphthenic acids comprised the majority of the DOC in the injectate, NA
concentrations near 20 mgWere anticipated in the samplegh elevated DOC.This was not

the case.

There are two scenarios thaiudd account fothe concentration trends observed at the down
gradient wells. The firgs thatthe injectate plume simply did not arrive at the deyvadient

well nestand thechloride, DOCand BTX identified at elevated concentrations originated from
another sourceThe second explanationtisatthe NAs biodegraded between the injection well
and the dowrgradientwell nestsuch that th elevated chloride, DOC and BToncentrations
markedthe arrival of the injectate plume devoid of naphthenic acitigs explanatia would
require BTX compounds to persist in an aquifer capable of degrading naphthenidGicats.

the recalcitrance of NAs to biodegradation relative to BTX, this scenario seems unlikely.
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The dissolved iron trends at SDB-159A2 and STH8-159A3could be used to justify the
alternatecontaminansource scenariokigure 445 shows dissolved iron concentrations
increased dramaticallp levels between 6 and 10 mgdt STR08-159A2 and STR8 159A3

while DOC concentrations decreased from near 20 mgélcadond 6 mg/L.The decrease in

DOC muld be attributed to oxidatiocoupled to dissimalotrize(lll) and Mn(NM) reduction.
Because chloride concentrations remained elevated throughout the monitoring period, it can be
reasonably asserted tH@DC concenttionshad todecrease via reaction rather thantaneto
background conditionsThese iron, manganese and DOC trends are quite different from those
observed at STB7-159-SS. Theredissolved irorconcentrationsnly increased to 0.5 mig

after the PAwater injection. Additionally, the strong agreement between DOC and chloride
trends at that well indicated the decrease in DOC was mainlydretmrn to background
conditions(Figure 430b). In combination, these resuiaggest the DO@etectedat the down
gradient pointsnay have beem amore easily oxidizeform than injectate DOC and therefore,

from a different source

More likely, the elevatedlissolved iron and manganesencentrations in the dowgradient
pointsresulted fromsampling technige The injection wells were sampled with dedicated
submersible pumps. Operation of the pump caused minimal agitation of the formation and
produced clear sample water. The monitoring wells were sampled with tubing ane/al¥eot

a process that agitad the formation and produced cloudy/turbid purge and sample water. All
dissolved metals samples were field filtered, but a yethoange tint was notable pefiitering

in the monitoring well samples suggesting some particulates remained suspendsadrmpiee
water. Samples collected with the submersible pump were clear after filtering. Therefore, the
elevated iron concentrations in the samples collected with therdbat may be a result of acid
preservative mobilizing iron from particulates thasged through the filterA final round of
groundwater samplellected on June 20 and 21, 2009 from each oivilks at the ISATF
supports this hypothesidn this round osampling the concentration oélissolved iron at STP
08-159A2approached 0 mgL (Table 428) while at STP08-159A3 the iron concentration
remained around 6 mgf{Table 431). Dissolved iron concentrations at SOB-158A1, STR
08-158A2 and STR8-159A1- where there was no previous evidence to suggestl of
injectatei were 3.89.1, and 9 mg/L, respectivelyTables 437, 4-40, and 434). At the same

time, iron concentrations at the injection wells remained below 0.4 (gitles 422 and 425).
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Chloride concentratiorst STR08159A2 and 159A3 remained elevated at levelsvieen 50

and 60 mg/L in the samples collected on June 21, gDélfles 4-30 and 433). This casts

further doubt on the possibility that the anomalous chloride, BTX and DOC concentrations at
these wells were from the arrival of injectate. To insure sgmtative samples were collected
during this event, nearly 20s were purged from each well prior to sample collection. As such,

it is unlikely that the elevated concentrations resifitom failure to remove stagnant water from
the sample tubing and welAt velocities of 10 cm/day, the entire body of the injectate plume
should have migrated by the monitoring points in the 10.5 mon#étpassed betweanection

and collection of these sampleSven if the velocity were slow enough that the plumenwatd
migrated by thevells in this amount of timealispersion and diffusion should have reduced the
chloride concentrations to near the 30 mg/L background Iéntdrestingly, the chloride
concentration at SFP8159A171 screened just half a meter aboviEPS)8-159A21 was only31

mg/L (Table 436), nearly identical to the background levels identified at-BTR59-SS

Given the glaciofluvial origins of the unit,seems unlikely thereould be a natural cause of a

20 mg/L increase in chloride concentoatiacros®.5 meters of aquiferThese factors point

back to the possibility of an alternate sourdeerhaps there is preferential flow within the gravel
and coarse sand observed below 29.0 m bgs that is functioning to distribute contaminants from
anotter source area to ST¥8-159A2 and STR8-159A3. However, given the location of the
ISATF, there are few possible source areas aside from the STP. If infiltration from the STP were
the source of the elevated dissolved constituents, naphthenic acids$ Ishaigtected as well.

Additionally, the shallow portions of the aquifer should also be impacted.

Overall, it is not cleathe plumefrom either injection reached the doygradientwell ness.
While the elevated concentrations of iron and manganedeecaccounted for based on
sampling technique, the elevated concentrations of BTX, DOC and chloride -@8SIHRA2
and STPO08-159A3 remain difficult to explain.

4.10Results of Groundwater Modelling

Given the confusion fromheresults of thelown-gradient monitoring, pundwater modelling

was used tgimulatethe PA water injections in an attempt to understand flow conditions in the
WCSC. The primary goal of the model wadudher quantifytheWC S Cléngitudinal
dispersivwty and hydraulic conductivitgndto understand the accuracy with which flow direction
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must beidentified in order to install dowgradient monitoring points thaitill intercept injected

plumes

4.10.1 Shallow Injection Depth: Validation of Longitudinal Dispersivity and Investigation

of Impact of Uncertainty in Interpreting Flow Direction

For the shallow injectiarthe chloridebreakthrough curvat STR07-158- SSwas usedo

calibrate the modelUsing the groundwater elevation at SUR158 SS as a referencéie up
gradient and dowagradient constant head boundary conditions were programnaei¢o
groundwater flow at &elocity of 5 cm/day withthe aquiferporosityprogrammed ad.3 andhe
hydraulic conductivitysetnear10® m/s. The background chloride noentratiorthrough the

model domairwas set at 10 mg/LWithin the model, a point source boundary was creaed
connected toheinjection well releasing water with a chloride concentration of 537 nag/a

rate of 19.9 idayfor 0.155 days at theast of the model runHydraulic conductivity and
dispersivity were then varied until the chloride concentration curve modelled at the injection well
matched the observed concentrasiomable 444 lists the model inputaind provides

justificatiors of the values. Figure 446 shows a plan view of thgrid discretization along with

the position of the injection well and the arc of degvadient monitoring pointsThe up

gradient and dowagradient constant head boundaries and the head equipotent@oare

shown. Figure 447 depicts the grid layout in crosgction. The grid was set up to extend from
ground surface to the base of the WCSC. In MODFLOW, unless otherwise specified, the lower
boundary is no flow. This was acceptable in this model as th&8@\werlies the Clearwater

Formation, a significantly less permeable bedrock unit.

The model was run for 115 days, the length of time between the July 17, 2@®8mgnd

collection ofgroundwater sample at STH-158SS (Novembr 8, 2008).Figure 448 shows

the agreement between the observed and modelled chloride concentration breakthrough curves at
STRO07-158SS. This match was achieved by setting the hydraulic conductivity at 2:264%0

and decreasing the longitudinal pissivity to 0.06 m. This is identical to the longitudinal

dispersivity calculated from the breakthrough curve of the preliminary injection using analytical
methods, but roughly a factor of 6 less thanvidlee computed from thRA water injectiordata

(Table 42). Regardless, the results of both the numeric modelling and analytical analysis found

low values of longitudinal dispersivity, all of which were within an order of magnitude. This has
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important implications as research at the ISATF shifts tdsvireating PA water with chemical
oxidants. Because the dispersivities at the scale of these injections are low, the mechanical

mixing forces needed to distribute the oxidant(s) to the plume will be minimal.

Themodelled movement of the chloride ple at the injection depi352.5353.0 m amsljs

illustrated inFigure 449. At 60 days, when the core of the plupessedhe arc of down

gradient points, injectateas still detected n t he fi fth well offset fro
flowpath Baseal on this model outputsémates of flow direction mugihenbe within 30 of the

trueflow pathfor injectate to reach a monitoring well installed just 4ersefrom the injection

point. While elevated chloride was still detected in the fifth well dffsef r om t he pl umed
path the injectate that reached the well was extremely dilute, with chloride concentrations of

only 1520 mg/L.

4.10.2 Deep Injection Depth: Validation of Longitudinal Dispersivity and Investigationof
Impact of Uncertainty in Interp reting Flow Direction i No Vertical Flow

Components

The evidence of injectate arrival at SUB-159A2 and STH8-159A3 provided additional data
points with which to calibrate the model of injectate migratioough the deeper test interval
However, becase thegeochemicaévidence of injectate at the dowgnadient points is

somewhat tenuous, sevedifferent scenarios were modelled.

The first simulation was created with the giadient and dowsgradient constant head
boundarieprogrammed talrive horizontal flow through the WCS@ithout vertical flow
component®r variability in hydraulic conductivity in the WCSCThe groundwater elevation at
STR07-159SS was used as a reference to calculatgragient and dowsgradient constant
head boundg condtions that would drivgroundwater flow at a velocity of approximately 10
cm/day with a porosity of 0.3 and a hydraulic conductimi#ar10° m/s. For the deep injection,
thepoint source boundary was createdeleasevater with a chloride concentrati@f 583

mg/L at a rate of 30.9 #dayfor 0.136 days at the start of the model.rdhe background
chloride concentration was set at 35.5 mg/L. As above, hydraulic conductivity and dispersivity
were then varied until the chloride concentration curveeted at the injection well matched
the observed concentrationSor this simulation, there was no attempt to match the modelled
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and observed chloride concentrations at the dgraient points.Table 445 lists the model
inputs and provides justificatig of the valuesFigure 450 shows a plan view of the grid
discretization along with the position of the injection well and the arc of dpadient
monitoring points.The upgradient and dowagradient constant head boundaaes thehead

equipotentiad arealsoshown. Figure 451 depicts the grid layout in crosction.

The simulation was run for 164 days, from the date of injection on August 7, 2008 nuditya

17, 2009, whegroundwater samples were collected from SJBAL59A2 and STH8-159A3.

Figure 452 depicts the migration of the injectate through the WCSC at the depth of injection
(340.5341.0 m amsl) By day 164, thentire body ofnjectate had moveleyond the bounds of

the model domainAround day 80, the core of the plume reachmedarc of dowrgradient

wells. In this simulation, injectate was still detected in the fifth well offset from the line of the

pl umedés fl owpath, but at a c¢ onBasedonrthistmodeln onl vy
injectate would not be observedaamonitoring point placed more than’Z@m the true flow

line at a distance of 8 meters from the injection point

There was excellent agreement between the observed and simulated chloride breakthrough curve
at STRO7-159-SS using a WCSC hydraulic condivity of 2.5x10° m/sand a dispersivity of

0.51 m Figure 453). This is identical to the longitudinal dispersivity calculated via analytical
methods Table 42). As above, this low value of longitudinal dispersivity may have problematic

implicationsfor the delivery of oxidants to a PA water plume within the WCSC.

4.10.3 Deep Injection Depth: Use of Breakthrough Curves at DowrGradient Monitoring
Points for Additional Model Calibration

As stated previously, the evidence of injectate arrival at@FP59A2 and STR08-159A3
provided additional data points to use for model calibratiime higherchloride concentrations
observed aBTR08-159A3suggested the flow regime in the WCSC distributed injectate
vertically as well as horizontallyAdditionally, @arser materials with potentially higher
permeabilities were observed near the base of theOBTIB9A borehole. As such, a model
simulation was developed with vertical components of flow andbiarydraulic conductivity
in the WCSC
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As before, lhe groundwater elevation at ST#-159-SS was used as a reference to calculate up
gradient and dowagradient constant head bounglaonditions that would drive groundwater
velocity of approximately 10 cm/dayHowever, the highezhlorideconcentrations olesvedat
STR08-159A3 (Table 433) relativeto STR08-159A2 (Table 430) indicated vertical flow in

the aquifer may have distributed the injectate down. As such, tgeadent and dowagradient
boundary conditions were manipulated to create vertical flat the upgradient boundary, the
constant head boundary condition was set at38%n amsl from355.5 m amsl (the base of the

till) to 343.5 m amsl. From 343.5 m amsl to the base of the model domain, the constant head
boundary condition was pragmmel at an elevation 355.36@ amsl. At the dowsgradient
boundary, a constant head boundary condition was not specified from 355.5 m amsl to 343.5 m
amsl. By not specifying the boundary across this interval, Modflow created a no flow boundary.
While thisis not physicallytrue within the aquiferjt was the best watp create the desired

vertical flow. From 343.5 m amsl to the base of the model, the dgnadient constant head
bounday condition was set at 355.388amsl. The initial head equipotentiateated by these

boundary conditions ahown inFigure 454.

In Figure 454, the injection well and dowgradient points are offset relative to their possion
Figure 451. While the distance between thellsis the samghe entireset of wells vasmoved
up-gradient in the model domaso themonitoring points wuld befurtherfrom the down
gradient boundary This was necessary becao$¢he amplified components of vertical flow at
the boundariesAside from dispersivity and hydraulic condudtyy all other model inputs were
the same as listed ifable 445.

The observed chloride concentrations atbothdgwna di ent points increase:
day 50, dropped off to a low point near day 70, and then increased to a second peak between

days 80 and 100~{gures 4-55b and 455c). The goal of this model run was to vang

parameters to achieve the closest possible match between the modelled and observed data over

the first 70 days.The best approximatiowas achieveavhen the hydraulicanductivity and

dispersivity from 336.5 to 339.5 m anggiis includes the STB8-159A3 screened interval)

were programmed at 3.2x30n/s and 1.35 m, respectiveliydraulic conductivityand

dispersivitythrough the rest of the WCSGeveleft at2.5x10° m/sand 0.51 m Figure 455

compares the modelled and observed chloride concentra#ans. Section 4.1@, there was
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excellent agreement between the observed and simulated chloride breakthrough curv@7at STP
159 SS. While thequality of the matclbetween thelata at STR8-159A2 and STR8-159A3

was not as good, by introducing a vertical flow component and creating a layer with higher
conductivity and dispersivity, it was possible to achieve relatively good agreement at the down

gradient monitoringpoints over the first 70 days pesjection.

As with the previous simulatiothe modelwas run for 164 dayskigure 456 depicts the

migration of the injectate through the WC8rosssection The i nj ect at sedls vel o
as a result of the higher hydraulic conductivity from 336.5 to 339.5 m @&yday 150, the

entire body of injectate had moved beyond the bounds of the model domain.

The difference in chloride conceni8189A2amch bet w
STR08-159A3 was less than 10 mg/L sleet drop in concentration may not represent a real

change and instead may be the result of samplirggor analyticaluncertainty As such, a final

scenario was modelled in which the dispersivity wassiased in an attempt to create constant,

elevated chloride concentrations at the daadient points. Aside from hydraulic conduity,
dispersivity,and the constant head boundary conditiafisnodel inputs were the same as

described inrable 445. The constant head boundaries were programmed to drive the vertical

flow shown inFigure 454. Dispersivity throughout the entire length of WCSC was

programmed at 1.5 m and the hydraulic conductivity was set at*2ri)

The observed and modelled bréakugh curves for this model run are showfrigure 457.

By increasing the dispersivity, it was possible to simulate the duration of elevated concentrations
observed at the dowgradient points. However, the increased dispersivity drove greateodiluti
such that the modelled concentrations at-88R59A2 and STR8 159A3 did not approach the
same levels as the observed concentrations. Additionally, the quality of the match between the
breakthrough curves at STH-159-SS was degraded blyesechanggs.

4.10.4 Summary of Findings from Groundwater Modelling

Results of the groundwater modelling were in agreement with the analytical solutions of
longitudinal dispersivities, indicating dispersivities at the scale of the ISATF injections are small.
Within the $allow injection interval, the best match between the observed and modelled

breakthrough curves at STH-158-SS was achieved when the longitudinal dispersivity was set
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at 0.06 m. For the deeper interval, a longitudinal dispersivity of 0.51 m genemtagbsth
agreement between the observed and modelled data @7&T199-SS. Critically, these
dispersivitiegproduced the best match to the observed data whérydinaulic conductivities
were programmed near 2Xi@n/s, similar to the Kaluescalculated 6r the WCSCrom slug

tests.

With these low values of dispersivity, accurate estimation of flow direction becomes critical in
positioning dowrgradient monitoring points. At the shallow de8,000L injectateplume

will not be observed ia monitoring well point positioned more than “38ff from thetrue

direction of groundwater flovat a distance of meters from the injection well. At the deep
injection depth, a 4,000 injectate plume will not be observed in a monitoring point installed
more tharR0° deviant from the true groundwater flow direction at a distance of 8 meters from
the injection well. Estimation of flow direction to this degree of accuracy will likely require the

installation of additional wells around each injection point.
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5 Conclusions

Injection experiments completed at the ISATF during the summer offaoligated the
guantification of properties of the WCSC aquifamvided insight intats capacity to metabolize
naphthenic acidand identifiedrace metamobilization as a @tential consequence of the

infiltration of PA water to the aquiferAdditionally, analysis of dat&rom these injections
identifiedsimple observations that can provide preliminary evidence of reaction (or the absence
of reaction) as well as the best medo passively track injectate in the aquifer

Groundwater conductivity provesliperior to temperature as a paramet@assivéy monitor

plume movemenwithin the WCSC. In addition, comparison of groundwater conductivity trends
to conservative tracdreakthrough curvgsrovideda preliminaly indication ofmicrobial

oxidaion of acetate Conductivity trendsleviatedrom theconservative tragr breakthrough
curveswhen the reaction of acetate drove an apparent removal of TDS from the plume. During
the PA water injections, where reaction between injectate and the agasfiémited,

groundwater conductivity and conservative tracer trends were idenficate results suggest

that kecause groundwater conductivity is a function of TDS, comparisoonoluctivity to
conservative tracer breakthrough curuegeals the absence of reaction whenductivity trends
showTDS is conservative or the occurrence of reacttbenconductivity trends indicatéDS

is added or removed

In the shallow portion of thaquifer,the groundwater velocity was estimated between 2.6 and
4.7 cm/day. At the deeper injection depth, the velocities were between 5.3 and 10.3 cm/day.
Considering hydraulic conductivitieslculatedrom slug testwere on the order of 10m/s
theseslow velocities wee a consequencé the relatively flat hydraulic gradient across the
ISATF. Because of the flat gradients, attempts to use groundwater elevations from wells within
and near the ISATF to determine groundwater flow direction provédudl. Installation of
monitoringwell ness in June 2008 providediditional data pointto contour groundwater
elevationandimprovedunderstanding of the flow system groundwater ridge appears to run
through the sitso thatinjectate releaseat STR-07-158- SSwould flow northwestandinjectate
introduced at ST®7-159-SS would flowsouthwest.However, lecause bthe flat gradient and
water level measurement uncertaintiess difficult to defineflow direction at the site with

certainty
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Accurate estimation of flow directionill be critical in positioring monitoring wellsthat
interceptinjectedplumes Simulations of the 3,000 PA water injection at STB7-158SS

found that injectate will not be detected at a well positioned more tlidroBdt he pl ume 0 s
flowpath at a4 meterdistancefrom the injectiorpoint. Likewise, simulations of the 4,000PA

water injection at ST®7-159-SS found that injectate will not be detected at a well positioned

morethan20f r om t he p | atame dnster tidtanoe fromtthie injection well.

