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Introduction and Contex

Overview

Groundwater vulnerability assessments — definitions
Uncertainty — sources and relevance
Case study: NTS Map Area 073B (Saskatoon)

= Statistical characterization of hydraulic conductivity in Sask. Tills
= Uncertainty in Aquifer Vulnerability Index (AVI)
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Introduction and Contex

Groundwater Vulnerability and Policy

Groundwater contamination:
Cost of Prevention << Cost of Investigation, remediation, monitoring

Local scale — Site investigations, modelling
Regional scale — Groundwater vulnerability assessments (GVAS)

Groundwater Vulnerability Assessments:

= Groundwater management and planning
= Policy development

= General education and communication
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Groundwater Vulnerability Assessments (GVAs)

lil

Definitions
Specific vulnerability
= Hydrogeologic properties + contaminant & human behaviour

Intrinsic Vumerablllty origin of a potential contamination:

. . land-surface sO UHH CE
= Hydrogeologic properties :

1st pathway:
unsaturated zone

Resource vulnerability

i Single pathway 1st target: groundwater surface _-_“-\-,\_H f/f"‘
Source vulnerability \2 . : .
nd pathway: aquifer—— [:| 2nd target:

= Two pathways S EEDlREE | Spring/well

1age from: https://www.researchgate.net/figure/llustration-of-the-origin-pathway-target-model-for-groundwater-vulnerability-mapping-and_fig2 225898887
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Categorization of Intrinsic GVAs

Groundwater Vulnerability Assessments (GVAS)

Three elements of GVAs

1.
2.
3.

Input parameters
Rating and weighting system
Method of aggregation

Intrinsic
groundwater
vulnerability
assessment

methods

HCS

ﬂ

—>G)verlay and Index Meth odg-

Hydrogeologic Complex and
Setting Methods

»
' o

/_

RS
Rating Systems

MS
Matrix Systems

KA
-w W

PCSM

Process-Based Simulation
Models
—b( Statistical Methods

NRC 1993

N
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Point Count System Models

AR
Analogical Relations

NUM
Numeric Models

/ \_/

Vrba & Zaporozec 1994
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= Hydro. conditions

= Processes

Common product:
= Deterministic

= Vulnerability map(s)

Shortcoming:
= Uncertainty

Groundwater Vulnerability Assessments (GVAs)

Categorization of Intrinsic GVAs
Variety of methods:

Groundwater vulnerability Source/
hod citation Year
DRASTIC Aller etal. 1987

(D)epth, (R)echarge, (A)quifer media, (S)oil, (T)opography,
(I)mpact of vadose zone, hydraulic (C)onductivity

SINTACS Civita 1994
Depth, infiltration, unsaturated and soil attenuation
capacity, saturated zone, hydraulic conductivity, slope

AVI Van Stempvoortetal. 1993
(A)quifer (V)ulnerability (I)ndex

ISI Ontario MOE 2001
(I)ntrinsic (S)usceptibility (/)ndex

DAT Ross etal. 2004
(D)ownward (A)dvective (T)ime of travel

RTt Okeetal. 2016
(R)echarge and (T)ravel (t)ime

GOD Foster etal. 1987
(G)roundwater confinement, (O)verlying strata,
(D)epth to groundwater

EPIK Doerfliger etal. 1999
(E)pikarst, (P)rotective cover, (I)nfiltration conditions,
(K)arst network development

Pl Goldscheider etal. 2000
(P)rotective cover, (I)nfiltration conditions

cop Vias etal. 2006
(C)oncentration of flow, properties of (O)verlying Layers,
(P)recipitation
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Uncertainty

Uncertainty

Epistemic uncertainty — how certain are we that we know what we know?

Linguistic uncertainty — how vulnerable is vulnerable?
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Uncertaint

Uncertainty in GWVAs

Epistemic uncertainty — how certain are we that we know what we know?

lil

= [nput parameters
= Parameterization
= Model uncertainty

Linguistic uncertainty — how vulnerable is vulnerable?

= |Index values
= Subjective interpretation
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Uncertaint

Uncertainty in GVAs

Epistemic uncertainty — how certain are we that we know what we know?
= Input parameters — Natural variation

= Parameterization
= Model uncertainty

Linguistic uncertainty — how vulnerable is vulnerable?

= |Index values
= Subjective interpretation
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Uncertainty in GWVAs

Epistemic uncertainty — how certain are we that we know what we know?

= |nput parameters — Natural variation

How can uncertainty associated with natural
variation be quantified and represented in a
Groundwater Vulnerability Assessment?
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Study Area

NTS Map Area 0/3B
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Selecting GVA method — NTS Map Area 073B

Selection of groundwater vulnerability >
5 D e o S “s ’ >
assessment method s . S5 e

(O NS\
X - \e°“e k°“e‘\ o 532 52 s o “Q\K “«\0\ & e“f@"‘\'@'\;s
& 2 B>l ¥ 5 & & i “ x?«‘e‘ o9 o> 59 S > i $ NS (S
d I I i 55“@ (A‘““ -o<\°‘6::‘\6°6a\.°‘ S \l\‘-\ & eé‘e oﬁ‘\“ﬁ:‘(\ ‘(@‘S‘ (\'\‘:‘a\ o'\“&d\e"é\os\‘:“'\ > o“e‘\ \\a“‘co o“&(‘\o
1 . H y ro g e O O g I C S e tt I n g Groundwater vulnerability Source/ & “sse.(o’(“‘e .‘\e‘a‘\ .ao\""c ‘\\9« @e‘:‘\t‘e‘ g < > R > 91,0“ \)\\°c. '\'@“o Y o 5 ,a\)\'\"\\ @\A g ¢ oSS S
as hod citation ___ Year B S C L \I’A‘)oé B e o 9 (I 8 09”8 (o
DRASTIC Aller etal. 1987|PCSM| Y Y Y Y Y Y Y Y
A H I b H I H t f d t (D)epth, (R)echarge, (A)quifer media, (S)oil, (T)opography, | &
2 . Va I a I I y O a a (I)mpact of vadose zone, hydraulic (C)onductivity HCS
SINTACS Civita 1994|PCSM| Y Y Y Y Y Y Y Y Y
Depth, infiltration, unsaturated and soil attenuation
3 P u r O S e a n d ro d u Ct capacity, saturated zone, hydraulic conductivity, slope
* p p AVI Van Stempvoortetal. 1993| AR Y Y Y
(A)quifer (V)ulnerability (I)ndex
ISl Ontario MOE  2001| AR Y Y Y
(I)ntrinsic (S)usceptibility (I)ndex /RS
DAT Ross etal. 2004 NUM Y Y Y Y Y
(D)ownward (A)dvective (T)ime of travel
RTt Okeetal. 2016( RS Y Y Y Y Y
(R)echarge and (T)ravel (t)ime /AR
GOD Foster etal. 1987 RS Y Y Y Y
(G)roundwater confinement, (O)verlying strata,
(D)epth to groundwater
EPIK Doerfliger etal. 1999|PCMS| Y Y Y Y Y Y Y Y
(E)pikarst, (P)rotective cover, (I)nfiltration conditions,
(K)arst network development
Pl Goldscheider etal.  2000| RS Y Y Y Y Y Y Y Y Y Y Y
(P)rotective cover, (I)nfiltration conditions /MS
cop Vias etal. 2006| RS Y Y Y Y Y Y Y Y Y Y Y Y
(C)oncentration of flow, properties of (O)verlying Layers, /MS
(P)recipitation
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Selecting GWVA method — NTS Map Area 073B

Selection of groundwater vulnerability
assessment method

1.
2.

3.