At the scale of the ISATF injections (<10 m travel distance through the aquifeQnthtutinal
dispersivity of the WCSC was between 0.06 and 0.37 m at the shallow injection depth and 0.28
and 051 mat the deep injection deptihese dispersivity values were initially calculated with

analytical methods and confirmed with a thd@mensional numeric model.

Groundwater elevatiorat each of the ISATF wells consistently increaseer nearly a yeaof
monitoring Instead of fluctuating about a single mean elevation, the general trend of the
elevations was upwardsmall fluctuations at the scale of days or weeks were apparent, but

larger seasonal fluctuations were ndhis mayreflecta pressuriation of the WCSC as the STP

is filled. As PA water is added to the STP, the head pressure is transferred to the WCSC. If the
increase in elevation in the WCSC is in fact from filling the STP, groundwater elevations will
continue to increase until the BTs at full capacity.This pressurization of the WCSC could set

up hydraulic gradients that drive groundwater flow to the southeast towards a section of the
channel where hydraulic controls are not in pladewever, groundwater elevations at the

ISATF do not indicate the direction of groundwater flow has changed. Therefore, the increase in
elevations may be from the completion of the beit¢osiurry wall across the souwtlestern
branch of the WCSC during t heupa amfdhroughthe 2 00 8
rest of the WCSC. This could drive increases in groundwater elevations throughout the aquifer

without causing a switch in hydraulic gradients.

Acetatemasswaspartially removed from the plumes released in the preliminagctigns.

While dilution and adsorptiocaused somef the decrease iacetateconcentrationthese
processes could not account for the significadtiction in concentratiombserved over the six
to eight daysfter injection. Given the aquifer condit®anddegradabilityof acetate, microbial
oxidationcoupled to dissimilatorize(lll) and Mn(IV)reductionwas the most likely degradation

pathway Thesefindingswere significant in that they provided evidence of an actieohal
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populationin the WCSCcapable of metabolizing organic substrate. iflsempleteacetate

removal suggested availability of nutrients or electron acceptors peehemhpletedegradation.

Naphthenic acid concentration trends following the PA water injections show dilutiomsadou
for the majority oNA concentratiomeduction within the WCS. Early deviations between

total NA and conservative tracer breakthrough curves at(B7F58-SS indicatelegradation
reactions may have removed some NA mpsssibly via microbiabxidaion. Despite the
predominant manganogenic and ferrogenic redox conditions in the WCSC, it appearsairate
haveplayed a roleas an electron acceptorthis suspectedegradation However, he majority

of evidence points to dispersive dilution as pinenary force reducing NA concentrations in the

aquiferwith NAs generally recalcitrant

Despite the recalcitrance of NAs within the WCSC, there was an apparent enrichment in the
concentrations of dissolved Fe(ll) and Mn(ll) in p@gt water injeton groundwater samples.
This mobilization was likely the result of reductive dissolution of Mn(1V) and Fegkidle and
oxyhydroxidemineral coatings on the WCSC aquifer sobdsipled to lhe oxidation of DOC in
the PA water injectateWhile naphthera acids comprised the majority of DOC in the injectate,
other organics must have functioned as the electron donors in the reaciier{siagphthenic
acids apparent recalcitrancBTEX were consideregossible electron donors, kthese

compoundslso ajpeared to persist in the aquifer.

Increases in thdissolvedconcentrations of barium cobalt, strontium and zinc-pgsttion
were likelya result othe reductive dissolution of the Mn(IV) and Fe(b)ide and
oxyhydroxideminerals. Trace metals assiate with Mn(IV) and Fe(lll) minerals through
sorptionor co-precipitationandas a resultmobilization oftracemetals is drequent
consequence afissimilatory Fe(lll) and Mn(IV) reductionThe results of the solighase
sequential extractions indited that relatively high levels of Fe, Mn, Sr, and Zn were associated
with the poorly crystalline F®In/Al oxidesand oxyhydroxidesh the WCSC sediments such
that the release of these elements would be a predicted consequene edtict/e
dissoluton. Becausehe pH of the injectate waslevated redtive to the aquifer porewater,
changes ipH from the injectatevereunlikely to have causedesorption of these cation$his
underscores the likelihood that reductive dissolution released Mn(IFe(hkl into solution

along with Ba, Co, Sr and Zn.
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6 Recommendations

The results from this project should supply researchers with guidanbe loest methodfor
successful implementation of projeetsthe ISATFandinsight intopotential difficultiesthat
could develop due to the set up of the research facility and conditions in the VI8@.

important points from experience gained at the research facility follow.

All future injectionsat the ISATFshould be maded with a conservative tracer ragtectedn
WCSC porewatefe.g. bromideboror). Althoughchlorideis present at high concentrations in
PA water, its use as a tracamplicatel interpretation of data becausgits natural occurrence

in WCSCgroundwater.

Extra lengths of garden hoskould be added to the injection system soithjattate cannot

free-fall from the outlet of the hose to the water column. This set up caused agitated flow of the
injectate into the aquifer which could have entrained air within the pores of the aaifer

ultimately reduced the hydraulic conductivity of the WCSC around the injection wells. This in

turn may have influenced the flow of the injectate back through the aquifer. By adding lengths

of hose to the injection system itllwbe possibletopladteh e i nj ecti on outl et i

water column and eliminate the entrenchment of air bubbles during injection.

In this projectthe most significant geochemical changes occurred within a week of injection.
Therefore, the majority of pogtjection samples should be concentrated within this time period,
with decreased sampling frequencies thereattgidence in this study indicatedicrobial

processes were involved in the degradation of organics and mobilization of nitdalsver,
consideringhe significant differences between the geochemistry of the injectate and the
WCSCOs por ewa pradentto evaluatewdetHerdhede geochemical differences could
drive dissolutiorof the aquifer solids without microbial processes. Studies offémBtorage

Recovery (ASR) wells could provide valuable analogues to evaluate this possibility.

Quantitative and qualitativenalysis of the behaviour ofjectate in the WCSC indicat¢hat
longitudinal dispersityn the aquifelis small. This has important consequences as researchers at
the ISATF begin to investigate in situ chemical oxidation treatméntsill be difficult to

deliver oxidant to th@A water plumes via injectidmecause of the limited advective mixint
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chemical oxidantare found to effectively degrade naphthenic acitsthods of deliveryvill

have to be carefully evaluated

Development of an alternate conceptual model that accounts for the influence of aquifer
heterogeneity on the distribution of injectate shdadctonsidered. The conceptual model used

for this project assumed the aquifer was homogeneoussthe screened intervals of the

injection wells so that injectate occupied a cylinder whose geometry could be understood based
on the volume of water injesdl, the length of the injection well screens and the porosity of the
aquifer. In contrast to this conceptualization,a heterogeneous system, injectate will flow
preferentially into the higher hydraulic conductivity zones, significantly distortingyiiredacal

shape of the plume around the injection welligtdtion of injectate from the lower permeability
sediments wilkextend the tail of breakthrough curves observed at injection points. At down
gradient points, the injectate may arrive in pulseth@aplume moves at various rates through
different portions of the aquifer as a consequendkeofariablepermeability otthe fdiments.
Therefore, an alternate conceptual model that accounts for this heterogeneity would be extremely
useful. The comptation will be developing a method to quantify those heterogeneities at a field
scale. This may require the use of a packer system that facilitates the completion of slug or
pump tests across 10 to 30 cm lengths of the injection well screens.

Undeastanding groundwater flow direction will also be central to the effective delivery of

oxidant. If proposed geophysical methods are unable to definitiislyernthe groundwater

flow direction, installation of a third monitoring welléll nestat each ofhe injection intervals

should be consideredNumeric modellinglemonstrated thaihe main body oinjectate willnot

be detected at monitorimgpintspositioned morethan3® r om t he i nja&ct ateds f
distancs of only 4 to 8 meters fromjection wells. In addition, future geotechnical activities

may significantly alter the groundwater flow direction in the ISATF and researchers need to

track such activity before initiating lorigrm experimentsGiven these complications in

understanding flowdirection, it may be necessary to install pumping/capture wells to control the
movement of injectate within the aquifer. Be

relativelylittle pumping would be needed to set up gradients to control flow thrivegaquifer.

WCSC sediments around the injection wells have now been exposed to PA water. It would be

informative to collect new sediment cores from injectatpacted portions of the aquifer to
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determine if reactions with the injectate caused dignfant changes {plmaset he WCS

geochemistry.

Until this project, biota in the WCSC had not been exposed to naphthenic acids. The duration of
exposure from these injections may not have Isedficientfortheaqui f er 6 s mi cr obi a
community to acclimate to the changes in geochemastdynitiate meabolism of NAs.
Thereforeyresearchershould considegenerang a continuous plume through repeated

injections, exposing WCSC microbes to PA water and naphtheiuls over longelime periads

(>3 months). Given continuous exposurepldegradation under the anaerobic conditions may

be stimulated after an acclimatization period.

The results of this study suggest monitored natural attenuation will not addpédgkenic acid

impacts to th&VCSC Depending on the degree of restoration deemed necessary, treatment of
NA-impacted portions of the WCSC will require active remediati®ecause portions of the

WCSC are Mn(lV) and Fe(IHjeducing, Suncor should expelse oxidation of labile DOC in

the infiltrating PA water to mobilize trace metals from the aquifer solids. Whether the

mobilization of these metals increases concentrations to levels above Alberta groundwater

quality criteria will be in large partafund on of t h ephasgeqggaocheraistrd s s ol i d
Considering the potenti al S pphdse gadcheinigtry, @ r o ge n e i
would be advisable for Suncor to characterize extractable trace metals and redox conditions in
other portions of th®VCSC in order to anticipate which metals are likely to mobilize and the

risk these metals posevariouservironmental receptors
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Table 2-1: Groundwater Elevationsi November 6, 20071 June 24, 2009

Groundwater Elevation (m amsl)
STP-07{ STP-071 STP-08{] STP-08{ STP-081 STP-081 STP-081 STP-08{ STP-04
158-S§ 159-S§ 158A1| 158A2| 158A3| 159A1| 159A2| 159A3( 40-SS
November 6, 2007 354.71 354.7] NM NM NM NM NM NM NM

May 23, 2008355.08p 355.14 NM NM NM NM NM NM NM

May 26, 2008355.104t 355.16 NM NM NM NM NM NM|[ 355.04

June 2, 2008355.28]L 355.38 NM NM NM NM NM NM| 355.22

O oo Y

June 3, 2008355.35p 355.49 NM NM NM NM NM NM| 355.29

July 11, 20(08355.324 355.37p 355.366 355.338 355.35) 355.374 355.378 355.368 NM

July 15, 20(08355.30pD 355.34) 355.33f 355.31p 355.354 355.34) 355.34D 355.336 NM

July 16, 20(08355.264 NM| 355.30P 355.27f 355.331l NM NM NM NM

July 17, 2008355.28L.  NM| 355.31F 355.29]1 355.313 NM NM NM NM

July 18, 2008 NM| 355.37f 355.368 355.34p 355.36]1 355.37p 355.37P 355.366 NM
July 19, 2008 NM NM| 355.39P 355.36p 355.380 NM NM NM NM
July 20, 2008 NM NM| 355.40b 355.381L 355.416 NM NM NM NM
July 21, 2008 NM| 355.45D 355.4341 355.410 355.43p 355.448 355.450 355.43 NM
July 22,2008 NM| 355.38) 355.37H 355.35p 355.42P 355.38p 355.39p 355.37 NM
July 23,2008 NM| 355.37]l 355.366 355.34p 355.41p 355.378 355.38]L 355.36 NM
July 24,2008 NM| 355.37f 355.37P 355.34p 355.408 355.388 355.38H 355.37 NM
August 4, 2008 NM| 355.40p 355.38) 355.36f 355.45#1 355.408 355.405 355.39 NM
August 5, 2008 NM| 355.344 355.33p 355.31[1 355.418 355.34p 355.3% 355.33 NM
August 6, 2008 NM| 355.33b 355.32P 355.304 355.47]1 355.338 355.348 355.32 NM
August 7, 2008 NM NM| 355.43F 355.41F 355.319 355.454 355.45) 355.44 NM
August 8, 2008 NM NM| 355.43D 355.42p 355.54) 355.458 355.458 355.44 NM
August 9, 2008 NM NM| 355.45p 355.43p 355.48]L 355.46Q 355.468 355.45 NM
August 10, 2008 NM NM| 355.504 355.48p 355.509 355.518 355.52p 355.50 NM
August 11, 2008 NM NM| 355.48pP 355.46p 355.48]L 355.495 355.50p 355.48 NM
August 21, 2008 NM NM| 355.538 355.518 355.545 355.556 355.56P 355.54 NM
August 27, 2008

September 3, 20 NM NM| 355.498 355.478 355.48b 355.50p 355.51P 355.49 NM

[=}
o

September 12,2008 NM NM| 355.628 355.608 355.62b 355.64[L 355.64P 355.61 NM

September 17, 2008 NM NM| 355.57p 355.55f 355.548 355.588 355.586 355.57 NM

September 25, 2008 NM NM| 355.57p 355.55p 355.566 355.58p 355.59p 355.57 NM

September 30, 2008 NM NM| 355.538 355.51B 355.53p 355.51p 355.55P 355.53 NM

October 16, 2008 NM NM| 355.678 355.658 355.66pD 355.69p 355.69L 355.66 NM

October 23,2008 NM NM| 355.778 355.75) 355.778 355.798 355.79p 355.77 NM

November 1, 2008 NM NM| 355.60F 355.58p 355.60F 355.62B 355.62) 355.60 NM

November 8, 2008 NM NM| 355.578 355.55P 355.56p 355.60[L 355.596 355.58 NM

November 15, 2008 NM NM| 355.568 355.548 355.57p 355.59p 355.59P 355.58 NM

November 22, 2008 NM NM| 355.788 355.768 355.77p 355.79p 355.80P 355.78 NM

January 17, 2009 NM NM| 355.728 355.708 355.71p 355.73p 355.73pP 355.71 NM

June 20, 2009356.15# 356.209 356.18]L 356.16f 356.198 356.20[L 356.20P 356.18 NM

3
5
7
0
il
5
H
o
h
L
7
A
7

NM NM| 355.64B 355.628 355.64D 355.666 355.66f 355.65f NM
D
7
5
5
o
7
5
7
5
7
7
7
5
1

June 24, 2009 356.14 356.18P 356.1656 356.1% 356.166 356.18]L 356.18) 356.17{L 356.07

Notes:

NM - Not Measured
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Table 2-2: Redox Indicator Parameers for Background Samples Collected at
STP-07-158SS and STP0O7-159SS

Range of Background Concentrations Range o.f Expected
Concentrations for RedoX
WCSC 2
Zones

Parameter [STP-07-158-SS |STP-07-159-SS |Manganogenic |Ferrogenic
Oxygen <1.0 <1.0 0.0-0.5 0.0-0.9
Nitrate <0.1-0.3 <0.1-0.1 0.0-0.80 0.0-0.48
Nitrite <0.05 <0.05 - 0.07 0.0-0.14 0.0-0.03
Mn(ll) 0.069 - 0.176 0.11-0.19 0.3-0.9 0.0-1.2
Fe(ll) 0.011-0.2 0.018 - 0.212 00-1.4 1.5-39.0
Sulfate 19.7 - 65.3 13.5-115 6-70 6 - 155

Notes: |

1) All concentrations in mg/L |

2) Concentrations observed by Lyngkilde and Christensen (1992) in redox zone
landfill leachate plume

Table 2-3: Major lon Concentrations for ProcessAffected Water Injectate
Samples from the South Tailings Pond

STP07158-1J02( STP07158-1J03| STP07159-1J07| STP07159-1J11
Parameter July 17, 2008 July 17,2008 | August 7, 2008 | August 7, 2008
Chloride (CI) 537 414 554 676
Calcium (Ca) 11.9 10.7 7.9 8.8
Potassium (K) 9 8.9 8.9 9.9
Magnesium (Mg) 6 5.5 4.4 4.7
Sodium (Na) 670 6386 606 707
Sulfate (SQ) 190 183 169 169
Bicarbonate (HCGQ) 637 515 623 625
TDS (Calculated) 1750 1760 1680 190(¢
Notes: |
All Concentrations in mg/L |
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Table 3-1: STP-07-158SS Groundwater Parameters

STP-07-158SS - Field Parameters during June 3, 2008 Pumping EV
Time Volume Pumped (L)pH Temperature °GDTW (m)
15:27 0 7.17 4.8 14.73
15:32 37.85 6.85 4.9 14.79
15:37 60 6.79 4.9 14.79
15:42 90 6.83 4.9 14.81
15:47 128 6.82 4.9 14.8]
1552 166 6.71 4.9 14.81
15:57 180 6.80 4.9 14.8]
16:02 200 6.85 5 14.81
16:07 240 * 4.9 14.8]
16:12 280 * 4.9 14.81
16:17 320 * 4.9 14.8]
16:22 360 6.56 4.8 14.81
16:27 380 6.66 4.9 14.8]
16:32 420 6.77 4.9 14.81
16:37 460 6.82 4.9 14.8]
16:42 500 6.86 4.9 14.81
16:47 530 6.88 4.8 14.8]
16:52 560 6.90 4.7 14.82
16:57 590 6.92 4.7 14.66
17:02 630 6.94 4.7 14.82
17:07 660 6.95 4.7 14.82
17:12 690 * 4.7 14.82
17:17 720 * 4.7 14.82
17:22 750 * 4.7 14.82
17:27 780 * 4.7 14.82
17:32 820 6.80 4.8 14.82
17:37 850 6.88 4.8 14.82
17:42 880 6.85 4.7 14.82
17:47 920 6.95 4.8 14.83
1752 950 6.97 4.8 14.83
1757 980 6.99 4.7 14.83
18:02 1110 7.01 4.7 14.82
18:05 7.01 4.7 14.81
Notes:
*|pH Meter Shut-Off - Took ~20 minutes to return to previous Ig
DO:|Used CHEMetrics Kit to Measure DO at 16:4|2
Reading: <1 mg/L |
Ferrous Iron: Used CHEMetrics Kit to Measure Ferrous Iron at 16:49
|Reading: <0.1 mg/LI
Total Iron: Used CHEMetrics Kit to Measure Total Iron at 16:56
|Reading 0.0 - 0.1 mg/L |
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Table 3-2: STP-07-159-SS Groundwater Parameters