Captures processes

Suitable for low K tills

Used by Sk WSA
Deterministic

Hydrogeologic setting
Availability of data
Purpose and product

§
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Groundwater vulnerability Source/ &2 \.\,@(‘ 222 @\)\'\" O g S 2o 7 7 S S 5 ‘,a\)\'\" B S ‘{(\‘{\0
as. hod citation Year <« L D DS DL 1287w ¢ Q e 00> > ¢
DRASTIC Aller etal. 1987|PCSM| Y Y Y Y Y Y Y Y
(D)epth, (R)echarge, (A)quifer media, (S)oil, (T)opography, | &
(I)mpact of vadose zone, hydraulic (C)onductivity HCS
SINTACS Civita 1994|PCSM| Y Y Y Y Y Y Y Y Y
Depth, infiltration, unsaturated and soil attenuation
capacity, saturated zone, hydraulic conductivity, slope
AVI Van Stempvoortetal. 1993| AR Y Y Y
(A)quifer (V)ulnerability (I)ndex
ISI Ontario MOE  2001| AR Y Y Y
(I)ntrinsic (S)usceptibility (I)ndex /RS
DAT Ross etal. 2004 NUM Y Y Y Y Y
(D)ownward (A)dvective (T)ime of travel
RTt Okeetal. 2016| RS Y Y Y Y Y
(R)echarge and (T)ravel (t)ime /AR
GOD Foster etal. 1987 RS Y Y Y Y
(G)roundwater confinement, (O)verlying strata,
(D)epth to groundwater
EPIK Doerfliger etal. 1999|PCMS| Y Y Y Y Y Y Y Y
(E)pikarst, (P)rotective cover, (I)nfiltration conditions,
(K)arst network development
Pl Goldscheider etal.  2000| RS Y Y Y Y Y Y Y Y Y Y Y
(P)rotective cover, (I)nfiltration conditions /MS
cop Vias etal. 2006| RS Y Y Y Y Y Y Y Y Y Y Y Y
(C)oncentration of flow, properties of (O)verlying Layers, /MS
(P)recipitation
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Aquifer Vulnerability Index (AVI) " ‘ ' | g

zi(t)
K; (L/t)

Hydraulic resistance, c (t) = ),

Depth, z(t)
Hydraulic conductivity, k; (L/t)
AVI = Log,,(c)

¢, Hydraulic Aquifer Vulnerability Index .
] Vulnerability Color Codes
Resistance (years) (Logc)
010 10 <1 T veymgh ]
10 to 100 1t0 2 high
100 to 1,000 2to 3 moderate
1,000 to 10,000 3to4 low
> 10,000 >4 | veylow |

Image from: MDH 2011. Hydrogeologic mapping of NTS Mapsheet Saskatoon 73B; M1890. Aquifer Vulnerability Index to top of first
potential mappable aquifer 73B NTS Mapsheet
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Hydraulic conductivity, K

Stratigraphic K

Characterization of K in Saskatchewan tiII

Group Aquitard Unit Hydraulic Conductivity (m/s)
Saskatoon Group Battleford Till 1.0E-07
Upper Floral Till 1.0E-08
Lower Floral Till 1.0E-09
Basal Floral Till 1.0E-09
Sutherland Group Warman Till 1.0E-10
Upper Dundurn Till 1.0E-10
Lower Dundurn Till 1.0E-10
Basal Dundurn Till 1.0E-10
Upper Mennon Till 1.0E-10
Lower Mennon Till 1.0E-10
Bearpaw Formation |Aquadell Mb Shale 1.0E-11
Snakebite Mb Shale 1.0E-11
Beachy Mb Shale 1.0E-11

MDH Engineered Solutions Corp. 2010. Procedures for regional hydrogeologic mapping.
Prepared for the Saskatchewan Watershed Authority. M1890-1030109.

Characteristics of K in tills

= Range of values?

= Distribution?

» Relationship w/ depth?

LITH-
PERIOD | EPOCH | GROUP FORMATION OLOGY
Holocen k5
e Surficial Stratified =K
Deposits jullal
»
§ Battleford | Glacial Drift Thickness
© m
X
3 000-050
w
9 050-100
Floral 8 100-150
)
> ° 150-200
5 0 =
5 < b5 200-250
T g £
8 ? Warman o 250-300
o) =
o = Over 300
©
el (&)
= ©
S o
2 Dundurn
5
]
Mennon
(Quaternary Empress Gp)[s © @
c O B
Em © T 5
press o 8) %
Tertiary [Neogene (Tertiary Empress Gp) Lxo
| |
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Characterization of K in Saskatchewan tiIIs