STP-07-159SS - Field Parameters during June 5, 2008 Pumping
Time Volume Pumped (L)pH Temperature °GDTW (m)
8:43 0 7.60 4.3 14.86
848 25 7.39 4.7 14.86
853 50 7.30 4.9 14.86
858 100 7.29 5.1 14.86
9:03 150 7.30 5 14.85
9:08 190 7.32 5 14.85
9:13 230 7.35 5 14.85
9:18 270 7.39 5.1 14.85
9:23 310 7.38 5.2 14.85
9:28 360 7.39 5.2 14.85
9:33 400 7.41 5.3 14.85
9:38 440 * 5.3 14.85
943 470 * 5.3 14.85
948 510 * 5.4 14.85
953 550 7.39 5.4 14.85
9:58 580 7.35 5.5 14.85
10:03 620 7.31 5.6 14.85
10:08 660 7.30 5.7 14.85
10:13 700 7.31 5.7 14.85
10:18 740 7.30 5.7 14.85
10:23 780 7.30 5.8 14.85
10:28 820 7.29 5.9 14.85
10:33 860 7.29 6 14.85
10:38 900 7.21 6 14.85
10:43 940 7.17 6.1 14.85
10:48 980 7.14 6.1 14.85
10:53 1020 7.07 6 14.85
Notes:
*|Checked Calibration of pH Meter
DO:{Used CHEMetrics Kit to Measure DO at 9:50
Reading: <1 mg/L |
Ferrous Iron: Used CHEMetrics Kit to Measure Ferrous Iron at 9
|Reading: 0.2 mg/L |
Total Iron: Used CHEMetrics Kit to Measure Total Iron at 10:01
|Reading: 0.2 mg/L |
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Table 3-3: ProcessAffected Water Injection Information

STP-07-158-SS: Process-Affected Water Injection - July 17, 2008
Injection Mass of Tracer
Start | Finish Rate Mass of Salf Tracer |Concentratio
Injection  [Volume (L)| Injection| Injection| (L/m) | Tracer|Tracer Sajt Added (g) | Added (9) (mg/L) ph DO (mg/L)
Injection #1 1041 12:40 1357  14.44Chloride |NaCl 329.7 200 192 8.20 2
Injection #2 102G 14:31 15:34 15.69Boron |Na,B,O; 465.3 100 98 9.17% 2-3
Injection #3 1020 16:22 17.44  11.8Bromide|NaBr 321.9 250 245 8.53 2-3
STP-07-159-SS: Process-Affected Water Injection - August 7, 2008
Injection #1 1060 15:30 16:14  23.04Chloride |NaCl 329.7 200 189 8.20 2-3
Injection #2 1040 16:25 17:14  21.22Bromide|NaBr 193.2 150 144 8.22 2-3
Injection #3 944 17:27 1817 21.50 BoronoI Na,B,0, 465.3 100 106 oH Probe 2-3
L |Bromide|[NaBr 64.4 50 48 .
Injection #4 1050 18:24 1921 18.4 Chioride INaCl 3207 200 ™ Malfunctioned 2-3
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Table 3-4. Bottles, Preservative and Field Filteringin Accordance with
Parameters to be Analyzed

Parameter Bottle Requirement Preservative Field Filtered?
Major lons Package 500 ml Plastic None No
Dissolved Metals 250 ml Plastic 5 m of 20% Nitric Acid | Yes
Dissolved Ammonia 500 ml Plastic 2 mlof 1:1 HSO, Yes

DOC 100 ml Amber (Glass) | 1 ml of 1:1 HSO, Yes

BTEX and PAHs 37 40 mL VOAs 0.4 ml d 10% Sodium | No

Azide
Naphthenic Acids 27 1 litre Amber None No
(Glass)
Acetate 17 20 ml Plastic Jar 0.2 ml of 10% Sodium | No
Azide
Bromide 20 ml Plastic Jar None No
Table 3-5: Laboratory Analytical Method 1 ALS Laboratories

Analysis Reference Method Instrument

DOC APHA 5310 B-INSTRUMENTAL Infra-red Carbon Analyzer
CHLORIDE APHA 4500 CL E-COLORIMETRY Konelab Colorimeter

ICP metals and SO4|APHA 3120 B-ICP-OES

for routine water ICP/OES

Iron (Fe)-Dissolved |APHA 3120 B-ICP-OES IcP/OES

Dissolved Trace APHA 3125-ICP-MS

Metals (Low Level) ICP/MS

Manganese (Mn)- |APHA 3120 B ICP-OES

Dissolved ICP/IOES

Nitrate+Nitrite-N APHA 4500 NO3-H - COLORIMETRY | Technicon Colorimeter

Ammonia-N, APHA4500NH3F

Dissolved Aguakem Discrete (automated Spectrophotonq
Nitrite-N APHA 4500 NO2B-COLORIMETRY |Technicon Colorimeter

Nitrate-N APHA 4500 NO3H-COLORIMETRY |Technicon Colorimeter

pH, Conductvity, and APHA 4500-H, 2510, 2320 pH - pH meter, Conductivity - Conductance me
Total Akalinity Alkalinity by titration/pH meter.
Notes:

1) ICP/OES: Inductively Coupled Plasma Optical Emission Spectrometry

2) ICT/MS: Inductively Coupled Plasma Mass Spectrometry |
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Table 4-1: Bromide and Acetate Concentrations fromPreliminary Injection Samples

Bromide Concentratiorn

Acetate Concentratior

Acetate Concentration

Sample ID Sample Time (mg/L) (mg/L) Corrected for Dilutioh
(mg/L)
STP-07-158-SS
STP07158-1J01 04/06/2008 10:59 255 22.26 NA
STP07158-GW02 | 04/06/2008 17:1p 252 18.0% 18.01%
STP07158-GWO03 05/06/2008 8:1p 255 16.23 16.04
STP07158-GW04 | 05/06/2008 13:5b6 253 17.00 16.93
STP07158-GW05 06/06/2008 8:2p 248 10.04 10.14
STP07158-GW06 07/06/2008 8:3 240 14.84 15.54
STP07158-GW07 08/06/2008 9:1P 233 13.82 14.97
STP07158-GWO08 10/06/2008 8:5p 243 3.62 3.74
STP07158-GW09 12/06/2008 8:5 239 4.90 5.14
STP07158-GW10 16/06/2008 9:5p 230 4.66 5.1(
STP07158-GW11 | 20/06/2008 10:26 248 3.89 3.97
STP07158-GW12 | 25/06/2008 16:53 230 4.67 5.13
STP07158-GW13 10/07/2008 8:3p 84 3.20 9.6(
STP07158-GW13D| 10/07/2008 8:3p 82 ND ND
STP07158-GW14 | 15/07/2008 10:4p 38 0.45 2.96
STP-07-159-SS

STP07159-1J06 05/06/2008 12:0¢4 261 23.73 NA
STP07159-GW24 | 05/06/2008 14:06 258 114.24 113.34
STP07159-GW25 06/06/2008 8:1[ 256 23.217 23.21
STP07159-GW26 07/06/2008 8:1P 251 16.24 16.56
STP07159-GW27 08/06/2008 9:0p 249 11.30 11.61
STP07159-GW27D | 08/06/2008 9:0p 245 23.78 24.84
STP07159-GW28 10/06/2008 8:3| 246 12.84 13.31
STP07159-GW29 12/06/2008 8:44 241 5.46 5.79
STP07159-GW30 16/06/2008 9:43 199 5.79 7.47
STP07159-GW31 | 20/06/2008 10:0b 142 5.88 10.59
STP07159-GW32 | 25/06/2008 16:58 80 0.59 1.9¢
STP07159-GW33 10/07/2008 9:2B 29 0.48 4.14
STP07159-GW34 | 15/07/2008 12:2/7 16 0.26 4,25

Notes:

ND - Not Detected

NA - Not Applicable

1) Corrected for dilution by dividing the acetate concentration by the bromide C/Co
STP-07-158-SS Co Sample: STP07158-GW02
STP-07-159-SS Co Sample: STP07159-GW25
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Table 4-2: Data Used to Calculatd_ongitudinal Dispersivities and the Resulting Values

Hydrodynamic .
N . . . . .| Longitudina
Injection Well Length of Injection: Standaord Deviation DISIO(_?F_SIOH_ Injectate Velocity: Dispersivity]

t (days) g (m) Coefficient: v (m/day) G m)

D, (m?/day)

Preliminary  |STP-07-158-SS 0.22 0.32 0.23 3.75 0.06
Injections STP-07-159-SS 0.05 0.68 5.19 18.67 0.29
PA Water STP-07-158-SS 0.15 1.04 3.53 9.44 0.37
Injections STP-07-159-SS 0.14 1.32 6.37 12.38 0.5

Table 4-3: Parametersinput for Modelling One-Dimensional AdvectionDispersion of Solute Duing Injections. Solute Distribution
Modelled with Oned 1 Analytical Solution (Neville, 2001)

Molecular First Order, Initial Inflow Initial
o Darcy Flux . Longitudinal Diffusion | Retardatiof Decay & oW M3 Final Time

Injection Well Porosity | . - L - Concentrationf Concentratior] Time

(m/day) Dispersivity (m)| Coefficient Factor | Coefficient (Days)
9 1 (CICo) (CICo) (Days)
(m“/day) (day”)

Preliminary  [STP-07-158-SS 1.1237 0.3 6.2152E-02 0 1 0 0 1 0 0.2159]
Injections STP-07-159-SS 5.6007% 0.3 0.2779( 0 1 0 0 1 0| 4.5139E-0
PA Water STP-07-158-SS 2.83772 0.3 0.37271 0 1 0 0 1 0 0.15484
Injections STP-07-159-SS 3.7134 0.3 0.51454 0 1 0 0 1 0 0.1361]
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Table 4-4: Hydraulic Conductivity of SedimentSamples
from STP-08-158A Soil Core as Determined with Falling
Head Permeameter

STP-08-158A Soil CoreHydraulic
Conductivities
Elevation of| Elevation of

Top of Base of Hydraulic

Sample Sample Conductivity

(m amsl) (m amsl) (m/s)
353.63 353.40 3.51E05
353.40 353.18 2.58E05
353.18 352.95 4.82E05
352.95 352.73 9.88E05
352.73 352.50 1.34E04
352.50 352.28 6.83E-05
352.28 352.06 8.06E05
352.06 351.83 1.16E04
351.83 351.61 9.38E05
351.61 351.38 1.33E04
351.38 351.16 1.21E04
351.16 350.94 1.81E05
351.11 350.89 1.05E07
350.94 350.71 8.93E05
350.58 350.20 6.33E05
350.20 349.82 1.59E05
349.82 349.43 2.17E06
349.43 349.34 1.00E06
349.34 349.05 3.64E06
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Table 4-5: Hydraulic Conductivity of Sediment Samples
from STP-08-159A Soil Core as Determined with Falling
Head Permeameter

STP-08-159A Soil Core Hydraulic
Conductivities

Elevation | Elevation of

of Top of Base of Hydraulic

Sample Sample | Conductivity

(m amsl) (m amsl) (m/s)
354.40 354.32 2.21E05
352.19 351.81 7.64E05
351.81 351.42 9.95E05
351.42 351.04 3.91E05
351.04 350.66 5.95E05
350.66 350.12 6.81E05
350.03 349.94 2.60E07
350.12 349.59 4.42E05
349.59 349.05 6.15E05
349.05 348.51 1.36E04
348.51 347.97 1.28E04
347.97 347.43 9.05E05
347.61 347.16 6.53E05
347.06 347.00 2.21E08
347.16 346.70 6.35E05
346.70 346.24 8.32E05
346.27 346.19 8.81E05
346.24 345.94 6.10E05
345.94 345.79 4.67E07
345.79 345.46 6.90E05
345.46 345.14 1.27E04
345.36 345.30 1.18E04
344.49 344.01 1.04E04
344.01 343.58 1.04E04
343.58 343.50 1.98E07
343.50 343.39 9.01E05
343.39 343.04 5.01E05
339.99 339.89 1.71E03
339.89 339.78 2.09E04
339.78 339.35 1.29E04
339.35 338.86 1.11E04
338.86 338.38 1.58E04
338.38 337.90 1.13E04
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Table 4-6: Hydraulic Conductivities Determined By KCB Slug Tess ofInjection

Wells STR07-158SS and STP07-159-SS

Test K-Values (m/s)
TestType

Number STR07-159SS STR07-158SS
Falling 1 4.60E03 2.60E03
Head 2 9.90E04 2.60E03
3 2.60E03 3.90E03
Rising 1 1.90E03 5.70E03
Head 2 2.30E03 7.70E03
3 2.10E03 1.60E02
Geometric Mean 2.18E03 5.14E03

Table 47: Naphthenic Acid Concentrations for PA Water Injection Samples and Posinjection

Groundwater Samples at STP07-158-SS and STP07-159-SS

NA Concentration
Sample ID Date Sampled (mg/L)
STP-07-158-SS

STP07158-1J02 July 17, 2008 41.4

STP07158-1J03 July 17, 2008 44.4
STP07158-GW15 July 18, 2008 49.4
STP07158-GW16 July 23, 2008 41.9
STP07158-GW17 August 6, 2008 32.6
STP07158-GW18 August 21, 2008 14.4
STP07158-GW19 August 27, 2008 8.9
STP07158-GW20 September 3, 2008 8.]
STP07158-GW21 September 12, 200 4.3
STP07158-GW22 September 17, 200 4.1
STP07158-GW23 September 25, 200 2.7
STP07158-GW24 September 30, 200 2.3
STP07158-GW25 October 8, 2008 1.7
STP07158-GW25D October 8, 2008 1.9
STP07158-GW26 October 16, 2008 1.1
STP07158-GW27 October 23, 2008 1.3
STP07158-GW28 November 1, 2008 <1.d
STP07158-GW29 November 8, 2008 <1.0

STP-07-159-SS

STP07159-1J07 August 7, 2008 43.9

STP07159-1J11 August 7, 2008 41.3
STP07159-GW35 August 8, 2008 32.4
STP07159-GW36 August 21, 2008 31.5
STP07159-GW37 August 27, 2008 10.1
STP07159-GW38 September 3, 2008 6.9
STP07159-GW39 September 12, 200 5.3
STP07159-GW40 September 17, 200 2.8
STP07159-GW41 September 25, 200 1.2
STP07159-GW42 September 30, 200 1.5
STP07159-GW43 October 8, 2008 1.1
STP07159-GW44 October 16, 2008 <1.d
STP07159-GW45 October 23, 2008 <1.0
STP07159-GW46 November 1, 2008 <1.d
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Table 4-8: Dilution Corrected Naphthenic Acid Concentrations at STR07-158-SS from July 187 August
27,2008

Sample ID Date Collected Chloride (C/Co) | Naphthenic Acids (mg/| Dilution Corrected NlA
Concentration (mg/L)

STP07158-GW15 18/07/2008 8:4p 1.0 49.4 49.4

STP07158-GW16 23/07/2008 9:3p 1.0 41.9 43.0

STP07158-GW17 06/08/2008 11:18 0.9 32.9 38.3

STP07158-GW18 21/08/2008 13:0D 0.4 14.4 36.2

STP07158-GW19 27/08/2008 13:3D 0.2 8.9 38.9

Notes:

1) Corrected for dilution by dividing the NA concentration in mg/L by the chloride C/C¢
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Table 4-9: Nitrate Concentrations for Background Groundwater, PA Water Injectate, and Post

Injection Groundwater Samples at STR07-158 SS and STP07-159-SS

Nitrate
Sample Type Sample ID Date Sampled Concentration
(mg/L)
STP-07-158-SS
Background MWO07-035 April 25, 2007 0.3
Samples STP07158-GW01 May 30, 2008 <0.44
Injection STP07158-1J02 July 17, 2008 0.9
Samples STP07158-1J03 July 17, 2008 0.6
STP0O7158-GW15 July 18, 2008 0.4
STP07158-GW16 July 23, 2008 0.3
STP0O7158-GW17 August 6, 2008 0.3
STP07158-GW18 August 21, 2008 <0.1§
STP0O7158-GW19 August 27, 2008 <0.:II
STP07158-GW20| September 3, 2008 <0.1
STP07158-GW21| September 12, 2008 <0.:II
Post-Injection | STP07158-GW22| September 17, 2008 <0.1
Samples STP07158-GW23| September 25, 2008 <O.]|
STP07158-GW24| September 30, 2008 <0.
STP0O7158-GW25 October 8, 2008 0.1
STPO07158-GW25[ October 8, 2008 <0.9
STP07158-GW26 October 16, 2008 <0.:II
STP07158-GW27|  October 23, 2008 <0.1|
STP07158-GW28 November 1, 2008 <0.JI
STP07158-GW29| November 8, 2008 <0.1|
STP-07-159-SS

Background MWO07-034 April 25, 2007 0.1
Samples STP07159-GW23 May 30, 2008 <0.1
Injection STP07159-1J07 August 7, 2008 0.9
Samples STP07159-1J11 August 7, 2008 0.4
STP07159-GW35 August 8, 2008 <0.1
STP07159-GW36 August 21, 2008 <0.|
STP0O7159-GW37 August 27, 2008 <0.:II
STP07159-GW38| September 3, 2008 <0.|
STP07159-GW39| September 12, 2008 <0.:II
Post-Injection | STP07159-GW40| September 17, 2008 <0.
Samples STP07159-GW41| September 25, 2008 0.4
STP07159-GW42| September 30, 2008 0.2
STP07159-GW43 October 8, 2008 0.1
STP07159-GW44[  October 16, 2008 <0.1
STP07159-GW45 October 23, 2008 <0.:II
STP07159-GW46| November 1, 2008 <0.1|

94



Table 4-10: Back

round Metals Concentrations in Graindwater at STP-07-158-SS

T
~ ] 2 ~ ~ —
: gle|2l8|3 sle|=|2|¢|¢|E|E|S
s8> || 58|l e|l2|2|E|§5|elelce]lc=
£ c S ] £ = o i S ® 3 Q = = 3 =] =] N
£ 2 2 £ T 3 g < 2 2 X £ o] 5 = = c 5
3 o @ o @ 0 0 5 £ 5 9 € o 5 = c o c
< M ] o] 6] ) @) = | = Z < ) &) = = o) N
Alberta Tier 1 Groundwater Remediation Guidelines for Not Not Not Not | Not | Not
Natural Area with Coarse Soil Type (mg/L) 01 5 ! Listed 0.005 Listed 0004| 03 Listed 005 | 015 1 0.006) 0.001 Listed | Listed | Listed 002 003
Sample Location Sample ID Sample Date
STP07-158-SS MW07-035 April 25, 2007 0.02 <0.094 0.074 NA|0.0001 0.003 <0.00] 0.0 0.019 0.174 0.014 0.0007 0.0011 NA| 0.001 0.0001 0.0033 0.004
STP07-158-SS | STP07158-GW01{ May 30,2008 | <0.04 0.0 0.107 0.8 <0.001 <0.004 0.003 0.01] NA| 0.069 0.006§ NA| NA| 0.293<0.00] <0.0§ NA| 0.033

Notes:

Only those parameters detected above laboratory

detection limits at least once are i{

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed

*All Concentrations in mg/L
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Table 4-11. Background Dissolved Organics Concentrations in Groundwater at ST7-158-SS

VOCs PAHs
B8
<
2 = Q
o @ c
e | | £ £
= £ 5 | 9 =
° ¥ o] o ]
= o = [a)] =
Alberta Tier 1 Groundwater Remediation Guidelines for Not Not
Natural Area with Coarse Soil Type (mg/L) 0.0241 0.3 10.0011 Listed | Listed
Sample Location Sample ID Sample Date
STP07-158-SS MWO07-035 April 25, 2007 <0.50 <0.50 0.07 6 <1
STP0O7-158-SS | STP07158-GW01| May 30, 2008 1.7 1.2l <2.2 NA <1
Notes:
Only those parameters detected above laboratory
detection limits at least once are lif
< - Not Detected Above Numeric Value that Follows
NA - Not Analyzed |
*All Concentrations in mg/L unless otherwise noted
1) VOC, TMB, and PAH for STP07158-GWO01 /L
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Table 4-12. Background Major lon Concentrations and Miscellaneous Groundwater Data at STR7-158SS

O = ] = m T |2 = 2 o~
S 1< | g |5 |3 |2 el el &l |2 |8 |28
[0} = =] 7] ~ ¥ - [0} © © S ~|© o~ | 20
=] S n 0} 1S Q [} [} k=] © = N = 8 9|l c®
= = (9] c = — — = m O o o S N — O =0
2R | s |82| 8|S |E_|£|58| % |88|5%|50(8¢2|8y
< = = i =
o @) e 121 & 3 zz | =z [ S |eEllxzoloUlmI [T
Alberta Tier 1 Groundwater Remediation Guidelines for Not Not Not Not Not Not Not Not
Natural Area with Coarse Soil Type (mg/L) 230 Listed | Listed| Listed 200 500 i 13 0.12 Listed 500 Listed | Listed | Listed | Listed
Sample Location Sample ID Sample Date
STP07-158-SS MWO07-035 April 25, 2007 16| 78.5 2.8 21.4 25| 65.3 0.3 0.3 0.48 98.6 363 284 597 310 254
STP07-158-SS | STP07158-GW01{ May 30, 2008 4 112 1.5 33.3 4 197 <01 <0.1 NA| 99.9 416 417 7120 4900 402
Notes:
Only those parameters detected above laboratory
detection limits at least once are li
< - Not Detected Above Numeric Value that Follows
NA - Not Analyzed |
*All Concentrations in mg/L unless otherwise noted
1) Values of ion balance are percental
2) Units of conductivity>S/cm
Table 413. Background Metals Concentrations in Groundwater at STP07-159SS
/E
~—~ E _ —_ —
= — - Qo ] — <
7 | | & ~ | ¢ | § _lale |25 |
Slesla|e|ls || =¢|5 |2E|2|€|&e|E|E|-=
2 £ = £ S e £ g |3 = s 3 3 S = N
c c 5 = = o Q2 [0} = c c = I ~
sl 5| | 2|8 | |2 |5 |2s|s| = |2 ||| g |c¢
z | = 8 | & | & e[ 5| s 152] 3 s | & | & 5 S | S
Alberta Tier 1 Groundwater Remediation Guidelines for Not Not Not Not Not
Natural Area with Coarse Soil Type (mg/L) 0.005| 0.1 5 1 Listed 03 Listed 0.05 Listed 0.15 1 0.006 0.001 Listed 0.02 Listed 0.03
Sample Location Sample ID Sample Date
STP07-159-SS MWO07-034 April 25,2007 | 0.0014 0.03 0.11] 0.123 NA| 0.019 0.022 0.11 0.00§ 0.004 0.0014 0.0041 NA| 0.0154 0.001 0.011
STPO07-159-SS | STP07159-GW23] May 30, 2008 NA|[ <0.01 0.21] 0.133 1.6 0.212 NA 0.19 <0.00§ 0.003 NA NA 0.26 NA| <0.004 0.164

Notes:

Only those parameters detected above laboratory

detection limits at least once are |

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed

*All Concentrations

in mg/L
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Table 4-14: Background Dissolved Organics Concentrations in Groundwater at ST®7-159-SS

VOCs PAHs
[«5]
[
(5]
= ”
=2 = j=:
= = £
® = [<5] L ©
= @ S e < 2
xS © = s | <3 &
g | & = £ | &£ S
Slel|l 23| 35|85 8|35
= =Y S — =2 =] A =2
Alberta Tier 1 Groundwater Remediation Guidelines for 0.024 0.3 Not 0.0011 Not Not Not
Natural Area with Coarse Soil Type (mg/L) ’ ) Listed| Listed | Listed | Listed
Sample Location Sample ID Sample Date
STP07-159-SS MWO07-034 April 25, 2007 0.85 0.00073 NA 0.01 NA 13| 2]
STP07-159-SS | STP07159-GW23 May 30, 2008 0.99 1.2 0.52 0.44 <2.2 1.2 NA <1

Notes:

Only those parameters detected above laboratory

detection limits at least once are lig

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed

*All Concentrations in mg/L unless otherwise noted

1) VOC, TMB, and PAH for STP07159-GW29>g/L
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Table 4-15. Background Major lon Concentrations and Miscellaneus Groundwater Data at STR07-159-SS

—~ ! <
— ¢ Q %) =
5 < = T T | E ~ | W S| s 2 o 2
S|S|E|58 |28 |2 |. s | €] 2] Bly |E |2 |58
K c = 7} c ~ + ; z [= ) o 8|8 -]|0© o~ | E9Q
= = g | & 5 s | e 2 b S 2 8 3|EQ |3 |€8|£S
AR ALER EE RE R AR AR R AR AR e
&) S c =2 & 3 1Z2=2] 5 Z g o s |PO|[FS|SUW|sgI |38
Alberta Tier 1 Groundwater Remediation Guidelines for Not No Not Not Not Not Not Not
Natural Area with Coarse Soil Type (mg/L) 230 Listed Listed 200 500 13 0.06 | 1.37 | 0.12 Listed 500 Listed | Listed | Listed | Listed
Sample Location Sample ID Sample Date
STP07-159-SS MWO07-034 April 25, 2007 33 73.3 19.2 74 115 0.1 0.07 0.33 102 471 262 749 309 253
STP07-159-SS | STP07159-GW23| May 30, 2008 38 81.4 23 72| 13.5 <0.1] <0.05 NA| 999 464 298 789 47 390

Notes:

Only those parameters detected above laboratory

detection limits at least once are li

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed |

*All Concentrations in mg/L unless otherwise noted

1) Values of ion balance are percental

2) Units of conductivity>S/cm
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Table 4-16:

Metals Concentrations in STR07-158SS PA Water Injectate

C
s o | - 51 s |, g5l =1s
2 e ~ g £ g ° E 3 2 2 = - e g £ =
SlElg|e|e | |C|E 8] o] ¢|5 z |z ||| |5 |=2
Q 2 = = 3 ] = = 5 e g | T g e 2 2 5 5 N
I< = c = = € g L S | a 5 = = 2 T N
o g S 2 > S 8 <) o - c >5| x 3 ] o g g Q
@ 3 o 3 7] e o < o) S 5] o3 © P [} = I & £
< < 0 i} o} [ O O O = = =< | zZ _ 0 ) = > N
Alberta Tier 1 Groundwater Remediation Guidelines for Not | Not | Not Not Not | Not | Not
Natural Area with Coarse Soil Type (mg/L) 0005) 01 S 1 Listed | Listed | Listed 000110004\ 0.3 | 005 Listed 0.15 1 0.007) 0.001 Listed | Listed | Listed 003
Sample Location Sample ID Sample Date
STP07-158-SS | STP07158-1J02 [ July 17,2008 | 0.0079 3.02 2.44 0.114 0.002 4.2 0.024 <0.009 0.009 10.4 0.339 0.194 0.053 0.014 0.0023 0.313 0.019 0.029 0.047
STP07-158-SS | STP07158-1J03 [ July 17,2008 | 0.0084 3.0 98.70 0.124 0.003 2.8 0.024 0.009 0.004 10.9 0.324 0.201] 0.054 0.015 0.0024 0.314 0.025 0.03] 0.04]
STP07-158-SS| STP07158-1J04 | July 17, 2008 NA[  NA| NA| NA| NA|] 2979 NA| NA[ NA] NA[ NA|] NA[ NA] NA| NA| NA] NA| NAl NA

Notes:

Only those parameters detected above laboratory

detection limits at least once are |

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed

*All Concentrations in mg/L

*Samples not field filtered - Results not representative of

dissolved concentrations
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Table 4-17. Dissolved Organics Concentrations in ST®7-158SS PA Water Injectate

VOCs Trimethylbenzene |PAHs
() (] (]
c c c
() ] (]
N N N
c c c
g1 88 |s 8
= = = | £ S
2 | o 2|1 2|2 |8, <
8|6 2| 2| 8 |Es =
2 ) S > 2 = = = Yz 2
ls | 2| X | 2| &6 |3 |a 22| |k
sl 2| 2| E| X || &| « |88 8| %
gle gl &l sl gl alalBglall
Alberta Tier 1 Groundwater Remediation 5 24 24 300 Not | Not [ Not | Not [ Not | Not
Guidelines for Natural Area with Coarse Soil Type Listed| Listed | Listed | Listed | Listed | Listed
Sample Location  Sample ID Sample Date
STP07-158-SS| STP07158-1J02( July 17, 2008 70 179 51 214 82 13 21 134 20 41y 414
STP07-158-SS| STP07158-1J03| July 17, 2008 43 72 187 80 32 <10 <10 <1.Z7 5.0 40 44.9

Notes:

Only those parameters detected above laboratory

detection limits at least once are listed

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed |

*All Concentrations in mg/L unless otherwise noted

1) VOC, TMB, and PAH concentrations &g/L

including remediaiton guidelines |
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Table 4-18: Major lons and Miscellaneous Data for STP07-158- SS PA Water Injectate

= < < —~ —~ i’ “o o - g
o) = ] = S|& |2 o =
S| S| g |E 2|3 |2 s | 2 Bla |E |8 |e |Z@
© = 3 |35 > | % z = 8 8|9 ~|B &~ | 8 20
° ® ) IS @ I ) 5] [ s | 29|35 a=|5 c
= = 0 c = = = — o c O S = 0O o ) =0
Sl 2| 8|82 8|S |E_| S| E| %5 |85|8%|5Q|8¢9|58 |2
= = = = =
S S e 1521 & 3 |1Z2=| Z < s [Po |8 |Su|lxagZ |80 =8
Alberta Tier 1 Ground.water Remed!atlon Guidelines for 230 Not Not Not 200 500 i 13 137 Not 500 Not Not Not Not Not
Natural Area with Coarse Soil Type (mg/L) Listed | Listed | Listed Listed Listed | Listed | Listed | Listed | Listed
Sample Location Sample ID Sample Date
STP07-158-SS | STP07158-1J02 July 17, 2008 5371 11.9 9 6 670 190 0.6 0.6 1 102 1750 54 3090 637 10 539
STPO07-158-SS | STP07158-1J03 July 17, 2008 414 10.7 8.9 5.5 686) 183 0.6 0.6] 1.17 101 1760 49| 2980 515 199 754
Notes:
Only those parameters detected above laboratory
detection limits at least once are li{
< - Not Detected Above Numeric Value that Follows
NA - Not Analyzed |
*All Concentrations in mg/L unless otherwise noted
1) Values of ion balance are percentd|
2) Units of conductivity>S/cm
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Table 4-19: Metals Concentrations in STR07-159-SS PA Water Injectate

c
3 - = 218 | = S
215|188 3 Pl |2ls|c |52 ¢
sle|&lcle|slele|g8 |S15|2|5¢8])3:
o E & 3 € < = 2 55| 2 S g = = @
@ 3 S @ o Q S s || & © 5 £ e 3
< < M o] e} ] = = =< | =z N N = =) >
Alberta Tier 1 Groundwater Remediation Guidelines for Not Not Not Not Not Not
Natural Area with Coarse Soil Type (mg/L) 0.005] 0.1 S 1 Listed | Listed 0.3 0.05 Listed 0.15 | 0.001 Listed | Listed 0.02 Listed
Sample Location Sample ID Sample Date
STP07-159-SS | STP07159-1J07 | August 7, 2008 | 0.006 0.7 5.21 0.04 8.1 0.003 0.159 0.033 0.337] 0.014 0.004 0.21§ 0.013 0.004 0.01
STP07-159-SS | STP07159-1J08 | August 7, 2008 NA NA NA NA| 1519 NA NA NA NA NA NA NA NA NA NA
STP07-159-SS | STP07159-1J09 | August 7, 2008 NA NA 104 NA NA NA NA NA NA NA NA NA NA NA NA
STP07-159-SS | STP07159-1J10 | August 7, 2008 NA NA NA NA|[ 27.3 NA NA NA NA NA NA NA NA NA NA
STP07-159-SS | STP07159-1J11 [ August7,2008 | 0.004 <0.1] 3.3 0.044 61.3 0.004 0.054 0.033 0.26§ 0.013 0.041] 0.214 <0.00§ 0.004 0.0]

Notes:

Only those parameters detected above laboratory

detection limits at least once are li

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed

*All Concentrations in mg/L
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Table 4-20: Dissolved Organics Concentrations in STH®7-159SS PA Wate Injectate

VOCs Trimethylbenzene PAHs
2 2 2
) ) ) GC)
S g
g 8|8 s | £ g
£ ) £ £ £ o |[@ o :__% <
o c O Q ) < e C c O
® Bl €| o | E|E|E| S |2 = c
s| S| &8 | X |8 |5 | 5|5 | |88l = =
N = ! = To) < ™ = Q
|2 | 2| E| X ||~ || 8|88 5|28 %
ol - I} o o — - - =z £ c — &) =z
Alberta Tier 1 Groundwater Remediation o4 24 300 Not | Not | Not 11 Not | Not | Not | Not
Guidelines for Natural Area with Coarse Soil Type ' Listed| Listed| Listed ' Listed| Listed| Listed| Listed
Sample Location  Sample ID Sample Date
STP07-159-SS| STP07159-1J07| August 7, 2008 20 64 26 152 75 31 71 207 56 69 4.3 52 43.9
STP07-159-SS| STP07159-1J11| August 7, 2008 21 78 3.0 163 7.7 159 69 77 58 49 4.4 48 41.3

Notes:

Only those parameters detected above laboratory

detection limits at least once are listed

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed |

*All Concentrations in mg/L unless otherwise noted

1) VOC, TMB, and PAH concentrations #g/L

including remediation guidelines |
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Table 4-21: Major lons and Miscellaneous Data for STP07-159-SS PA Water Injectate

—~ ' E
— z Q [%) =
= © =< = = = “© S| 8 > ) (©] R
S| o | g |E 2|83 |2 s | 2 Bl |5 |8 |2 |%@
@ = 2 | = ~ [ 5 z pd = s B|l24|%B 5~ |3 20
) g 7] o Q @ @ : o [ S|lcd |2 25| ¢ £ES
5 5 g | 55| 2 S | @® ® 2 £ @ 2|35 T |59 8@ |50
° ° g o5 © = g g = ngl8o0leg|80 |20 |
< [ S S s o S = = = £ c oo |88 |om|L8x |80 |=2
(@) Q [l =< ) %) Zz zZ z < k=] Eo 1 TO oSl [OL 18
Alberta Tier 1 Groundwater Remediation Guidelines for Not Not Not Not Not Not Not Not Not
Natural Area with Coarse Soil Type (mg/L) 230 Listed | Listed | Listed 200 500 13 0 1.37 Listed 500 Listed | Listed | Listed | Listed| Listed
Sample Location Sample ID Sample Date
STP07-159-SS | STP07159-1J07 | August 7, 2008 554 7.9 8.9 4.4 606 169 0.5 0.5 1.09 90.9 1680 38 623 21 544
STP07-159-SS | STP07159-1J10 August 7, 2008 520 NA NA NA NA NA NA NA NA NA NA NA NA NA NA
STP07-159-SS | STP07159-1J11 August 7, 2008 676 8.8 9.9 4.7 707 169 0.4 0.4 1.6 95.1 1900 41 625 18 543

Notes:

Only those parameters detected above laboratory

detection limits at least once are |i

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed

*All Concentrations in mg/L unless otherwise noted

1) Values of ion balance are percenta|

2) Units of conductivity>S/cm
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Table 4-22:

Post PA Water Injection Dissolved Metals Concentrations at ST®7-158SS

=
= | = 5 2 2|9 o | s
7|5 slegl|le|lS|s|:l|3 2|5 | 2 21 ¢ SIE|E|2]¢
Sielelagle| |5l e |S|E[S]|~|¢|58 |E|l2]|2]c¢ Ele | £ E =
A - - - El he. 2 = | E 5| & | s |3 -1 e ) 2 = |21 3 § % g N
s | 8| E|8|2|E|E| 5 |&|c|e|z|2|3c|8 |2 |E|5|C|5|E |5 |5|¢]¢
c |G |38 |&|s |6]| 8 |6]6|8]e]s|Se|z|8|c|8|¢E[d|F|r |S5]|S|R
Alberta Tier 1 Groundwater Remediation Guidelines for Not | Not Not Not Not | Not [ Not Not Not
Natural Area with Coarse Soil Type (mg/L) 0005/0.0003 0.1\ 5 1 Listed | Listed 0.005 Listed 0001 1 0.004) 0.3 1 005 Listed 015 0.007 | 0.006 | 0.001 Listed |Listed| Listed | Listed 002 Listed 008
Sample Locatiof ~ Sample ID Sample Date
STP07-158-SS| STP07158-GW15[  July 18,2008 | 0.002§<0.00§ 0.03 8.82 0.05§ NA| 269.1 <0.001 0.003 <0.004 0.00§ 0.019 0.053 0.240 0.014 <0.00§ NA|0.002§ <0.04 0.224 0.001 <0.09 NA| 0.003 0.021
STP07-158-SS| STP07158-GW16 July 23, 2008 0.0023<0.00§ 0.04 10.10 0.059 NA| 247.3 <0.001 0.004 <0.004 0.00§ 0.004 0.053 0.154 0.014 <0.003 NA|0.001§ <0.09 0.224 <0.00] <0.03 NA| 0.003 0.061
STP07-158-SS| STP07158-GW17[  August 6, 2008 ]0.0040<0.007 <0.1 41.40 0.067 <0.0003 835 <0.001 0.007 <0.004<0.004 0.054 0.06§ 0.104 0.0] <0.00] <0.004 0.051 <0.007 0.257 <0.003 <0.0003 0.004 0.004 0.11
STP07-158-SS| STP07158-GW18| August 21, 2008 | 0.00280.0004 0.07 16.20 0.059<0.0000% 16.9 0.0001 0.007 0.0029 0.002{ 0.144 0.091 0.0534 0.0072 0.0004 <0.0004 0.0007 <0.0002 0.22§ 0.0013 0.000130.0058 0.0037 0.114
STP07-158-SS| STP07158-GW19| August 27, 2008 | 0.0015<0.004 0.02 9.44 0.054 NA| 109 <0.00]<0.007 <0.009 0.0020 0.044 0.09 0.0350 0.00§ <0.009 NA|0.0004 <0.09 0.224 <0.00] <0.03 NA| <0.001 0.184
STP07-158-SS| STP07158-GW20| September 3, 2008| 0.00120.0004 0.04 7.87 0.061<0.00003 7.0 <0.00010.0021 0.0004 0.0024 0.01§ 0.123 0.0363 0.0066 <0.000] <0.00040.0004 <0.0003 0.27¢ 0.0014<0.0000%0.005] 0.0023 0.2
STP07-158-SS| STP07158-GW21{ September 12, 2008 0.00140.0004 <0.01 5.4 0.079<0.00003 4.0 <0.00010.0026 0.0007 0.0013 0.007 0.17 0.0274 0.0064 <0.0001 <0.0004 0.0024 <0.0002 0.32( <0.0003<0.0000%0.0052 0.000§ 0.23
STP07-158-SS| STP07158-GW22[ September 17, 2008 0.001%0.000 <0.01 4.24 0.08(<0.0000! 2.7 <0.0001 0.0024 0.0004 0.0013 0.014 0.184 0.0269 0.0064 <0.0001 <0.0004 0.0033 <0.0002 0.354 0.0004 0.000240.0044 0.000§ 0.20
STP07-158-SS| STP07158-GW23| September 25, 2008 0.00140.0004 <0.01 2.92 0.084<0.0000! 0.9 <0.00010.0031<0.0004 0.0009 0.004 0.254 0.0234 0.0069 <0.0001 <0.0004 0.0027 <0.0002 0.389 0.0003<0.0000% 0.004 0.0009 0.25]
STP07-158-SS| STP07158-GW24| September 30, 2008 0.001%0.0004 <0.01 2.5 0.08§<0.0000! 0.8 <0.00010.0031 0.0004 0.0009 0.014 0.26§ 0.0193 0.006% <0.0003 <0.0004 0.0021 <0.0002 0.397 0.0004<0.0000% 0.0035 0.0007 0.243
STP07-158-SS| STP07158-GW25| October 8, 2008 | 0.001%0.0004 <0.01 1.97 0.089<0.0000! 0.6 <0.0001 0.003 0.0007 0.0009 <0.003 0.314 0.0205 0.0063 <0.0001 <0.0004 0.001% <0.0002 0.404 <0.0003<0.0000% 0.0035 0.000§ 0.175
STP07-158-SS|STP07158-GW25[)  October 8, 2008 | 0.001%0.0004 <0.0] 1.92 0.090<0.0000% 0.6 <0.000] 0.003 0.0004 0.0009<0.00§ 0.309 0.0199 0.0063 <0.0001 <0.0004 0.0013 <0.0002 0.414 <0.0003<0.00005 0.0033 0.0004 0.18}
STP07-158-SS| STP07158-GW26| October 16, 2008 | 0.001%0.0004 <0.01 1.3§ 0.115<0.0000! 0.3 <0.0001 0.004 0.00140.0004 0.049 0.452 0.0115 0.0072 <0.0001 <0.0004 0.0011 <0.0002 0.563 0.0003<0.0000%0.002§ <0.001 0.37
STP07-158-SS| STP07158-GW27| October 23, 2008 | 0.0016<0.0004 <0.01 1.15 0.143<0.0000! 0.4 <0.00010.005§ 0.0004 0.0013 0.079 0.52§ 0.0054 0.0093 0.0007 <0.00040.0004 <0.0002 0.703 <0.0003<0.0000%0.0024 <0.001 0.47
STP07-158-SS| STP07158-GW28| November 1, 2008 | 0.0014 0.0024 <0.01 0.9 0.153 0.0003 0.3 <0.000] 0.0062<0.0004 0.0009 0.11] 0.567 0.0034 0.0104 0.0003 0.000% 0.00] 0.000§ 0.69] 0.0009 0.00017 0.0024<0.0001 0.39
STP07-158-SS| STP07158-GW29| November 8, 2008 | 0.00140.0004 <0.01 0.55 0.157<0.0000! 0.2 <0.00010.0053 0.001 0.0009 0.164 0.41§ 0.0027 0.0093 0.0004 <0.00040.0004 <0.0002 0.657 0.000§ 0.00006 0.001§ 0.00q 0.483
STP07-158-SS| STP07158-GW30[  June 20, 2009 | 0.00070.0002¢ 0.019 0.0903 0.184<0.0000% NA|<0.00010 0.0022 0.00093 0.0008 0.32§ 0.52 0.0011 0.0072 0.000170.0004:0.0004<0.00020 0.31§ 0.00059<0.0000% 0.0029 <0.0001 0.309

Notes:

Only those parameters detected above laboratory

detection limits at least once are listed

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed

*All Concentrations in mg/L
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Table 4-23. Post PA Water Injection Dissolved Organics Concentrations at ST7-158SS

VOCs PAHs
=3 o g
£ g 2
@ = |u=| €
sl 2| E |82 8| o | &
n| o | £ ¢ < [a) P
Alberta Tier 1 Groundwater Remediation Guidelines for 5 2 300 Not 46 Not | Not
Natural Area with Coarse Soil Type Listed Listed| Listed
Sample Locationf ~ Sample ID Sample Date
STP07-158-SS| STP07158-GW15 July 18, 2008 <1.3 729 <26 15 <14 54 49.4
STP07-158-SS| STP07158-GW16 July 23, 2008 <13 11§ 13 26§ <14 47 419
STP07-158-SS| STP07158-GW17| August 6, 2008 <1.3 10 12 43 <14 45  32.6
STP07-158-SS| STP07158-GW18| August 21, 2008 14 91 16 <28 <14 21 14.4
STP07-158-SS| STP07158-GW19| August 27, 2008 <13 12§ 14 17 <14 15 8.9
STP07-158-SS| STP07158-GW20| September 3, 2008 <1.3 94 1.4 <2 5.0 13 8
STP07-158-SS| STP07158-GW21| September 12,2008 1.8 104 1.3 <28 5.3 100 4.3
STP07-158-SS| STP07158-GW22| September 17, 20013 <l.3 93 14 14 <14 9 4.1
STP07-158-SS| STP07158-GW23| September 25, 20013 <13 74 13 12 3.9 12 2.7
STP07-158-SS| STP07158-GW24| September 30, 2008 <1.3 7.2 <2.§ <2.§ 4.0 6 2.3
STP07-158-SS| STP07158-GW25| October 8, 2008 <13 4.1 <26 14 3.9 6 1.7
STPO07-158-SS|STP07158-GW250) October 8, 2008 <l1.3 50 <26 11 45 5 1.6
STP07-158-SS| STP07158-GW26| October 16,2008 | <1.3 57 1.2 <2.§ 4.4 4 1.1
STP07-158-SS| STP07158-GW27| October 23,2008 | <1.3 3.2 1.2 42 2.7 5 1.3
STP07-158-SS| STP07158-GW28| November1,2008| <1.3 3.2 1.4 <2.§ 4.7 5 <1.0
STP07-158-SS| STP07158-GW29| November 8, 2008 120 31 15 <28 14 4 <1d
STP07-158-SS| STP07158-GW30| November 8, 2008 NA|[ NA| NA| NA[ NA 29 <01
Notes:
Only those parameters detected above laboratory
detection limits at least once are listed
< - Not Detected Above Numeric Value that Follows
NA - Not Analyzed |
*All Concentrations in mg/L unless otherwise noted
1) VOC, TMB, and PAH concentrations>g/L including
remediaiton guidelines |
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Table 4-24: Post PA Water Injection Major lons and Miscellaneous Groundwater Data at STR7-158SS

= < g < = "g o =8 > Q g
1 ¢l g |5 2| 3|2 g | 2 glw |5 |8 |& |28
k) = 2 |2 = P z z = Ko 8|9 4|5 o = |8 20
= 3 o |c 5 = |8 2 0 Q < 3leS|2 |2 ole s|€E8
g | 8| 8 |og| 5 | £ |8 s | £ | E| Q2 ps|B0|280|80l28|sY
5618|8121 3|3 [32|35 |3 15 |5 |PO|f3|8uai|§C|z&
Alberta Tier 1 Groundwater Remediation Guidelines for Not | Not | Not Not Not | Not | Not | Not | Not
Natural Area with Coarse Soil Type (mg/L) 230 Listed | Listed | Listed 200 | 500 ) 13 | 006 137 Listed 500 Listed| Listed | Listed | Listed | Listed
Sample Locationf  Sample ID Sample Date
STP07-158-SS| STP07158-GW15|  July 18, 2008 53§ 12.7 8.3 6f 641 181 0.5 04 014 083 973 172Q 560 2990 652 12| 554
STP07-158-SS| STP07158-GW16[  July 23, 2008 529 142 67 7.1 604 180 03 0.3 <0.09 0.87 94.2 1670 65 2840 668 <5 551
STP07-158-SS| STP07158-GW17| August 6, 2008 459 203 61 87 540 154 03 03 <0.09 0.5 94.7 1510 87 2640 63§ 6] 532
STP07-158-SS| STP07158-GW18| August 21, 2008 220 239 71 103 367 87 <01 <0.) 0.0§4 039 984 1030 102 1760 633 <5 519
STP07-158-SS| STP07158-GW19| August 27, 2008 131 26.5 5 10§ 259 574 <0.) <0.J <0.0§ 0.3 93 781 110 1419 593 <5 484
STP07-158-SS| STP07158-GW20| September 3, 2009 88 354 69 142 227 553 <01 <01 <0.0§ 042 102 74 119 1240 603 <5 494
STP07-158-SS| STP07158-GW21|September 12, 2008 60, 472 6.5 183 190 548 <01 <0.1] <0.0§ 039 100 659 193 1120 574 <5 471
STP07-158-SS| STP07158-GW22|September 17, 2008 48 422 57 164 160 447 <01 <0.1] <0.0§ 0.33 914 596 174 104Q 566 <5 464
STP07-158-SS| STP07158-GW23|September 25, 2008 32 504 6.2l 20 147 389 <01 <0.1] <0.0§ 0.3 987 570 209 966 559 <5 454
STP07-158-SS| STP07158-GW24|September 30, 2008 25 50.3 5.7 20.64 13§ 36 <0.1] <01 <0.0§ 0.34 974 546 210 93§ 553 <5 454
STP07-158-SS| STP07158-GW25| October 8, 2008 200 471 59 189 137 311 0.1 0.1 <0.0§ 0.3 971 533 19§ 909 556 <5 45§
STP07-158-SS|STP07158-GW250 October 8, 2008 200 457 57 183 133 302 <01 <0.1] <0.0§ 044 942 527 189 913 557 <5 454
STP07-158-SS| STP07158-GW26| October 16, 2008 100 611 6.6 264 91 241 <01 <01 <0.0§ 03] 959 489 261 854 547 <5 449
STP07-158-SS| STP07158-GW27| October 23, 2008 15 748 6.6 307 771 313 <01 <01 <0.0§ 04 979 501 311§ 857 541 <5 443
STP07-158-SS| STP07158-GW28| November 1, 2008 16| 88.4 6.1 33 56 304 <01 <01 <0.0§ 043 100 489 357 863 525 <5 431
STP07-158-SS| STP07158-GW29| November 8, 2008 7| 924 5| 335 260 227 <01 <01 <0.0§ 02§ 953 438§ 369 801 512 <5 420
STP07-158-SS| STP07158-GW30|{ June 20, 2009 1.6 1111 334 227 6.6 20.7<0.050<0.071<0.050<0.05Q 103 414 41§ 741 484 <5 397

Notes:

Only those parameters detected above laboratory

detection limits at least once are listed

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed |

*All Concentrations in mg/L unless otherwise noted

1) Values of ion balance are percentages

2) Units of conductivity>S/cm |
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Table 4-25:

Post PA Water Injection Dissolved Metals Concentrations at ST®7-159-SS

o

-z =8 § | 5 s 818|8|c|c=]|5]|2

21| -18le| 2 18|c¢c|3 35 || | 2|2 |2|E|E|2]|¢

sl s5|le2|z|g| 5§ || 2| |=|8le |[£2|&8 | 2|5 |5 ¢« e || 5 |2

s|E|s|S|E|E |2 |5 |8 |%|8|8z|2| 5| |B|B|2|2 2|8 |%

3 § 2 = o 2 g £ g c S %‘ o| 3§ I5d = ) o IS < I c Q

z |z | 8| & | & o o | © c | 2 =132]| 2 s < & B | E e 51§ 1S
Alberta Tier 1 Groundwater Re mediation Guidelines for Not Not Not Not Not Not Not

Natural Area with Coarse Soil Type (mg/L) 0.005} 0.1 5 1 Listed 0.005 Listed 0.0011 0.0041 0.3 | 0.05 Listed 0.15 | 0.007| 0.006 | 0.001 Listed| Listed | Listed 0.02 Listed 0.03

Sample Location Sample 1D Sample Date
STP07-159-SS| STP07159-GW35|  August 8, 2008 0.00§ <0.1) 3.7 0.063 56.3 <0.00] 0.004 <0.004 <0.004 0.0 0.037 0.255 0.014 <0.00] <0.004 0.043 0.20§ <0.003 <0.000$ 0.00§ 0.009 <0.04
STP07-159-SS| STP07159-GW36]  August 21, 2008 [ 0.0014 0.1 25.99 0.05 64.4 0.00040.0019 0.003] 0.004 0.387 0.045 0.18§ 0.0094 0.0014 0.0014 0.0007 0.181 0.0017 0.000060.0126 0.004§ 0.05
STP07-159-SS| STP07159-GW37|  August 27,2008 | 0.0023 0.09 645 003 9.3 <0.00]<0.003 <0.00§ <0.00] 0.173 0.0 0.07] 0.004 <0.003 NA| <0.0004 0.074 <0.00] <0.09 NA| 0.00] 0.03j
STP07-159-SS| STP07159-GW38| September 3, 2008| 0.0017 0.12 3.84 0.039 4.1 <0.0001 0.000§<0.0004 0.0012 0.03§ 0.035 0.0349 0.0032 0.0001 0.000§ <0.0004 0.133 0.0032<0.0000%0.0055 0.0021 0.004
STP07-159-SS| STP07159-GW39| September 12, 2008 0.002]1 0.0 3.1 0.06§ 3.9 <0.000] 0.000§ 0.0017<0.000§ 0.074 0.064 0.0267 0.0031 <0.000] 0.0006 0.0031 0.24¢ 0.000%<0.0000% 0.004§ 0.000§ 0.0
STP07-159-SS| STP07159-GW40| September 17, 2008 0.0020 <0.01] 1.8 0.084 3.8 <0.00010.0009 0.001<0.0006§ 0.104 0.083 0.0191 0.0032 <0.000]1 0.0006§ 0.003§ 0.354 <0.0003 0.0000% 0.0033 0.000§ 0.03
STP07-159-SS| STP07159-GW41] September 25, 2008 0.001§ <0.00 1.33 0.109 1.3 <0.0001 0.0011 0.0004<0.0006 0.12d 0.121 0.0125 0.003§ <0.0001 0.0003 0.0019 0.434 <0.0003 0.00009 0.0027 0.0004 0.02]
STP07-159-SS| STP07159-GW42| September 30, 2008 0.0017 <0.0] 1.04 0.124 0.9 <0.000] 0.001§ 0.0004<0.0006§ 0.24§ 0.165 0.0103 0.0039 <0.000] <0.0004 0.001§ 0.529 <0.0003<0.0000% 0.0024 0.0005 0.053
STP07-159-SS| STP07159-GW43|  October 8, 2008 | 0.0019 <0.0] 0.73 0.133 0.8 <0.000] 0.001§ 0.0007<0.000¢ 0.31f 0.19 0.008§ 0.004] <0.0001 <0.0004 0.0009 0.59¢ <0.0003<0.0000% 0.0023 0.000§ 0.11%
STP07-159-SS| STP07159-GW44| October 16, 2008 | 0.0021 <0.0] 0.6 0.140 0.5 <0.000] 0.004<0.0004<0.0006§ 0.424 0.207 0.0082 0.004% <0.000] <0.0004 0.000§ 0.61( <0.0003<0.0000% 0.004 <0.00] 0.06]
STP07-159-SS| STP07159-GW45| October 23, 2008 | 0.0019 <0.0] 0.5 0.144 0.5 <0.0001 0.0023<0.0004<0.0006 0.374 0.20§ 0.007 0.0046 <0.000] <0.0004 <0.0004 0.624 <0.0003<0.0000% 0.002] <0.003 0.094
STP07-159-SS| STP07159-GW46| November 1, 2008 | 0.0013 <0.0] 0.3 0.149 0.5 <0.0001 0.0022<0.0004<0.0006 0.499 0.223 0.007 0.0053 0.0001 <0.0004 <0.0004 0.519 0.0003 0.0000§ 0.004 <0.0001 0.094
STP07-159-SS| STP07159-GW47 June 21,2009 ]0.0013<0.01 0.23 0.134 NA|<0.0001( 0.0013%0.0004(0.0006( 0.374 0.229 0.004 0.0039 0.0009<0.0004¢ 0.0008% 0.261<0.0003(0.00005( 0.000%0.0001( 0.223
STP07-159-SS|STP07159-GWATI] June 21,2009 ]0.0013<0.01 0.23 0.133 NA|<0.00010 0.001%0.0004(0.0006( 0.32] 0.204 0.0016 0.004 0.00043<0.0004 0.00041r 0.2550.0003(0.00005( 0.000%<0.0001( 0.22]

Notes:

Only those parameters detected above laboratory

detection limits at least once are listed

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed

*All Concentrations in mg/L
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Table 4-26. Post PA Water Injection Dissolved Organics Concentrations at STB7-159-SS

VOCs Trimethylbenzene PAHs
(] (] (O]
c c c )
(O] (O] (O] [
i~ i~ i~ °
S| 8|8 s | £ e 8
=. =. =. c Q
c |3} [3) [3) S E c c = Q
© & Q o = = = = o2 — = c
c| o ] > c = = = @ T © = S @
Sl s |2 f|2|a |3 |a| Bk E| g,z
i = C
5|2 | 2| E| X |||« | 5|88 5| 8|0 %
m = I o o — — — zZ £ c — < [a) 4
Alberta Tier 1 Groundwater Re mediation Guidelines for 5 4 24 300 Not Not Not 11 Not Not 46 Not
Natural Area with Coarse Soil Type ' Listed| Listed| Listed ' Listed| Listed Listed
Sample Locatio  Sample ID Sample Date
STP07-159-SS| STP07159-GW35| August 8, 2008 1.8 4.4 2.1 13.3 6.6 1.6 3.0 51 <2.2 3.2 2.0 <14 57| 324
STP07-159-SS| STP07159-GW36| August 21, 2008 2.3 3.8 1.4 9.3 4.4 0.8 3.5 4.2 1.7 2.4 25 <14 401 31.4
STP07-159-SS| STP07159-GW37| August 27, 2008 1.9 4.3 1.1 8.0 3.3 1.2 2.5 45 <22 1.6 1.7 <1.4 15 10.7]
STP07-159-SS| STP07159-GW38| September 3, 2008 1.7 3.4 1.7 7.8 3.3 1.2 3.1 5.1 1.8 2.3 20 <14 10 6.9
STP07-159-SS| STP07159-GW39| September 12, 200§ 1.7 3.5 <15 6.6 3.3 <10 3.7 6.3 1.4 <28 <1.4 4.5 9 5.3
STP07-159-SS| STP07159-GW40| September 17, 20013 2.8 3.6 <1.5 6.5 29 <1.0 3.6 7.1 4.6 2.5 <14 <1.4 7 2.9
STP07-159-SS| STP07159-GWA41| September 25, 20013 1.2 4.0 <1.5 6.0 2.3 <1.0 25 114 2.2 1.5 2.2 6.8 7 1.2
STP07-159-SS| STP07159-GWA42| September 30, 2008 <1.3 29 <15 4.6 1.5 <1.0 2.0 9.0 2.2 <2.8 2.1 5.2 4 1.5
STP07-159-SS| STP07159-GW43| October 8, 2008 1.4 2.0 <1.5 4.4 1.7 <1.0 2.6 7.1 1.9 2.4 2.7 3.0 5 1.1
STP07-159-SS| STP07159-GW44| October 16, 2008 1.4 25 <15 3.7 1.4 <1.0 2.3 10.1 25 <28 <14 4.5 4 <1.d
STP07-159-SS| STP07159-GW45| October 23, 2008 <1.3 1.7 <15 3.1 1.4 <1.0 2 6 2.4 22 <14 3.1 4] <1.d
STP07-159-SS| STP07159-GW46[ November 1, 2008 1.1 1.2 <1.5 2.5 1.1 0 2 4 2.9 1. <1.4 2.1 4 <1.d
STP07-159-SS| STP07159-GW47 June 21, 2009 NA NA NA NA NA NA NA NA NA NA NA NA 3.6 <0.5
STPO7-159-SS|STP07159-GW47L[ June 21, 2009 NA NA NA NA NA NA NA NA NA NA NA NA 3.5 <0.5

Notes:

Only those parameters detected above laboratory

detection limits at least once are listed

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed |

*All Concentrations in mg/L unless otherwise noted

1) VOC, TMB, and PAH concentrations #g/L including

remediation guidelines |
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Table 4-27. Post PA Water Injection Major lons and Miscellaneous Groundwater Data at STR7-159SS

= | 5| & S N b |2 . o T‘g
Sl1c|e|E | 2|33 s | 21 1% | IE |¢ |2 |o8
2 = 2|9 c 5 | % < ‘€ ks 8|9 <8 5 = |& 2 |20
= 3 0 | e = 218 L Q < 3lsS|2|28|g=| 2 |E 8
S| S| ¢ |oz| 5| 8|8 S E| S |e=|EC|EC|8ClEd| € |85
o S g |12 & a |Zz]| Z < s [Polf8|SulaZ|SO] £ |28
Alberta Tier 1 Grouanater Re med.iation Guidelines for 230 Not Not Not 200 | 500 ) 13 | 137 Not 500 Not Not Not Not Not Not
Natural Area with Coarse Soil Type (mg/L) Listed | Listed| Listed Listed Listed | Listed| Listed | Listed | Listed | Listed
Sample Location  Sample ID Sample Date
STP07-159-SS| STP07159-GW35| August 8, 2008 692 10.8 9 52 721 18§ <01 <0.3f 1.39 951 195(Q 48 3310 638 12 <5 544
STP07-159-SS| STP07159-GW36| August 21, 2008 433 9.5 5.1 45 544 127 <0.1 <0.)f 0.54 97.4 1440 42 2490 634 <5 <5 52(
STP07-159-SS| STP07159-GW37| August 27, 2008 128 53 34 23 299 4572 <01 <01 0.3 99.2 761 23 1360 561 <5 <5 469
STP07-159-SS| STP07159-GW38| September 3, 2004 73] 108 35 44 228 269 <01 <01 049 984 629 46/ 1090 527 11 <5 450
STP07-159-SS| STP07159-GW39|September 12, 200B 700 234 6.1 103 209 281 <0. <01 0.73 9924 610 100 1050 519 8 <5l 439
STP07-159-SS| STP07159-GWA40|September 17, 200B 64 31.9 6.8 143 162 26.1 <01 <01 0.771 914 563 139 971 523 <5| <5 429
STP07-159-SS| STP07159-GWA41|September 25, 200B 49 484 6.3 203 133 165 04 04 043 984 528 204 90§ 514 <5 <5 421
STP07-159-SS| STP07159-GW42|September 30, 200B 48 52.§ 6.5 214 128 16.9 0.2 0.2 049 101 525 220 887 510 <5| <G| 418
STP07-159-SS| STP07159-GWA43| October 8, 2008 42| 55.4 57 21.7 99 14.2 0.1 0.1 031 931 484 228§ 863 499 <5 <5 409
STP07-159-SS| STP07159-GW44| October 16, 2008 42| 57.1 49 22.2 94 131 <0.1f <0.1 037 921 479 234 863 500 <5 <5 410
STP07-159-SS| STP07159-GWA45| October 23, 2008 39 67.3 6.1 25 89 135 <0.1] <0.3y 049 995 484 271 840 495 <5 <5 406
STP07-159-SS| STP07159-GW46| November 1, 2008 40 72.8 4.7 249 771 149 <011 <01 0.3 981 471 284 850 482 <5 <5 395
STP07-159-SS| STP07159-GWA47 June 21, 2009 36.9 779 2271 237 813 12.<0.050<0.071 0.074 1054 461 287 813 463 <5 <5 380
STPO07-159-SS[STP07159-GWA470 June 21, 2009 36.9 68.1 20.1 213 71.] 12.4<0.050<0.071<0.05Q 92.2 439 253 815 463 <5| <5 379

Notes:

Only those parameters detected above laboratory

detection limits at least once are listed

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed

*All Concentrations in mg/L unless otherwise noted

1) Values of ion balance are percentages

2) Units of conductivity>S/cm
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Table 4-28. Post PA Water Injection Dissolved Metals Concentrations at STR8 159A2

C
= | = 5 2 2 | % =~ | _ <
21 5lalBle 2 |8]e]8 51 5] 5|28 2IElE |2 ¢
SLEl8 S e 8|Sz s lelsle|e|8le|s |- |8/¢€|z:|¢|%|¢g
eS| 2|5 S |B|lg|e|z|23e| ¢ | |a|C (|55 |§8|¢8])¢
s |23 |8|s| 8 18[6 1811518318581 E1glE[E 151815
Alberta Tier 1 Groundwater Remediation Guidelines for Not Not Not Not | Not | Not Not Not
Natural Area with Coarse Soil Type (mg/L) 0005 0.1} 5 Listed 0.005 Listed 0.001 ) 0.0041 03 | 005 Listed 015 00071 0.006 | 0001 Listed |Listed| Listed | Listed 0.02 Listed 003
Sample Location Sample ID Sample Date
STP08-159A2 [ STP08159A2-GW01 September 12, 2008 0.004 0.02 0.324 0.074 0.9 0.0004 0.0042 0.0004 <0.0004 0.65 0.224 0.0944 0.0097 <0.0001 0.001 <0.0004 <0.0004 0.204 <0.0003<0.0000% 0.0004 0.0003 0.00
STP08-159A2 | STP08159A2-GW0Z September 17, 2008 0.0024 <0.01 0.2990.0743 1.6 0.0004 0.003] 0.0007<0.0006 0.66] 0.19 0.07540.0073 0.0001 0.001 0.0004 <0.0002 0.207 <0.0003<0.0000%0.0004 0.0004 0.0
STP08-159A2 [ STP08159A2-GW03 September 25, 2008 0.0039 <0.01 0.3570.0784 0.8 <0.0001 0.009¢ 0.0003 <0.0004 0.881 0.224 0.0629 0.0152 <0.0001 0.000§ <0.0004 <0.0004 0.244 <0.0003<0.0000% 0.0002 0.0004 <0.003
STP08-159A2 | STP08159A2-GW04  October 8, 2008 [0.0024 <0.0 0.35q0.0913 1.0 <0.000f 0.0044<0.0004<0.0004 3.9 0.31] 0.0474 0.0079 <0.0001 0.0006 <0.0004 <0.0004 0.261 0.0004<0.0000%0.000] 0.0003 0.00]
STP08-159A2 | STP08159A2-GW0Y  October 16, 2008 [ 0.0030 <0.01 0.384 0.084 0.8 <0.000] 0.0052<0.0004<0.0004 2.6d 0.327 0.0604 0.0108 <0.0004 0.0011 0.0007 <0.0002 0.26] <0.0003<0.0000%0.0004 <0.004 0.0
STP08-159A2 | STP08159A2-GW0§ October 23, 2008 | 0.0027 <0.04 0.344 0.104 0.9 <0.000] 0.0042 0.0003 <0.0004 4.5 0.353 0.0391 0.0068 <0.0001 0.0004 0.0001 0.0002 0.281 <0.0003<0.0000%0.0002 <0.003 0.00
STP08-159A2 | STP08159A2-GW07 November 1, 2008 [ 0.003% <0.00 0.37] 0104 0.9 <0.0004 0.0072<0.0004<0.0004 6.5d 0.374 0.0384 0.0114 <0.0001 0.0004 <0.0004 <0.0004 0.264 0.0004 0.0001] 0.0004 <0.0001 <0.001
STP08-159A2 | STP08159A2-GW0od  November 8, 2008 | 0.0040 <0.04 0.37 0.1 0.7 <0.000] 0.0079<0.0004<0.0004 5.94 0.3370.051% 0.0154 <0.0004 0.0004 <0.0004 0.0004 0.274<0.0003 0.0001%0.0003 <0.000] 0.0
STP08-159A2 [ STP08159A2-GW0Y November 16, 2008] 0.0031 <0.0] 0.34 0.114 0.9 <0.000] 0.0064<0.0004 0.0001 8.9 0.389 0.0318 0.0112 0.0001 0.001] <0.0004 0.0003 0.256 0.0003 0.0001%0.0002 0.0001 0.00
STP08-159A2 | STP08159A2-GW10d November 22, 2008] 0.0034 <0.0] 0.35§ 0.117 1.1 <0.00010.0061 0.0004 0.001} 8.8 0.33 0.0289 0.0109 <0.0001 0.0009 <0.0004 0.0003 0.243 0.0007 0.000090.0002 0.0003 0.00
STP08-159A2 | STP08159A2-GW11 January 17,2009 |0.0023 0.04 0.389 0.160 <0.§ <0.0003 0.0029 0.000§ 0.0439 9.64 0.211 0.015§ 0.0064 <0.000] 0.0004 <0.0004 <0.0002 0.237 0.0024 0.0002%0.0001 0.0002 0.004
STP08-159A2 | STP08159A2-GW12  June 21,2009 ]0.0007<0.01Q 0.353 0.13§ NA|<0.0001( 0.00040.0004( 0.00242 9.9 0.197 0.0047 0.00130.0001¢<0.0004( 0.00072<0.00020 0.256<0.0003(<0.00005( 0.000%0.0001( 0.012

Notes:

Only those parameters detected above laboratory

detection limits at least once are Iist{ad

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed

*All Concentrations in mg/L
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Table 4-29. Post PA Water Injection Dissolved Organics Concentrations at STB8-159A2

VOCs PAHs
2
(O]
g
g |3 £
> ) = C
s|l2 |z |f|5|88)18 |8
Alberta Tier 1 Groundwater Remediation Guidelines for 5 24 300 Not | Not | Not | Not
Natural Area with Coarse Soil Type Listed| Listed| Listed | Listed
Sample Location Sample ID Sample Date
STP08-159A2 | STP08159A2-GWO01| September 12, 2008 9.2l 38.0 1.4 1.5 11.3 3.2 26| <1.9
STP08-159A2 | STP08159A2-GWO02 | September 17, 20013 8.2 37.2 1.3 <1.8 6.5 1.9 23] <14
STP08-159A2 | STP08159A2-GW03 | September 25, 2008 <13 124 <2 <18 1.9 1.6 16| <1.Q
STP08-159A2 | STP08159A2-GW04| October 8, 2008 <1.3 144 <2. <1.8 1.3 1.8 12 <1.0
STP08-159A2 | STP08159A2-GW05| October 16, 2008 <1.3 7.7 <24 <1.8 5.0 <2.8 9 <10
STP08-159A2 | STP08159A2-GW06| October 23, 2008 <1.3 6.7 <26 <1.§ <1.2 2.8 8| <1.d
STP08-159A2 | STP08159A2-GW07| November 1, 2008] <1.3 3.5 09 <18 <1.2 <28 6| <1.d
STP08-159A2 | STP08159A2-GW08| November 8, 2008| Sample Botties Broke During Bottles Bottles| g 5.2
STP08-159A2 | STP08159A2-GW09 | November 16, 2008 Shipment Broke | Broke 5| <10
STP08-159A2 | STP08159A2-GW10| November 22, 2004 1.9 5.4 <26 <18 1.8 0.9 5/ <1.0
STP08-159A2 | STP08159A2-GW11| January 17, 2009 <1.3 3.6 <26 <18 <1.2 <28 6| <1.0
STP08-159A2 | STP08159A2-GW12 June 21, 2009 23 <11 <24 <1 <12 <2.8 3.6 <0.5
Notes:
Only those parameters detected above laboratory
detection limits at least once are Iistedi
< - Not Detected Above Numeric Value that Follows
NA - Not Analyzed |
*All Concentrations in mg/L unless otherwise noted
1) VOC, TMB, and PAH concentrations /L including
remediation guidelines |
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Table 4-30: Post PA Water Injection Major lons and Miscellaneous Groundwater Data at STH8-159A2

- = 93 —_ — _i—’» ~| & %
S8 1:|5 | 2|85 BLElE 1B IR |2 |5
2 £ 2 |2 = v |z < s 8|8 5|5 S |9 20
= =) 7] c 3 = = = 8 3|5 S S |€ 0|8 == 8
S| 2| g |oz| 5| & |8 S|l 2 |2c|EQ|E0|8§0lEd]|s S
S |8 |1 818218 3|2z 2 | s |Pe|Z8|8ulsL|So|=z&
Alberta Tier 1 Groundwater Remediation Guidelines for 230 Not | Not | Not 200 | 500 i 13 Not 500 Not [ Not | Not | Not | Not
Natural Area with Coarse Soil Type (mg/L) Listed| Listed | Listed Listed Listed| Listed | Listed| Listed| Listed
Sample Location Sample 1D Sample Date
STP08-159A2 | STP08159A2-GWO01|September 12, 200B 52 43.1 4.3 22.9 99 12 <0.1] <01 99.1 437 202 798 399 8 340
STP08-159A2 | STP08159A2-GW02|September 17, 2008 500 414 44 229 100 132 <0.1 <0.1f 102 433 19§ 756 40Q <5 33§
STP08-159A2 [ STP08159A2-GWO03|September 25, 2008 52 511 4.7 254 110 123 <0.1] <0.1f 109 478 233 820 451 <5 370
STP08-159A2 [ STP08159A2-GW04| October 8, 2008 511 46.§ 3.8 21.6 98 114 <01 <01 912 461 20§ 845 452 6] 380
STP08-159A2 [ STP08159A2-GW05| October 16, 2008 47| 42§ 4.3 23.3 96 1524 0.1 0.1 96.1 440 203 79§ 429 <5 351
STP08-159A2 [ STP08159A2-GWO06| October 23, 2008 500 522 4.1 222 105 12.3 <0.1f <0.1 95 483 2221 853 483 <5 394
STP08-159A2 | STP08159A2-GWO07| November 1, 2008 52 65.5 3.6 27| 107 42 <0.1 <01 100 534 279 881 481 <5 394
STP08-159A2 | STP08159A2-GWO08| November 8, 2008 52/ 56.2 39 229 110 1345 <01 <0.1 984 4977 235 881 486 <5 399
STP08-159A2 | STP08159A2-GW09|November 16,2008 52 58.3 3.6 204 109 175 01 0.1 982 494 230 8771 474 <5 389
STP08-159A2 | STP08159A2-GW10|November 22, 2004 49 52.d 39 184 104 13§ <01 <01 924 474 204 866 472 <5 387
STP08-159A2 [ STP0O8159A2-GW11| January 17, 2009 51 57.7 3.3 17.7 112 13 <0.1] <0.1] 979 488 217 851 475 <5 389
STP08-159A2 | STP08159A2-GW12| June 21, 2009 50. 624 18.4 2.7 114 12.4<0.050<0.071 103 492 232 870 471 <5.0 384

Notes:

Only those parameters detected above laboratory

detection limits at least once are Iistebl

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed

*All Concentrations in mg/L unless otherwise noted

1) Values of ion balance are percentage

S

2) Units of conductivity>S/cm
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Table 4-31; Post PA Water Injection Dissolved Metals Concentrations at ST8-159A3