K D a t a b a S e Site Name Source Data
Bethune Golder Associates 2010 4
A Dalmeny Keller et al. 1986 14
Lab data (n_130) Keller et al. 1988 40
" Fortin et al. 1991 fI—
In-situ (n=225) Esterhazy _MDH Solutions 2010 7
Grenfell SNC-Lavalin 2018b 37 ‘ - - -
Model ( n=3 8) Jansen _ MDH Solutions 20106 45 | Glactal Drift Thickness
King Barbour et al. 2012 1 000.050
Boldt-Leppin and Hendry 2003 15 050100
Shaw 1997 30 100150
Harrington et al. 2007 28 150200
Kronau Golder Associates 2013b 3
Lanigan __ Boldt-Leppin and Hendry 2003 T2 sevoon 200-250
Kelln 2001 49 250-300
Leroy SNC-Lavalin 2009 29 M Over 300
Miestone  Golder Associates 2013 3 :iltt:Tl;::atlons
Old Aspen Anochikw a et al. 2012 1 Jansen | A Consultant
Sedley SNC-Lavalin 2018 15 = -
Southey Golder Associates 2016 1 Lamga;\ju$ 1 —  Researel
St. Denis  Hayashi 1996 20 Bétrunc NN ‘fstef“azy
Warman Eeller et al. 1988 19 woond ogina & | se Se el
eller et al. 1989 23 Milestone
Remenda et al. 1996 1
15 Sites 21 Reports (B8R 9C,4T) 393 i i

t t
108°0'0"W 104°0'0"W
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K Database — Analysis

Hydraulic Conductivity, -Log(K m/s)
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Characterization of K in Saskatchewan tills

K Database — Depth-defined intervals

Hydraulic Conductivity -Log(K m/s)

11 10 9 7 6 11 4
T " 10.8—|_
e~ 10.5
(% 1 104
" S 102
x 10 9.9
15 mbgl S T
o
—
23 mbgl < 9.3
S 9-
©
-]
'g 8.4
o
@) _
© 8 l 7.8
3
.5 J In-situ test data by depth interval
| > 71 [ ]-Log(K m/s) (25%~75%)
0 o 4 Lab (n=130) L 74 T 10%-907%
. e In-situ (N=225) Lt
] =  Modelled (n=38 ' ' '
80 - ( ) 0-15 mbgl 15-23 mbgl 23+ mbgl
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Characterization of K in Saskatchewan tiII

K Database — Statistical Characterization
Three set of depth-defined K values: P10, Mean, P90

10th Percentile, P10 (Conservative) 11
Depth Hydraulic Conductivity (m/s) 10.8]
0-15 mbgl 7.6E-08 ® ] T 10.5 07
15-23 mbgl 1.5E-08 S 102
>23 mbgl 6.0E-11 x 10 9.9
o)
o T
- —
Geometric Mean, M (Expected) ; 9.3
Depth Hydraulic Conductivity (m/s) T 94
0-15 mbgl 3.6E-09 5
15-23 mbgl 5.0E-10 3 8.4
>23 mbg| 3.7E-11 5
O g l
O 7.8
90th Percentile, P90 (Optimistic) S
- — ©
Depth Hydraulic Conductivity (m/s) S J In-situ test data by depth interval
0-15 mbgl 1.2E-10 > 71 [ ]-Log(K m/s) (25%~75%)
I 7- T 10%~90%
>23 mbgl 1.5E-11

I I I
0-15 mbgl 15-23 mbgl 23+ mbgl
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Case Study AVI — NTS Map Area 073B
“Classic” AVI

Group Aquitard Unit Hydraulic Conductivity (m/s)
Saskatoon Group Battleford Till 1.0E-07
Upper Floral Till 1.0E-08
Lower Floral Till 1.0E-09
Basal Floral Till 1.0E-09
Sutherland Group Warman Till 1.0E-10
Upper Dundurn Till 1.0E-10
Lower Dundurn Till 1.0E-10
Basal Dundurn Till 1.0E-10
Upper Mennon Till 1.0E-10
Lower Mennon Till 1.0E-10
Bearpaw Formation |Aquadell Mb Shale 1.0E-11
Snakebite Mb Shale 1.0E-11
Beachy Mb Shale 1.0E-11

MDH Engineered Solutions Corp. 2010. Procedures for regional hydrogeologic mapping. Prepared for the Saskatchewan

C (9704) — ZBattleford + ZUpper Floral n ZLower Floral _
KBattleford

Watershed Authority. M1890-1030109.

> WSA Borehole database
» 2700 boreholes

> At each borehole:
> ¢ calculated for each stratigraphic unit
> ¢ summed to top of first possible aquifer

Example:

Borehole 9704
First possible aquifer: Lower Floral Aq
487 m

29.88m 1.82m

KUpper Floral

c = 154 years

KLower Floral

107 m/s 108 m/s 1072 m/s

AVI = Log,,(154) = 2.2
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Case Study AVI — NTS Map Area 073B

Depth'dEﬁ ned AVI > WSA Borehole database

10th Percentile, P10 (Conservative)

Depth Hydraulic Conductivity (m/s) > 2700 boreh0|e5
0-15 mbgl 7.6E-08
15-23 mbgl 15608 > At each borehole:
>23 mbgl 6.0E-11

P v T > Find depth to top of first possible aquifer
pepth_____ Hydraulle Conductiuty (/) » Sum c for depth-defined intervals for P10, Mean, P90
-15 mbgl 3.6E-09
15-23 mbgl 5.0E-10
>23 mbgl 3.7E-11 Example:

90th Percentile, P90 (Optimistic)
Depth Hydraulic Con:uctivity (m/s) Boreh0|e 9704
0-15 mbgl 1.2E-10 . . .
15-23 mbl 33611 First possible aquifer: Lower Floral Aq (34.75 m)
>23 mbgl 1.5E-11

15 23 —15 —-23 15 8 34.75—23
c(9704) = —om  (@3719m | E-29)m _ m m ( )™

Ko—15mbgt  Kis-23mbgt  K>23mbgl © 7.6x10~8m/s = 1.5x10~8m/s = 6.0x10-11m/s

Cpyo = 7,195 years AVl;,, =Log,(7,195) = 3.9
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“Classic” AVI

Case Study AVI— NTS Map Area 0/3B

Thickness of Aquitard

Group Aquitard Unit Hydraulic Conductivity (m/s)
Saskatoon Group Battleford Till 1.0E-07
Upper Floral Till 1.0E-08
Lower Floral Till 1.0E-09
Basal Floral Till 1.0E-09
Sutherland Group Warman Till 1.0E-10
Upper Dundurn Till 1.0E-10
Lower Dundurn Till 1.0E-10
Basal Dundurn Till 1.0E-10
Upper Mennon Till 1.0E-10
Lower Mennon Till 1.0E-10
Bearpaw Formation  |Aquadell Mb Shale 1.0E-11
Snakebite Mb Shale 1.0E-11
Beachy Mb Shale 1.0E-11

MDH Engineered Solutions Corp. 2010. Procedures for regional hydrogeologic mapping. Prepared for the Saskatchewan Watershed Authority. M1890-1030109.

Depth-defined AVI

10th Percentile, P10 (Conservative)

¢, Hydraulic Aquifer Vulnerability Index .
. Vulnerability Color Codes
Resistance (years) (Logc)
0to 10 <1
10 to 100 1to0 2 high
100 to 1,000 2to 3 moderate
1,000 to 10,000 3to4 low
> 10000 -4 | veyew |

Representing uncertainty in groundwater vulnerability assessments

Depth Hydraulic Conductivity (m/s)
0-15 mbgl 7.6E-08
15-23 mbgl 1.5E-08
>23 mbgl 6.0E-11
Geometric Mean, M (Expected)
Depth Hydraulic Conductivity (m/s)
0-15 mbgl 3.6E-09
15-23 mbgl 5.0E-10
>23 mbgl 3.7E-11
90th Percentile, P90 (Optimistic)
Depth Hydraulic Conductivity (m/s)
0-15 mbgl 1.2E-10
15-23 mbgl 3.3E-11
>23 mbgl 1.5E-11