=
= - =) 5 = ) m = S
g% glel S8 |:|38 e85 |2 . |2]¢ CIE|E|3)|¢<
S5l % || & S| 3| T |s|2|s 2| 2 2 | E = | E| & £ e| 5|2
el E|cs|E| 2| £ = £ g || 8|8 |35 |3 g £ 6 | €| 2 2 218 |%
@ £ 2 = 5 El 2 2 = c s |22 ¢ © = < =t o S © & = e
s 1z |88 ]a&| S S | |13 |2 |sisslz |81 &8 & 1881l 151518
Alberta Tier 1 Groundwater Remediation Guidelines for Not Not Not Not Not | Not Not Not
Natural Area with Coarse Soil Type (mg/L) 0005 01 ° 1 Listed 0.005 Listed 00011 0.004) 0.3 | 0.05 Listed 0.15 | 0.007 | 0.006 | 0.001 Listed | Listed| Listed | Listed 002 Listed 003
Sample Location Sample ID Sample Date
STP08-159A3 | STP08159A3-GW01]  August 21, 2008 0.004 0.1 0284 007d 04 o0.000] 00044 0004 0.0023 2.8d 0.6830.04230.0094 0.0003 0.0004 <0.0004 0.0004 0.257 0.0053 0.000230.001§ 0.0013 0.014
STP08-159A3 | STP08159A3-GW02  August 27,2008 |0.0031 0.0 0.330 0.04 0.6 <0.001 0.004 <0.003 <0.001 2.7 0.664 0.03§ 0.004 <0.009 NA| <0.0004 <0.0§ 0.24§ <0.00] <0.049 NA| <0.001 0.003
STP08-159A3 [ STP08159A3-GW03 September 3, 2008| 0.003 <0.01 0.41§ 0.0774 1.1 <0.0001 0.0013 0.0004 0.0013 2.74 0.62 0.0346 0.0026 <0.0001 <0.0004 0.000§ <0.0002 0.26Q 0.0009<0.0000%0.0011 0.001§ 0.0
STP08-159A3 | STP08159A3-GW04 September 12, 2008 0.0037 <0.01] 0.440 0.0783 0.7 <0.0001 0.001§ 0.0009<0.000¢ 2.45 0.584 0.0314 0.0033 <0.0001 <0.0004 <0.0004 0.0002 0.257 0.0006<0.0000%0.0013 0.000§ 0.019
STP08-159A3 [ STP08159A3-GW0Y September 17, 2008 0.0031 0.01] 0.40§ 0.0791  0.7] <0.0001 0.0024 0.0011 <0.000¢ 2.95 0.57§ 0.0297 0.0044 <0.0003 <0.0004 <0.0004 0.0004 0.2713 0.00] 0.0000%0.000§ 0.0009 0.001
STP08-159A3 | STP08159A3-GW06H September 25, 2008 0.0037 <0.01] 0.421 0.0813 1.00 <0.0001 0.0043 0.0004 <0.000¢ 2.53 0.483 0.0271 0.0076 <0.0001 <0.0004 0.0004 <0.0002 0.284 0.0003<0.0000%0.0009 0.000§ <0.003
STP08-159A3 | STP08159A3-GWO07 September 30, 2008 0.0033 <0.01] 0.403 0.0859 1.3 <0.0001 0.0021<0.0004 <0.000¢ 3.3 0.519 0.0224 0.004 <0.0003 <0.0004 <0.0004 0.0002 0.294 0.0006<0.0000%0.0004 0.000§ 0.004
STP08-159A3 [ STP08159A3-GW0§  October 8, 2008 | 0.0023 <0.01 0.415 0.0904 1.2 <0.0001 0.0012 0.0011 <0.000¢ 5.12 0.46§ 0.0164 0.0021 <0.0003 <0.0004 0.0004 <0.0002 0.296 0.0007<0.0000% 0.0009 0.0006 <0.00]
STP08-159A3 [ STP08159A3-GW0Y October 16, 2008 | 0.0024 <0.01 0.43§ 0.0803 0.8 <0.0001 0.0023<0.0004 <0.000¢ 2.47 0.49§ 0.0241 0.004¢ 0.0002 0.000§ 0.0003 0.0003 0.284 <0.0003<0.0000%0.000§ <0.003 0.004
STP08-159A3 [ STP08159A3-GW1( October 23, 2008 | 0.0026 <0.01 0.3970.092§ 0.8 <0.0001 0.0014 0.0004 <0.000¢ 5.14 0.487 0.0133 0.0022 <0.000] <0.0004 0.0009 <0.0002 0.30§ <0.0003<0.0000% 0.000¢ <0.003 0.003
STP08-159A3 | STP08159A3-GW11 November 1, 2008 | 0.0033 <0.01] 0.41§ 0.0909 0.8 <0.0001 0.0035<0.0004 <0.000¢ 5.19 0.4§ 0.0138 0.0064 <0.000] <0.0004 <0.0004 0.0003 0.291 0.001] 0.00011 0.0006 <0.0001 <0.00]%
STP08-159A3 | STP08159A3-GW12 November 8, 2008 | 0.0073 <0.01 0.4340.0916 0.7 <0.0001 0.0127 0.0004 <0.000¢ 4.5 0.39 0.0156 0.0264 <0.0001 0.0003 <0.0004 0.0003 0.30] 0.0003 0.0001 0.000§ 0.0003 0.003
STP08-159A3 [ STP08159A3-GW13 November 16, 2008] 0.004 <0.01 0.42§ 0.1 0.5 <0.0001 0.003 NA <0.000¢ 6.78 0.349 0.0094 0.008¢ <0.000] 0.000§ <0.0004 0.0002 0.309 0.000% 0.000130.0009 <0.0001 0.003
STP08-159A3 [ STP08159A3-GW14 November 22, 2008] 0.002§ <0.01 0.444 0.0949 0.9 <0.0001 0.0023 0.0004 0.0001 7.47 0.30§ 0.00664 0.0033 <0.000] 0.0006 <0.0004 0.0003 0.289 0.00131 0.000070.0003 0.0004 0.003
STP08-159A3 | STP08159A3-GW15 January 17, 2009 | 0.0017 <0.01 0.4740.104Q0 <0.§ <0.0001 0.0015 0.0007% <0.000¢ 6.71] 0.249 0.0048 0.0017 <0.0001 <0.0004 <0.0004 <0.0002 0.274 0.001] 0.000290.0003 0.0002 0.003
STP08-159A3 | STP08159A3-GW16 June 21, 2009 | 0.0013<0.01Q 0.43§ 0.102Q0  NA|<0.0001¢ 0.00089<0.0004 <0.000¢ 6.08 0.183 0.0037 0.001% <0.0003 <0.0004 <0.0004 <0.0002 0.29(0 <0.0003<0.0000% 0.0003 <0.0001 0.001]
STP08-159A3 |[STP08159A3-GW16 June 21,2009 |0.0013<0.010 0.433 0.103 NA|<0.0001f 0.00081<0.000£ <0.000¢ 5.93 0.181 0.0037 0.0015 <0.0001 <0.0004 0.00087 <0.0002 0.284 <0.0003<0.00005% 0.000] <0.0001 0.0014

Notes:

Only those parameters detected above laboratory

detection limits at least once are Iist*ad

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed

*All Concentrations in mg/L
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Table 4-32. Post PA Water Injection Dissolved Organics Concentrations at STB8-159A3

VOCs PAHs
(]
c
(0]
~
S s o B
> = 5 2
z =
2|8 | 5|8 2 p
o el E| g |d28|E 5
S|l 2| 2| 5| < |58 g <
N (0] ' ™ = = F c O =
S|l s | E| | 8|82 8| 0| &
ol F t | a ]l =z e8] 2 a) z
Alberta Tier 1 Groundwater Remediation Guidelines for 5 o4 300 Not 11 Not 6 Not | Not
Natural Area with Coarse Soil Type Listed| ™ Listed Listed| Listed
Sample Location Sample ID Sample Date
STP08-159A3 | STP08159A3-GW01| August 21, 2008 320 20 11 29 <22 28 <14 18 1.2
STP08-159A3 | STP08159A3-GW02| August 27, 2008 <1.3 86 11 <12 <22 <28 <14 14 <14
STP08-159A3 | STP08159A3-GW03| September 3,200 <1.3 9.4 10 21 <22 56 <14 12l <14
STP08-159A3 | STP08159A3-GWO04 | September 12,2008 3.2 85 1.1 3.2 <22 24 <14 21| <14
STP08-159A3 [ STP08159A3-GW05 | September 17, 200$ 20.4 13.6 1.1 149 <22 1.5 <1.4 9 <1.0
STP08-159A3 | STP08159A3-GWO06 | September 25, 200$ <13 141 10 17 <22 29 <14 8 <1(
STP08-159A3 | STP08159A3-GWO07 | September 30, 2008 114 69 10 1.3 <22 26 <14 6] <1
STP08-159A3 | STP08159A3-GW08| October 8, 2008 <1.3 9.8 09 <12 <22 00 <14 6] <1
STP08-159A3 | STP08159A3-GW09| October 16, 2008 <1.3 6.8 1.0 <12 <2.2 1.6 <1.4 71 <1.0
STP08-159A3 | STP08159A3-GW10| October 23,2008 | <1.3 3.6 <26 <12 <22 22 <14 5 <1.0
STP08-159A3 | STP08159A3-GW11| November 1, 2008| <1.3 6.6 0.9 <12 <22 0.0 <14 6] <1.0
Bottle | Bottles Broke During Sample
Bottles Broke . Lost
STP08-159A3 | STP08159A3-GW12| November 8, 2008 Broke Shipment 5| shipping
STP08-159A3 | STP08159A3-GW13| November 16,2004 <1.3 26 1.1 <1.2 <22 14 1.1 5 <1.0
STP08-159A3 | STP08159A3-GW14| November 22, 2004 10 38 09 36 16 <2§ <14 8| <1.0
STP08-159A3 | STP08159A3-GW15| January 17, 2009 <1.3 15 <26 <12 <22 <28 <1.4 5 <1.d
STP08-159A3 | STP08159A3-GW16 June 21, 2009 220 <11 <2 <12 <22 <28 <14 3.4 <04
STP08-159A3 | STP08159A3-GW160 June 21, 2009 09 <11 <26 <12 <22 <28 <14 4 <09

Notes:

Only those parameters detected above laboratory

detection limits at least once are Iistedi

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed

*All Concentrations in mg/L unless otherwise noted

1) VOC, TMB, and PAH concentrations §g/L including

remediation guidelines
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Table 4-33. Post PA Water Injection Major lons and Miscellaneais Groundwater Data at STR08-159A3

Sl1ele|58 |28 |2 < | 2| 8|y |£ | |Z@
2 e 2 2 c S |z < z = < 8|9 =06 s ~ |20
= =] 7] c 5 = 2 2 ) e < 3|82 |2 o |< <
S| 2| g |95 5| <L |8 sl 2| E| T les|E0|2Cl80ls S
6 | 8|18 12218 |3 |3=13 |35 |5 |8 |po|fS5|8ulaZ|z&
Alberta Tier 1 Groundwater Remediation Guidelines for Not [ Not | Not Not Not [ Not | Not | Not
Natural Area with Coarse Soil Type (mg/L) 230 Listed| Listed | Listed 200 | 500 i 13 | 006 137 Listed 500 Listed | Listed | Listed | Listed
Sample Location Sample 1D Sample Date
STP08-159A3 | STP08159A3-GW01| August 21, 2008 100 46.1 2.2 23 21 202 <01 <01 <0.0§ 0.1 984 261 211 494 279 229
STP08-159A3 | STP08159A3-GW02| August 27, 2008 35 511 2.5 253 60 204 <01 <01 <0.0§ 0.11 98.4 374 2327 671 366 300
STP08-159A3 | STP08159A3-GW03| September 3, 2004 600 534 28 261 119 1371 <0.1 <0.1 <0.0§ 0.11 103 516 241 927 484 397
STP08-159A3 | STP08159A3-GW04|September 12, 200B 64 557 3.3 259 113 154 <0.1] <0.1f <0.04 0.13 101 507 24§ 895 467 383
STP08-159A3 | STP08159A3-GW05|September 17, 200B 66 52.2 2.7 249 1127 14.2 <0.1 <0.1f <0.04 0.04 954 509 233 892 482 395
STP08-159A3 | STP08159A3-GW06|September 25,200 66| 559 29 254 114 13 0.6 0.6 <0.04 0.0§ 98 523 244 915 490 407
STP08-159A3 | STP08159A3-GW07|September 30, 200B 66 58.5 3.1 251 117 13.§ 1 1| <0.04 0.0§ 98 532 249 920 4971 401
STP08-159A3 | STP08159A3-GW08| October 8, 2008 65| 55 33 222 11§ 134 <01 <01 <0.03 0.09 94.7 524 229 942 502 417
STP08-159A3 | STP08159A3-GW09| October 16, 2008 64| 54 35 243 114 153 <01 <0.1] <0.0§ <0.0§ 94.4 521 235 940 500 409
STP08-159A3 | STP08159A3-GW10| October 23, 2008 65 59.10 3.2 223 124 137 <01 <01 <0.0§ 0.1 987 53 239 938 505 414
STP08-159A3 | STP08159A3-GW11| November 1, 2008 67 574 28 208 11§ 131 <01 <01 <0.0§ 0.1 93.2 522 229 956 500 414
STP08-159A3 | STP08159A3-GW12| November 8, 2008 68 59.9 3.1 20 124 15 <0.)f <0.) <0.04 0. 97 537 233 962 501 411
STP08-159A3 | STP08159A3-GW13|November 16,2004 68 63.3 3.2 205 129 163 <01 <0.) <0.0§ 0.07 10) 546 242 964 500 414
STP08-159A3 | STP08159A3-GW14|November 22, 2004 66 549 3.1 17.d 117 140 <0.)f <0.) <0.04 0.09 912 51§ 210 951 49§ 406
STP08-159A3 | STP08159A3-GW15| January 17, 2009 677 584 33 179 134 154 <01 <0.1 <0.0§4 0.04 101 53 219 926 489 40d
STP08-159A3 | STP08159A3-GW16| June 21, 2009 58.71 57§ 175 2.84 134 13/ <0.050 <0.071<0.05Q 0.09 10§ 51§ 21§ 90§ 476 390
STP08-159A3 | STP08159A3-GW160 June 21, 2009 58.5§ 574 172 2.79 134 12.9 <0.05Q <0.071 <0.05Q 0.08§ 109 517 214 911 477 391

Notes:

Only those parameters detected above laboratory

detection limits at least once are Iiste{j

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed

*All Concentrations in mg/L unless otherwise noted

1) Values of ion balance are percentage

S

2) Units of conductivity>S/cm
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Table 4-34: Post PA Water Injection Dissolved Metals Concentrations at ST8 159A1

=
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) o =] IS 8 ~ e Qe 5 s i< o
0 S T o o s s |c2 o = S o <
< o o} o) o = = (== p4 2 = ) N

Alberta Tier 1 Groundwater Remediation Guidelines for Not Not Not Not Not
: ) 0.005 5 . . 0.3 | 005 |,. 0.15 . . 0.02 | 0.03
Natural Area with Coarse Soil Type (mg/L) Listed| Listed Listed Listed| Listed

Sample Location Sample 1D Sample Date

STP08-159A1 | STP08159A1-GW01l  June 21, 2009 0.00393 0.177 0.174 NA| 0.00413 9.69 0.281 0.0156 0.00901 0.18d 0.0006% 0.00026 0.0014
Notes:

Only those parameters detected above laboratory

detection limits at least once are Iist{ad

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed

*All Concentrations in mg/L
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Table 4-35. Post PA Water Injection Dissolved Organics Concentrations at STB8159A1

[%2]
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<
0
C
()
<
O <
o) 5
a) prd
Alberta Tier 1 Groundwater Remediation Guidelines for Not Not
Natural Area with Coarse Soil Type (mg/L) Listed | Listed
Sample Location Sample ID Sample Date
STP08-158A1 | STP08158A1-GW01 June 20, 2009 4.]1 <0.§
Notes:

Only those parameters detected above laboratory
detection limits at least once are Iistedi

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed

*All Concentrations in mg/L
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Table 4-36. Post PA Water Injection Major lons and Miscellaneous Groundwater Data at STF8-159A1

— IS
—~~ ¥ (7)) i)
= | ® | < T | 85| W S8 |2 |e °
Sl Sl e |E (28| ¢e| 8la | |8 |-8
© c 3 |5 =~ | = |9 |8 5 = |20
Sl 2| 8|8 | 5|88, 3|E8|2|E0|ES
S 221888 |5 | 5 |8555(EQ|8¢|Ss
< = =
|l 6| &2 81l 3] 8 POzl |ldllal|Z s
Alberta Tier 1 Groundwater Remediation Guidelines for 230 Not | Not | Not 200 | 500 Not 500 Not | Not [ Not | Not
Natural Area with Coarse Soil Type (mg/L) Listed | Listed | Listed Listed Listed| Listed| Listed | Listed
Sample Location Sample ID Sample Date
STP08-159A1 | STPO8159A1-GWO1| June 21,2009 | 30.d 69.4 209 23d 824 114 104 443 26q 7911 459 376

Notes:

Only those parameters detected above laboratory

detection limits at least once are Iisteh

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed |

*All Concentrations in mg/L unless otherwise noted

1) Values of ion balance are percentage

S

2) Units of conductivity>S/cm
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Table 4-37. Post PA Water Injection Dissolved Metals Concentrations at ST8 158A1

=
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= c S = o L © |2 5 = = 3 =l N
] o = 8 2 < 2 |=>5| & S 3 3 g Q
» o) @ o o S I o § o = 8 o S e
< [0} [0} &) (@) = = [==)| = N = o) > N
Alberta Tier 1 Groundwater Re mediation Guidelines for Not Not Not Not Not
) ) 0.005| 5 1 . 0.004 ( 0.3 | 0.05 | . 0.15 |, . . 0.02 . 0.03
Natural Area with Coarse Soil Type (mg/L) Listed Listed Listed| Listed Listed

Sample Location Sample 1D

Sample Date

STP08-158A1 | STP08158A1-GWO

June 20, 2009

0.004 0.214 0.319 0.00152 0.0023 3.77 0.17§ 0.003§ 0.0044 1.170 0.00122 0.00013 0.0001 0.0103

Notes:

Only those parameters detected above laboratory

detection limits at least once are listed

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed

*All Concentrations in mg/L
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Table 4-38. Post PA Water Injection Dissolved Organics Concentrations at ST®8158A1
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Alberta Tier 1 Groundwater Remediation Guidelines for Not Not
Natural Area with Coarse Soil Type (mg/L) Listed | Listed
Sample Location Sample ID Sample Date
STP08-158A1 | STP08158A1-GW01 June 20, 2009 5.8| 1.2
Notes:

Only those parameters detected above laboratory
detection limits at least once are Iistedi

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed

*All Concentrations in mg/L
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Table 4-39: Post PA Water Injection Major lons and Miscellaneous Groundwater Data at STH8-158A1

— <
— N 0 =
= | T | ¥ = | = o SIS |z |e °
SI1Ole|E |28 || S| Blu |5 |2 |%8
© = 2 | ~ | € < 8|19 5|5 s ~ |20
2 5 2 |2 £ ) ] < S |12 8|3 a2 | s
= = —~| 2 o £ ) o |5 T|5 0|5 0O
S| 2| £0822 |25 |5 |8s|5%|5g188|2%
ol 1 &2 813 | < S [FOlzolollmI|ZT =
i iati ideli Not | Not [ Not Not Not | Not [ Not | Not
Alberta Tier 1 Grouanater Remed.|at|on Guidelines for 230 | ! 0 ' 0 0 200 | 500 | 1.37 | ' 0 500 | | 0 o . 0 . 0
Natural Area with Coarse Soil Type (mg/L) Listed| Listed| Listed Listed Listed| Listed| Listed | Listed
Sample Location Sample ID Sample Date
STP08-158A1 | STP08158A1-GWO1| June 20,2009 | 227 91§ 201 517 1579 264 011 907 408 349 749 484 397

Notes:

Only those parameters detected above laboratory

detection limits at least once are Iisteh

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed |

*All Concentrations in mg/L unless otherwise noted

1) Values of ion balance are percentage

S

2) Units of conductivity>S/cm
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Table 440 Post PA Water Injection Dissolved Metals Concentrations at STH8 158A2

=
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Alberta Tier 1 Groundwater Remediation Guidelines for Not Not Not Not
. , 0.005( 5 1 ) 0.004 | 0.3 | 0.05],. 0.15 | . . ) 0.02 | 0.03
Natural Area with Coarse Soil Type (mg/L) Listed Listed Listed| Listed

Sample Location Sample ID Sample Date

STP08-158A2 | STP08158A2-GWO1 June 20, 2009

0.00] 0.127 0.274 0.00203 0.0022 9.14

1.8 0.0057 0.0046 0.814 0.00108 0.0013 0.011

Notes:

Only those parameters detected above laboratory

detection limits at least once are Iist{ad

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed

*All Concentrations in mg/L
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Table 441. Post PA Water Injection Dissolved Organics Concentrations at STB8158A2
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Alberta Tier 1 Groundwater Remediation Guidelines for Not Not
Natural Area with Coarse Soil Type (mg/L) Listed | Listed
Sample Location Sample ID Sample Date
STP08-158A2 | STP08158A2-GW01 June 20, 2009 4.11 0.7
Notes:

Only those parameters detected above laboratory
detection limits at least once are Iistedi

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed

*All Concentrations in mg/L
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Table 4-42. Post PA Water Injection Major lons and Miscellaneous Groundwater Data at STR8-158A2
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ol 1 &2 813 | < S [FOlzolollmI|ZT =
i iati ideli Not | Not [ Not Not Not | Not [ Not | Not
Alberta Tier 1 Grouanater Remed.|at|on Guidelines for 230 | ! 0 ' 0 0 200 | 500 | 1.37 | ' 0 500 | | 0 o . 0 . 0
Natural Area with Coarse Soil Type (mg/L) Listed| Listed| Listed Listed Listed| Listed| Listed | Listed
Sample Location Sample ID Sample Date
STP08-158A2 | STP08158A2-GW01| June 20,2009 | 1.7d 111 343 433 115 227 0174 109 426 418 749 489 401

Notes:

Only those parameters detected above laboratory

detection limits at least once are Iisteh

< - Not Detected Above Numeric Value that Follows

NA - Not Analyzed |

*All Concentrations in mg/L unless otherwise noted

1) Values of ion balance are percentage

S

2) Units of conductivity>S/cm
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Table 4-43. Trace Element Concentrations from Sequential Extractions and Percent FOC and TIC in WCSC Sediments

Sr Ag Al As Ba Cd Co Cr Cu Fe Mn Ni Pb Sh \ n FOC [TIC
Depth (Ft BGS) |mgkg |mgkg |mgkg |mgkg |mgkg |mgkg |mgkg |mgkg |mgkg |mgkg |mgkg |mgkg |mgkg |mglkg |mglkg |mglkg |% %
F1: WCSC 51-53 033  |0.06 0.62 0.51 0.32 045 016 |0.10 [0.71 |0.67 |0.29 |0.13 (016 |0.42 |0.37  |451
F2: WCSC 51-53 210  ]0.07 26.7 055 |0.86 |0.64 [0.25 |0.33 |0.94 101 015 |0.29 021  [054  |0.47 5.99
F3: WCSC 51-53 0.12 ND 1.47 1.57 018 |0.66 |0.26 [0.25 113 203 |0.10 [019 046 |0.79  |0.58 1.76 0.111  {0.100
F4. WCSC 51-53 ND ND 0.92 060 [0.19 023 (018 [0.16 |0.71 122 006 |0.12 [018 |0.54 ]0.36 3.05
F5: WCSC 51-53 0.58 ND 15.2 188 073 |0.76 [056 |0.56 |2.25 145 1022 |041  |0.65 1.69 1.20 18.8
F1: WCSC 78-80 026  |0.06 0.52 0.51 015 050 |o.l7 [0.11  |0.71  jo.68  |0.13 (012 |0.16  |042  |0.38 1.60
F2: WCSC 78-80 1.87  ]0.06 14.7 0.76  |0.52 0.47 027 1024 092 |479 (239 |0.28 |0.12 (047  |0.25 1.99
F3: WCSC 78-80 034 |0.08 2.03 1.37 0.19 073 026 |0.16 111  |344 |016 |017 041 |o.74 |03 1.73 0.064 ]0.130
F4: WCSC 78-80 0.04 ND 0.81 0.59 0.19 023 017 |ol7 |07  |0.44 |0.06 |0.12 [0.21 |0.53  ]|0.37 3.06
F5: WCSC 78-80 035 [0.19 9.41 1.87 0.41 143 |054 |0.76 [225 |6.68 |0.22 [0.48  |0.60 1.27  ]0.63 9.63
F1: WCSC 102-104 0.46  [0.06 1.57 048 ]0.19 044 1017 012 |0.71 (432 |0.36 |0.13  [0.15  [0.41  ]0.38 1.60
F2: WCSC 102-104 2.03  ]0.06 12.8 078 058 047 023 019 091 485 [213 |0.24 |0.16 [051  |0.25 1.98
F3: WCSC 102-104 012  |0.08 1.46 1.51 016 |0.66 025 [0.15 107 |343 009 |017 1048 075  [0.29 1.69 0.065 ]0.103
F4: WCSC 102-104 0.11 ND 080 |0.57 0.19 023 016 |0.16 [0.72 [0.05 |0.05 |0.12 [0.19 |0.56 ]0.36 3.05
F5: WCSC 102-104 1.74 ND 76.9 184 1063 |0.73 054 |0.73 |234 (387 |0.48 |0.60 |0.60 1.71 1.27 18.9
Notes:
F1: Easily exchangeable trace elements extracted witthg4:|
F2: Trace elements associated with poorly crystaline Fe oxides extracted wihtWAHC| and| HCI
F3: Trace elements associated with well crystalized Fe oxides extracted wihBHC| £@QH|CH
F4: Trace elements associated with the organic fraction and sulfide minerals extractefDyitiND;, and CHCOONH, |
F5: Trace elements associated with siicates and other primary minerals extracted withtdNLI
Depths: 51-53 feet bgs corresponds to the shallow injection interval, 102-104 feet bgs corresponds to the deep injection interval and 78-80 was collected from an intermédiate depth
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Table 4-44: Inputs for MODFLOW Model of STP -07-158-SS Injection

Parameter

Value

Justification

WCSC Longitudinal Dispersivity

0.06m

Value adjustd until modelled concentratiof
profile matched observed concentration
profile

WCSC Transverse Horizontal Dispersivit

0.006 m

Set Transverse Horizontal Dispersivity an
order of magnitude less than longitudinal
dispersivity, consistent with observatiorfs
Sudicky, et al. (1983)

WCSC Transverse Vertical Dispersivity

0.0006 m

Set Transverse Vertical Dispersivity two
orders of magnitude less than longitudinaj
dispersivity, consistent with observations
Sudicky, et al. (1983)

WCSC Hydraulic Conductivityn X, Y,
and Z Direction

2.25x10° m/s

Near Hydraulic Conductivities determined
by KCB via Slug Tests for the Shallow
Aquifer Depthi Adjusted value until
modelled concentration profile matched
observed concentration profile

WCSC Porosity

0.3

Typical poresity of sand aquifer from
Freeze and Cherry (1979)

WCSC Specific Storage

1.075x10 m*t

From Klohn Crippen Consultants Ltd.
(2004)

WCSC Specific Yield

2 x 107

From Klohn Crippen Consultants Ltd.
(2004)

WCSC Recharge

88.39 mm/yr

Twenty percentoftheist e 6 s me a
precipitation. Precipitation data from Kloh
Crippen (2004).

Glacial Till Hydraulic Conductivity

2.25x10" m/s

Till was unsaturated for all model runs. S
hydraulic conductivity several orders of
magnitude higher than WCSC to prevent
flow through the unit.

Up-gradient Constant Head Boundary
Condition

355.2813 m amsl

Set Upgradient Constant Head Boundary
create hydraulic gradient to drive
groundwater flow at velocity of 5 cm/day

Down-gradient Constant Head Boundary
Condition

355.2787 m amsl

Set Downgradient Constant Head
Boundary to create hydraulic gradient to
drive groundwater flow at velocity of 5
cm/day

Initial Head Condition (Set in the middle
of the domain where the injection well we
positioned

355.280 m amsl

Groundwater Eevation at STFO7-158-SS
immediately before PA water injection

Chloride Concentration of Injectate 537 mg/L Maximum concentration of chloride
detected in PA water injectat€gble 418)

Background Chloride Concentration 10 mg/L Average chloride concerattion in
background sample3 éble 412)

Injection Rate 19.90 ni/day Calculated from the volume of PA water

injected divided by the time to complete tf
injection

Effective Molecular Diffusion in Water

6.0x10° m?/day

From Lobo and Quaresma (1989)
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Table 4-45: Inputs for MODFLOW Model of STP -07-159-SS Injection without Vertical

Flow Component

Parameter

Value

Justification

WCSC Longitudinal Dispersivity

0.51m

Value adjusted until modelled concentrati
profile matched observed concentration
profile

WCSC Transverse Horizontal Dispersivit

0.051m

Set Transverse Horizontal Dispersivity an
order of magnitude less than longitudinal
dispersivity, consistent with observations
Sudicky, et al. (1983)

WCSC Transverse Vertical Dispersivity

0.0051 m

Set Tansverse Vertical Dispersivity two
orders of magnitude less than longitudina]
dispersivity, consistent with observations
Sudicky, et al. (1983)

WCSC Hydraulic Conductivity in X, Y,
and Z Direction

2.5x10° m/s

Near Hydraulic Conductivities determined
by KCB via Slug Tests for the Shallow
Aquifer Depthi Adjusted value until
modelled concentration profile matched
observed concentration profile

WCSC Porosity

0.3

Typical porosity of sand aquifer from
Freeze and Cherry (1979)

WCSC Specific Storage

1.07%x10° m*

From Klohn Crippen Consultants Ltd.
(2004)

WCSC Specific Yield

2 x 10°

From Klohn Crippen Consultants Ltd.
(2004)

WCSC Recharge

88.39 mm/yr

Twenty percent of t
precipitation. Precipitation data from Kloh
Crippen (2004).

Glacial Till Hydraulic Conductivity

2.5x10" m/s

Till was unsaturated for all model runs. S
hydraulic conductivity several orders of
magnitude higher than WCSC to prevent
flow through the unit.

Up-gradient Constant Head Boundary
Condition

355.36264 mamsl

Set Upgradient Constant Head Boundary
create hydraulic gradient to drive
groundwater flow at velocity of 10 cm/day

Down-gradient Constant Head Boundary
Condition

355.35936 m amsl

Set Downgradient Constant Head
Boundary to create hydraulic gradtego
drive groundwater flow at velocity of 10
cm/day

Initial Head Condition (Set in the middle
of the domain where the injection well wg
positioned

355.361 m amsl

Groundwater Elevation at ST#7-159-SS
immediately before PA water injection

Chloride Cormentration of Injectate 583 mg/L Maximum concentration of chloride
detected in PA water injectat€gble 421)

Background Chloride Concentration 35.5 mg/L Average chloride concentration in
background sample3 éble 415)

Injection Rate 30.09 ni/day Calcuated from the volume of PA water

injected divided by the time to complete tH
injection

Effective Molecular Diffusion in Water

6.0x10° m%/day

From Lobo and Quaresma (1989)
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Figure 1-1: Oil Sands Regions of Albaa. Source:Greiner and Chi (1995)
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Figur 1-2: Location of Suncor Energy Inc. Oil Sands Mining Facility. From: ©2008 Google,
Image © 2009 DigitalGlobe, Image©2009 TerraMetrics.
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Figure 1-3: Suncor Energy Inc Mining Facilities on the East $de of the Athabasca River.

-

Figure 1-4: View of South Tailings Pond from Siphon Line offNorth Dike %
(Photographed June 24, 2009). View is to the southeast.
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South Tailings Pond

Figure 1-5: Location of In Situ Aquifer Test Facility.
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Figure 1-6: Location of Buried Channels near Fort McMurray, Alberta. Source:

Andriashek and Atkinson (2007).
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Figure 1-7: Distribution of Low and High Permeability Surficial Sediments near Fort McMurray,
Alberta. Source: Andriashek and Atkinson (2007).
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Figure 2-1: Migration of oil in the Manville Group to its current position near Fort McMurray,
Alberta. Source:Greiner and Chi (1995).
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Figure 2-2: Position of Wood Creek Sand Channel Beneattine South Tailings
Pond. Source: Klohn Crippen Consultants Ltd. (2004)
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Figufe 2-3: Thickness of till and Pleistocene lacustrine sediments in the
vicinity of the South Tailings Pond. Source: Klohn Crippen Consultants Ltd. (2004).
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Figure 2-4: Structure of naphthenic acids for diferent Z
families (Z = 0,-2, -4 or -6) with 5 or 6 carbons in the
cycloalkanes. Source: Holowenko et al. (2002).

JX X

Figure 2-5: Arrangements ofn, iso, secand tert-butyl alkyl substituents. Source: Smith, et al.

(2008).
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Figure 2-6: Arrangement of. a) Butylcyclohexylbutanoic Acid (BCHBA); and b)
ButylcyclohexylpentanoicAcid (BCHPA) illustrating the difference in arrangement of the

hi ghlighting

t tpesiticng op thesidéchain

connecting the carboxyl group to the cycloalkane Source: Smith, et al. (2008).
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Figure 3-1: Site layout of the In Situ Aquifer Test Facility (ISATF)
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Well nest STP-08-159A,. . _ Injection Well: STP-07-159SS

‘F“ Injection Tank

. Injection Well: STP-07-159SS

i A

Well nest STP-08-159A

Figure 3-2: In Situ Aquifer Test Facility i View to the Northwest.

Figure 3-3: Hand-slotted 1-Inch PVC well screers used at monitoingwell nestSTP-
08-159A.
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Figure 3-5: Packer/Probe/Pmp System install
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Figure 3-7: Schlumberger CTD Diver connected to direct read cable used in ISATF
Injection Wells.
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Figure 3-9: Injecton System.
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Figure 3-10: Injection Systemi Garden hose running from injection tank to STR
07-159SS.

Figure 3-11: Withdrawal of processaffected water from the South Tailings Pond
via vacuum truck.
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Figure 3-12 Transfer of PA water from vacuum truck to holdng tank at th
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a) Groundwater Conductivity and Temperature
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Figure 4-1. Data from CTD Diver deployedat STP-07-158 SS following preliminary injection (June 4July 16, 2008)including: (a)

groundwater conductivity and temperature; and (b) groundwater elevation.
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Figure 4-2: Data from CTD Diver deployedat STP-07-159 SS following preliminary injection (June 426, 2008).
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a) June 4July 16, 2008
STP-07-158-SS - Bromide Concentration and Conductivity Trends
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Figure 4-3: Comparison of groundwater conductivty trends to bromide concentrations at STR07-158-SS following
preliminary injection including: (a) data from June 4July 16, 2008 showing dissimilarity of overall conductivity and bromide
trends; (b) data from June 13July 16, 2008 showing similarity of conductivity ad bromide trends from later time data.
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a) June 4June 26, 2008
STP-07-159-SS - Bromide Concentration and Conductivity Trends
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Figure 4-4: Comparison of groundwater conductivity trends to bromide concentrations at STR7-159-SSfollowing
preliminary injection including: (a) data from June 4June 26, 2008 showing dissimilarity of overall conductivity and bromide
trends; (b) data from June 1tJune 26, 2008 showing similarity of conductivity and bromide trendfrom later time data.
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a) Relative concentrations (C/Co)

STP-07-158-SS - Relative Concentrations of Bromide and Acetate
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Figure 4-5. Acetate and bromide concentration trend®bservedat STP-07-158 SSfollowing preliminary inject ion
showing: (a) relative concentrations (C/Co) of acetate and bromide; and (b) nmalized acetate concentration
(CICo)/(Br/Br ) and relative concentrations of bromide (Br/Bg).
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a) Relative concentrations (C/Co)
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b) Normalized acetate concentrations (C/Co)/(Br/Bg) and relative bromide concentrations
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Figure 4-6: Acetate and bromide concentration trend®bservedat STP-07-159-SS Dllowing preliminary injection
showing: (a) Relative concentrations (C/Co) of acetate ahbromide; and (b) normalized acetate concentrations
(C/Co)/(Br/Br ) and relative concentrations of bromide (Br/Bg).
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Figure 4-7: Corrected acetate concentrations {(acetate mg/L)/(Br/B)} at STP-07-158-SS and STP07-159SS over the 78 days immediatly

following the preliminary injections.
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a) Groundwater Conductivity and Temperature

STP-07-158-SS - Groundwater Conductivity and Temperature
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Figure 4-8: Data from CTD Diver at STP-07-158-SS following PAwater injection (July 17, 2008/ June 20, 200®)
including: (a) Groundwater conductivity and temperature; and (b) groundwater elevation.
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a) Groundwater Conductivity and Temperature

STP-07-159-SS - Groundwater Conductivity and Temperature
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b) Groundwater Elevation
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Figure 4-9: Data from CTD Diver at STP-07-159-SS following PAwater injection (August 7, 2008June 20, 200)
including: (a) Groundwater conductivity and temperature; and (b) groundwater elevation.
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STP-07-158-SS - Chloride Concentrations and Conductivity Trends
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Figure 4-10: Chloride concentration and groundwater conductivity trends at STRP07-158 SS followingPA water
injection (July 17-November 8, 2008illustrating the overall similarity of conductivity and chloride trends.
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Figure 4-11: Chloride concentration and groundwater conductivity trends at STR07-159 SS followingPA water
injection (August 7-November 1, 200§ illustrating the overall similarity of conductivity and chloride trends.
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V, = Volume Injected
from Holding Tank

V = Volume of Aquifer

Occupied bylinjectate=
V, 6 porosity (n)

r = radius of injected
plume = [V/( h)]*/2

| h=height = length of
injection wellscreen
Advective Front of Plume

*Not To Scale

Figure 4-122 Conceptual model of injectate distribution immediately following an injection.
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a) Bromide C/Co following Preliminary Injections - Advective Front Arrival Times Highlighted

Bromide Relative Concentration Curves
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Figure 4-13. Relative concentrations (C/Co) of tracers at BP-07-158 SS and STP07-159-SS including: (a)
bromide concentrations following preliminary injections; and (b) chloride concentrations following PA water

injections. A relative concentration of0.5wasassumed to representhea r r i v a | of the

the well. These times were sed to calculate groundwater velocities.
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a) STRP-07-158-SS Relative Bromide Concentations b) STP-07-159SS Relative Bromide Concentrations
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Figure 4-14: Relative concentrations (C/Co) of conservative tracers following injections at the ISATF with distribution of undiluted injetate, 1 standard deviation, and
the dispersive front highlighted. These values were used in calculagimydrodynamic dispersion coefficients and longitudinal dispersivitiesising: (a) bromide
concentrations at STR07-158SS following the preliminary injection; (b) bromide concentrations at STP07-159-SS following the preliminary injection; (c) chloride
concentrations at STR07-158SS following the PA water injection; and (d) chloride concentrations at ST®7-159-SS following the PA water injection.
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a) STP-07-158-SS- Preliminary Injection b) STP-07-159SSi Preliminary Injection

STP-07-158-5S - Observed and Modelled Solute Distributions following
Preliminary Injection
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Figure 4-15. Comparison of observed and modelled conservative solutedakthrough curves following injections showing:(a) STR-07-
158-SS breakthrough curvesfollowing the preliminary injection; (b) STP-07-159SS breakthrough curves following the preliminary
injection; (c) STP-07-158-SS breakthrough curvesfollowing the PA water injection; and (d) STP-07-159 SS breakthrough curves
following the PA water injection.
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