Ferris and Ferguson 2018
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Case Study AVI — NTS Map Area 073B

“Classic” AVI

ﬂ——:; > ArcGIS

s L% 0 5 10 20 \:i
o } s ﬁ > Borehole database with AVI values
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> 10,000 >4
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Case Study AVI — NTS Map Area 073B

“Classic” AVI Mean (Depth-defined) AVI
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¢, Hydraulic Aquifer Vulnerability Index -

. Vulnerability Color Codes
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0to 10 <1
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100 to 1,000 2to 3 moderate

1,000 to 10,000 3to4 low
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Case Study AVI — NTS Map Area 073B
Mean (Depth) AVI P90 (Depth) AV .

P10 (Depth) AV

10th Percentile, P10 (Conservative) Geometric Mean, M (Expected) 90th Percentile, P90 (Optimistic)
Depth Hydraulic Conductivity (m/s) Depth Hydraulic Conductivity (m/s) Depth Hydraulic Conductivity (m/s)
0-15 mbgl 7.6E-08 0-15 mbgl 3.6E-09 0-15 mbgl 1.2E-10
15-23 mbgl 1.5E-08 15-23 mbgl 5.0E-10 15-23 mbgl 3.3E-11
>23 mbgl 6.0E-11 >23 mbgl 3.7E-11 >23 mbgl 1.5E-11
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Case Study AVI — NTS Map Area 073B
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Conclusions

Future Work

Immediate plans:

= Analysis of AVI raster maps — meaningful correlations?

= Method of presentation — AVI and uncertainty displayed simultaneously
Possible directions of research:

= Validation of relative groundwater vulnerability values
= |nvestigate linguistic uncertainty
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Take Away

GVA valuable tools for groundwater management, policy, and education

GVA methods must be selected carefully
= Highly subjective

= Understand and communicate what is being represented

Opportunity to incorporate and represent uncertainty

Representing uncertainty in groundwater vulnerability assessments — Ferris and Ferguson 2018 28



Questions

Hydraulic Conductivity, -Log(K m/s)

1 10 9 8 7 6
0 7. " Y T = T T L e
- o, u .
Atal S a s s - 105 —
10-;_.-“: SR o4 twa £ T —
L a ,! IS . " E 104 o 102
20 “i‘% aa =
% el " een 2
DOt IS =7
S30 & b Ly > o3
E<} A0 £ 4]
£ o As" %
=404 A o
ST, c%, aa 2 84 - prm——
53 A 5 Glacial Drift Thickness
aso+ 4, - O g m
aa )
60 . 7 000-050
g 050-100
ol - z 74
N (n=225) 100-150
- Modelled (n=38; 2 = . 150-200
0-15 mbgl 15-23 mbgl 3+ mbgl e e -
} 200-250
10th Percentile, P10 (C¢ 250300
Depth Hydraulic C (m/s) 5 - ST )
0-15 mbel LEEDE ( e \ \Q £/Langham Dalmen Osler Over 300
15-23 mbg! 15608 N | J ‘ ‘ \rr-aa.‘/ Y f\JN ! Site Locations
>23 mbgl 6.0E-11 { ( i 7 arman ) .
= ‘ L Site Type
Geometric Mean, M (Expected) o Martenswlle A Consultant
Depth Hydraulic C (m/s) ~ ‘ 5 LG A
0-15 mbg| 3.6E-09 “ / Research
15-23 mbgl 5.0E-10 Saskatnon
>23 mbegl 3.7E-11 = - { L
i
8
90th Percentile, P90 (Optimistic) < S, = ) -
Depth Hydraulic C (m/ A A W S I'Biggar / [~ ‘ |
0-15 mbgl 12€-10 ¥ s
15-23 mbgl 33611 24127|29|30(31| 34 ‘ ‘. M
>23 mbg! 15611 il ! ! ]

Thank You

With special thanks to:

i T
108°00°W 104°00"W

Saskatchewan Water Security Agency
Sylvia Fedoruk Canadian Centre for Nuclear Innovation

Fedoruk ’,

SYIVIA FEDORUK CANADIAN CENTRE

Water Securttg

OR NUCLEAR INNOVATION

)

Representing uncertainty in groundwater vulnerability assessments — Ferris and Ferguson 2018 29



References — Groundwater Vulnerability Assessments

Aller L, Bennett T, Lehr JH, Petty RJ, Hackett G. 1987. DRASTIC: A Standardized System for Evaluating Ground Water Pollution Potential using Hydrogeologic Settings. United States Environment Protection Agency, EPA/600/2-87/035.
Civita M. 1994. Le carte della vulnerabilita degli acquiferi all inquinamento: teoria e pratica. Pitagora Ed. Bol. Italy.
Civita M, De Maio M. 2004. Assessing and mapping groundwater vulnerability to contamination: The Italian “combined” approach. Geofis. Int. 43:513-532.

Daly D, Dassargues A, Drew D, Dunne S, Goldscheider N, Neale S, Popescu |, Zwahlen F. 2002. Main concepts of the “"European approach” to karst-groundwater-vulnerability assessment and mapping. Hydrogeol. J. 10:340-345. doi:10.1007/s10040-
001-0185-1.

Doerfliger N, Jeannin PY, Zwahlen F. 1999. Water vulnerability assessment in karst environments: a new method of defining protection areas using a multi-attribute approach and GIS tools (EPIK method). Environ. Geol. 39:165-176.
Foster SSD, Duijvenbooden W, Van Waegengh HG. 1987. Fundamental concepts in aquifer vulnerability, pollution risk and protection strategy. Versl. en Meded. - Comm. voor Hydrol. Onderz. T.N.O. 38:69-86.

Freeze RA, Cherry JA. 1979. Groundwater. Englewood Cliffs, NJ: Prentice-Hall Inc.

Freeze RA, Cherry JA. 1989. What has gone wrong? Ground Water 27 (4):458-464.

Gogu RC, Dassargues A. 2000. Current trends and future challenges in groundwater vulnerability assessment using overlay and index methods. Environ. Geol. 39:549-559. doi:10.1007/s002540050466.

Goldscheider N, Klute M, Sturm S, Hotzl H. 2000. The Pl method - A GIS-based approach to mapping groundwater vulnerability with special consideration of karst aquifers. Zeitschrift fur Angew. Geol. 46:157-166.

Margat J. 1968. Vulnerabilite des nappes d’eau souterraine a la pollution [Ground water vulnerability to contamination]. Bases la catorgraphie 68 SGC 198HYD, BGRM, Orleans.

MDH Engineered Solutions Corp. 2010. Procedures for regional hydrogeologic mapping. Prepared for the Saskatchewan Watershed Authority. M1890-1030109.

MDH Engineered Solutions Corp. 2011. Hydrogeology mapping of NTS Mapsheet Saskatoon 73B. Prepared for the Saskatchewan Watershed Authority. M1890-1030109.

National Research Council. 1993. Ground Water Vulnerability Assessment: Predicting Contamination Potential Under Conditions of Uncertainty. Washington, D.C.: National Academy Press.

Oke SA, Vermeulen D, Gomo M. 2016. Aquifer vulnerability assessment of the Dahomey Basin using the RTt method. Environ. Earth Sci. 75:964. doi:10.1007/s12665-016-5792-1.

Ross M, Martel R, Lefebvre R, Parent M, Savard MM. 2004. Assessing rock aquifer vulnerability using downward advective times from a 3D model of surficial geology: A case study from the St. Lawrence Lowlands, Canada. Geofis. Int. 43:591-602.
SRC 2010. Geology and groundwater of Sothern Saskatchewan hydrogeologic mapping protocol. SRC Pub No. 12831-1E10. Saskatoon, Sk.

Van Stempvoort D, Ewert L, Wassenaar L. 1993. Aquifer Vulnerability Index: A GIS — Compatible method for groundwater vulnerability mapping. Can. Water Resour. J. 18:25-37. doi:10.4296/cwrj1801025.

Vias JM, Andreo B, Perles MJ, Carrasco F, Vadillo |, Jiménez P. 2006. Proposed method for groundwater vulnerability mapping in carbonate (karstic) aquifers: the COP method. Hydrogeol. J. 14:912-925. doi:10.1007/s10040-006-0023-6.
Vrba J, Zaporozec A. 1994. Guidebook on mapping groundwater vulnerability. Int. Assoc. Hydrogeol. International Contrib. to Hydrogeol. 16.

Zwahlen F. 2004. COST Action 620: Vulnerability and Risk Mapping for the Protection of Carbonate (Karst) Aquifers - Final Report.

Representing uncertainty in groundwater vulnerability assessments — Ferris and Ferguson 2018 30
o



Anochikwa Cl, van der Kamp G, Barbour SL. 2012. Interpreting porewater pressure changes induced by water table fluctuations and mechanical loading due to soil moisture changes. Can. Geotech. J. 49:357-366.

Barbour SL, Hendry MJ, Wassenaar LI. 2012. In situ experiment to determine advective-diffusive controls on solute transport in a clay-rich aquitard. J. Contam. Hydrol.:79-88.

Boldt-Leppin BEJ, Jim Hendry M. 2003. Application of Harmonic Analysis of Water Levels to Determine Vertical Hydraulic Conductivities in Clay-Rich Aquitards. Ground Water 41:514-522.

Fortin G, van der Kamp G, Cherry JA. 1991. Hydrogeology and hydrochemistry of an aquifer-aquitard system within glacial deposits, Saskatchewan, Canada. J. Hydrol. 126:265-292.

Golder Associates. 2010. Potash One: The Legacy Project - Environmental Impact Statement. Saskatoon, SK.

Golder Associates. 2013. Milestone Potash Project - Environmental Impact Statement. Regina, SK.

Golder Associates. 2013b. Vale Kronau Project - Environmental Impact Statement. Regina, SK.

Golder Associates. 2016. Yancoal Southey Project - Environmental Impact Statement. Saskatoon, SK.

Harrington GA, Hendry MJ, Robinson NI. 2007. Impact of permeable conduits on solute transport in aquitards: Mathematical models and their application. Water Resour. Res. 43:1-16.

Hayashi M. 1996. Surface-subsurface transport cycle of chloride induced by wetland-focussed groundwater recharge. Thesis. University of Waterloo, Ontario, Canada.

Keller CK, van der Kamp G, Cherry JA. 1986. Fracture permeability and groundwater flow in clayey till near Saskatoon, Saskatchewan. Can. Geotech. J. 23:229-240.

Keller CK, van der Kamp G, Cherry JA. 1988. Hydrogeology of two Saskatchewan tills. I. Fractures, bulk permeability, and spatial variability of downward flow. J. Hydrol. 101:97-121.

Keller CK, van der Kamp G, Cherry JA. 1989. A multiscale study of the permeability of a thick clayey till. Water Resour. Res. 25:2299-2317.

Kelln CJ. 2001. Determination of detailed stable isotope profiles and hydrogeological conditions in a complex clay-rich aquitard, Saskatchewan, Canada. Thesis. University of Saskatchewan, Saskatoon, Canada.
MDH Engineered Solutions Inc. 2010. Mosaic Potash Esterhazy Stage 2 Expansion Project - Environmental Impact Statement. Saskatoon, SK.

MDH Engineered Solutions Inc. 2010b. Jansen Project - Environmental Impact Statement. Saskatoon, SK.

Remenda VH, van der Kamp G, Cherry JA. 1996. Use of vertical profiles of §180 to constrain estimates of hydraulic conductivity in a thick, unfractured aquitard. Water Resour. Res. 32:2979-2987.
SNC-Lavalin Environment. 2009. Burr Potash Project - Environmental Impact Statement. Saskatoon, SK.

SNC-Lavalin Environment. 2018. Project Albany - Environmental Impact Statement. Saskatoon, SK.

SNC-Lavalin Environment. 2018b. Broadview Project - Environmental Impact Statement. Saskatoon, SK.

Representing uncertainty in groundwater vulnerability assessments — Ferris and Ferguson 2018

References — Characterization of Hydraulic Conductivity in Sk Tills



